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FOREWORD
In inertial fusion energy, the key issues requiring substantial further study are associated with
successful ignition experiments (the point at which fusion reactions become completely selfsustaining) and the choice of materials to be used within the unique environment of a high
temperature, high flux pulsed inertial fusion power plant. While there has been much study of
the materials required for advanced inertial and magnetic fusion energy facilities, there is a lack
of data, modelling and understanding associated with pulsed operation and extreme particle
fluxes.
The IAEA has a long history of nurturing international cooperation on fusion, and since the
early 1970s, the IAEA has specifically promoted international research and exchange of
information on inertial fusion energy. These activities, which included coordinated research
projects on Elements of Power Plant Design for Inertial Fusion Energy (2000–2004) and
Pathways to Energy from Inertial Fusion: An Integrated Approach (2006–2010), have resulted
in many publications. In addition, results of research on inertial fusion energy have been
presented at IAEA technical meetings and published in the IAEA journal Nuclear Fusion.
In 2015–2019, the IAEA organized and implemented a third coordinated research project in
this field of study, Pathways to Energy from Inertial Fusion: Materials beyond Ignition. A total
of 16 institutions from 13 Member States (Chile, Estonia, France, India, Japan, the Republic of
Korea, Poland, the Russian Federation, Serbia, Singapore, Spain, Ukraine and Uzbekistan) took
part. The main objective was to provide an assessment of the material requirements and
consequences of, and characteristic behaviours in, pulsed, repetitively cycled inertial fusion
energy systems. The project’s key focus areas were materials characterization, physics and
target design for direct drive operation, and experimental infrastructure development. The
collaboration among scientists in the participating Member States led to significant progress in
understanding material behaviour under the extreme environment expected in future inertial
fusion energy reactors.
This publication presents the project’s main results and findings, including 16 reports and
additional relevant technical details. The IAEA would like to thank all those who contributed
to the drafting and review of this publication, in particular V. Gribkov (Russian Federation).
The IAEA officer responsible for this publication was M. Barbarino of the Division of Physical
and Chemical Sciences.
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1. INTRODUCTION
1.1.BACKGROUND
In Inertial Fusion Energy (IFE), the key issues requiring substantial further study are associated
with successful ignition experiments (the point at which fusion reactions become completely
self-sustaining) and the choice of materials to be used within the unique environment of a high
temperature, high flux pulsed inertial fusion power plant. Whilst there has been much study
into the materials required for advanced inertial and magnetic fusion energy facilities there is a
lack of data, modelling and understanding associated with pulsed operation and the extreme
particle fluxes.
Material issues are to be found across many subsystems within the inertial fusion power plant,
e.g. the first wall, final optics, power conversion system, fuel cycle and structural components
or in auxiliary systems such as drivers. There has been extensive study of some of these areas
for implementation in single shot IFE facilities such as NIF (Unites States), depicted in Fig.1,
and LMJ (France). Recently there is an increasing range of work in the underlying material
science and technology of advanced materials for fusion in national and international
programmes, such as HiPER (Europe), LIFE (United States) and LIFT (Japan). These studies
have led and continue to lead to the development of a host of numerical models, material
characterization facilities, experimental capabilities and a limited number of laboratory
irradiation facilities. They also highlight synergies with material developments for advanced
nuclear systems, such as magnetic confinement systems and generation IV fission reactors.
However, there is not yet an integrated system design that self-consistently provides an
integrated choice of materials. Besides, there are many material options that are being studied
around the world. In this regard, much further work is needed to define optimum solutions and
development pathways for materials within each individual subsystem and their integration into
a working IFE power plant.
In addition, and very importantly, many of the existing facilities for irradiation are able to
provide an adequate environment for inertial fusion studies but, as of yet, these opportunities
are not being fully exploited. It remains true, however, that an integrated full scale testing
facility does not exist, and so work is needed to define the specification and development path
for such a facility.

FIG.1. Diagram of NIF. Courtesy of NIF.
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1.2.OBJECTIVE
In 2015–2019, the IAEA organized and implemented the Coordinated Research Project (CRP)
on “Pathways to Energy from Inertial Fusion: Materials Beyond Ignition”. A total of
16 institutions from 13 Member States (Chile, Estonia, France, India, Japan, Poland, Republic
of Korea, Russian Federation, Serbia, Singapore, Spain, Ukraine, Uzbekistan) cooperated
with the main objective to provide an assessment of the material requirements,
consequences and characteristic behaviours in pulsed, repetitively cycled inertial fusion
energy systems. The CRP key focus areas were: materials characterization, physics and
target design for direct drive operation, and experimental infrastructure development.
This publication is a compilation of the main results and findings of the CRP and it contains
16 reports with additional relevant technical details. The overall objectives of this TECDOC
are to:



Describe the progress achieved in understanding the material behaviour under extreme
environment expected in the future inertial confinement fusion reactor;
Present the advances produced in the predictive capabilities of numerical tools,
experimental techniques and target manufacturing technologies in direct drive inertial
confinement fusion target design and fuel continuous manufacturing methods;
Describe the results obtained in target continuous production and repeatable delivery of
the target into the reaction chamber of future inertial confinement fusion power plants.




1.3. SCOPE
The scope of this publication is limited to structural material requirements, consequences and
characteristic behaviours in pulsed, repetitively cycled inertial fusion energy systems.
1.4. STRUCTURE
This TECDOC is divided into two parts:
This first part is organized as follows:
i.
Section 1 gives a general background and describes the objective, scope and
structure of this publication;
ii.
Section 2 defines the objectives in the three activity areas of the CRP and highlights
the main results, giving reference to the associated technical report found in the
second part of this TECDOC;
iii. Section 3 describes the impact of this publication in the field of study;
iv.
Section 4 describes the relevance of this publication in the field of study;
v. Section 5 summarises the conclusions and presents plans for future studies.
 The second part contains 16 reports with additional relevant technical details.


2.

SUMMARY OF THE COORDINATED RESEARCH PROJECT RESULTS

The CRP activities were organized under the following topics:
 Materials characterization (see pp. 24–203);
 Physics and target design for direct drive operation (see pp. 204–215);
 Experimental infrastructure development (see pp. 216–349).
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A summary of the results achieved in these topics is given below with cross-reference to the
technical reports presented in the second part of this TECDOC.
2.1. MATERIALS CHARACTERIZATION
2.1.1. Objectives
In structural materials characterization, the objectives were to:
 Contribute to reactor technology, estimating the life time of the different components
(plasma facing materials and final optics) of an inertial fusion reactor and identifying the
main threats;
 Suggest some strategies to overcome present limitations in reactor technology, focusing on
the development of engineering solutions for the final optics and breeder;
 Develop more radiation resistant materials for first wall, final optics, structural and breeder
and analyse their capabilities and limitations;
 Develop permeation and corrosion barriers;
 Characterize the radiation induced damage for different materials;
 Study the aerosol/cluster formation behaviour, the hydrogen co-deposition behaviour and
the directed transport of airborne aerosol by recoil jet;
 Assess the capabilities and limitations of plasma focus, plasma gun, laser and neutron
sources to test and qualify materials under conditions mimicking those ones taken place in
inertial fusion reactors.
2.1.2. Outputs
The lifetime of a tungsten (W) first wall in the three different HiPER scenarios was established
[1], with fatigue being identified as the main threat. It was found both experimentally (Demina
et al., pp. 75–104) and via computer simulations that the minimum thickness for W to act as
protection is ~200 µm [1].
Regarding final optics, it was found that ions irradiation needed to be prevented in order to
avoid damage [2]. Different methods for mitigation of the ion impact on the final optics have
been proposed. Experimental and computer simulation studies for the damage effects were
carried out and, as a result, a model, validated by experiments combined with results from the
literature, was proposed. This model can be also used to predict radiation induced damage in
different materials [3].
Neutrons irradiation turned out to be unavoidable. The study of the damage caused by neutrons
irradiation suggested that the ions introduce colour centres and produce a temperature
enhancement, which leads to aberrations. However, it was found that colour centres can be
annealed out at high temperatures [4]. On this basis, a temperature control system was
developed, which allowed for keeping the lenses at temperatures high enough to favour colour
centre annealing [5] (Zvorykin et al., pp. 240–268). Such temperature control system was based
on a heat transfer fluid which provided a constant temperature during the whole operation of
the reactor, including the start-up time. By adjusting the fluid temperature, this system allowed
good illumination uniformity (σ<1%) and high efficiency (η ~ 90%). The performance of
several fluids was investigated, and CO2 was found to be the best solution [6].

3

In addition, the radiation-induced damage in different optical materials (SiO2, fused silica, highpurity calcium fluoride) was measured, leading to the conclusion that high purity calcium
fluoride is the best choice for the windows of a Shock Ignition (SI) IFE driver, thanks to its
transparency to UV radiation intensities up to 1011 W/cm2 and a low enough e-beam induced
absorption. Furthermore, bleaching colour centres by continue UV irradiation restored
window’s transmittance. Moreover, among the investigated fused silica glasses, the KS-4V
samples, which have low hydroxyl content, turned out to be the most stable ones in terms of
induced absorption. Nevertheless, these materials could hardly be used for high intensity short
pulse amplifiers, due to nonlinear absorption (Zvorykin et al., pp. 240–268). Another output of
the CRP in this area was the conceptual design of a ceramic breeding blanket with Tritium
Breeding Ratio (TBR) tuning capabilities. Ensuring such TBR flexibility is highly important as
it would compensate uncertainties in the design, natural changes during operation, and it would
help keep the level of tritium inventory [7].
The CRP was also devoted to the development of more radiation resistant materials for the first
wall, and the study of light species behaviour in Plasma Facing Materials (PFM). In this regard,
nanostructured materials were proposed as a possible alternative to favour the light species outdiffusion, delaying the appearance of blistering and exfoliation [8–12]. Different pure W and
W based (WN) nanostructured samples were fabricated with different methods, i.e. sputtering
[13,14], pulsed laser deposition, low temperature radio frequency plasmas processing and
plasma focus (Rawat et al., pp. 121–171). In principle, the nano-structurization of bulk W
substrate surface seemed to be a better alternative than sputtering in overcoming the adhesion
(related to compressive stress) between the sputtered coating and the substrate. However,
sputtering can be more suitable to obtain a larger homogeneity, area and thickness of the
nanostructures.
SiC and nanostructured W coatings were proposed to be used as corrosion and permeation
barriers, and the adhesion of the coatings to the substrate was studied as a function of the
deposition parameters and substrate roughness. Coatings well adhered to the Eurofer substrate
were obtained and further studies on their performance are underway (Gonzalez-Arrabal et al.,
pp. 105–120). Conducting thin films of Carbon NanoTubes (CNT) of 2 µm thickness were
produced to protect the fusion chamber inner walls, where high levels of residual laser impact
occurs. These thin films were prepared via vacuum sublimation by heating powdered samples
to temperatures above 1500 K (Isaac et al., pp. 221–230).
Regarding materials qualification, different materials were evaluated at the facilities available
within the CRP. The aim of these studies was to characterize the radiation induced damage in
the materials when they were subjected to inertial fusion reactor relevant conditions (large
thermal loads plus large radiation fluxes). The materials studied were tungsten, nanostructured
W, heavy tungsten alloys HPM1800, HPM1810 (both 95W1.67Fe3.33Ni), and HPM1850
(97W1Fe2Ni), all manufactured by H.C. Starck (Laas et al., pp. 46–75), double forged tungsten
(DFW) (Byrka et al., pp. 24–45; Laas et al., pp. 46–75; Demina et al., pp. 75–104), double
forged W Ta(5%) alloy (Byrka et al., pp. 24–45) (both manufactured by PLANSEE), titanium
(Trtica et al., pp. 172–186), high quality steels (Oxide Dispersion Strengthened (ODS), AISI
316L stainless and Eurofer), Mo (Soto et al. pp. 187–203), and vanadium (Kowalska–
Strzeciwilk et al., pp. 299–349). The damage was studied as a function of the heat flux
parameter (different pulse length and deposited energy) and of the number of shots and
ambience (vacuum, He, and air). Results showed that:
 W alloys exhibit a better thermal resistance than pure W materials;
4

 The studied nanostructured materials cannot withstand large thermal loads;
 Material cracking is the main limiting factor.
In view of these results, experimental campaigns were carried out with the different materials
to define the operational windows before cracking. The cracking mechanism and the dynamics
of the cracks were also investigated by combining experimental and computer simulation data.
Results showed that cracks can propagate up to depths of 200 µm [1] (Demina et al., pp. 75–
104). On the other hand, certain materials did not degrade under large thermal loads, and
showed a significant improvement of material properties in the near surface layer (several tens
of µm in thickness). Such enhancement turned out to be related to the high speed quenching,
the shock wave formation and the material alloying with plasma and coating species (Byrka et
al., pp. 24–45). The resistivity of the CNT films was observed to significantly change while
exposed to gases. This property can be exploited to use CNT films as a hydrogen sensor inside
the chamber (Isaac et al., pp. 221–230).
Additionally, Capillary Porous Systems (CPS) with liquid lithium were investigated as an
alternative to traditional structural materials (W, Be, CFC), taking into account the behaviour
of CPS with liquid lithium under the effect of pulsed stream of deuterium plasmas. Hence, both
the basic processes and the critical parameters which determine the high CPS stability and
resistance were identified. The behaviour of tungsten lithium CPS after interaction with
atmospheric gases was investigated in experiments on plasma facility (Demina et al., pp. 75–
104), and the plasma effect on heavy oxidized CPS surface was found to create damages of the
CPS structure, which differed from the effect on a pure surface.
2.2. PHYSICS AND TARGET DESIGN FOR DIRECT DRIVE OPERATION
Inertial confinement fusion is based on heating and compressing spherical fuel pellets (targets)
containing fusion fuel, by using lasers or particle beams (the drivers) causing implosion,
ignition and thermonuclear burn, i.e. fusion.
There are two main schemes for pellet implosion, i.e. direct and indirect drive. In direct drive,
the intense pulse of energy directly irradiates the surface of the pellet. In indirect drive, the
driver energy is converted into X rays, which are then absorbed on the surface of the pellet to
generate ablation pressure to drive the implosion
2.2.1. Objectives
In target design for direct drive operation, the objective was to define requirements on the laser
irradiation of IFE targets in terms of the energy, power, homogeneity of irradiation and temporal
and spatial profile of laser beams (absolute values and margins). These requirements needed to
be developed as theoretical models, realized in numerical modules in the IFE target simulations
tools and validated in designed experiments on high energy laser facilities. Furthermore,
technical solutions for control of the energy spectrum of hot electrons, shock generation,
propagation across the shell and the fuel ignition for the SI and fast ignition scenarios needed
to be implemented in target designs by appropriate choice of ablator materials and structures.
These proposals needed to be verified in experiments.
Implosion experiments in the indirect (LLNL on NIF) and direct (LLE on OMEGA) geometries
demonstrated that the existing target designs, which are considering high aspect ratio shells
(more than 10) and low fuel adiabats (less than 1.5), are unstable with respect to hydrodynamic
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perturbations induced by the shell and fuel inhomogeneities and the laser imprint. Therefore,
another objective was to propose and test more robust and reliable target designs.
To study physical effects and technical solutions for the shock ignition scenario, experiments
were conducted at the PALS facility in Europe and OMEGA facility in the United States. In the
future, larger scale experiments could be performed on the Megajoules scale facilities, LMJ in
France and NIF in the United States.
Concerning characterization of the direct drive target yield for the first wall and energy recovery
calculations, the existing energy and particle inventories were based on the outdated target
designs. Therefore, one of the objectives was to revise and update them.
Regarding the development of efficient target mass manufacturing methods capable to provide
repetitively cycled IFE reactors with a fuel, the existing technologies are incompatible with the
requirements on the number and quality of targets needed for regular operation of an IFE power
plant. Hence, the objective was to upgrade target fabrication and target injection methods to
the mass production level of direct drive targets and demonstrate these methods in laboratory
experiments.
2.2.2. Outputs
Theoretical models describing the critical issues of target design related to the laser energy
deposition and electron energy transport were revised, improved and realized as numerical
modules compatible with the standard radiation hydrodynamic codes. This new model, based
on the paraxial complex geometrical optics [15] and nonlocal electron energy transport [16]
was validated by comparison with the full kinetic simulations [17,18] and applied to
interpretation of experiments in the planar [19,20] and convergent [21] geometries. A strong
dependence of the hot electron production on the choice of ablator was demonstrated [22,23].
Experiments on the characterization of strong shock generation were performed in the planar
and spherical geometry at the United States (OMEGA) and European (PALS) facilities [21–
24]. A record pressure close to 300 Mbar was demonstrated in a spherical geometry at the
OMEGA facility [21]. An experiment on the LMJ facility aiming on assessing of role hot
electrons in strong shock formation was prepared and were conducted in 2019 [25]. Preliminary
experiments were already conducted at the LIL [26] and OMEGA facilities recently
(Tikhonchuk, pp. 204–215).
Two different reactor size fuel capsules ignited by means of the proton Fast Ignition (pFI) and
SI schemes were developed for assessing the source term of IFE reactors. This design provided
an improved characterization of target materials in terms of their effects on capsule
performance. This is of importance for pFI capsules, which include a high Z re-entrant cone
attached to the capsule, typically made of gold, with the subsequent activation problems. The
SI targets were characterized by improved resistance to the hot electron preheat and can be
fielded to the NIF.
Additionally, methods of control the laser imprint with low density foams were designed and
their performance demonstrated in an experiment at the OMEGA facility [24]. A foam with 7
mg∙cm-3 density and of 500 µm thickness in front of a plastic target allowed to smooth the laser
imprint by a factor of 2–3 and delay development of the Rayleigh Taylor instability by 1 ns. A
platform for studies of hydrodynamic instabilities was designed for the NIF facility, a long term
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nonlinear development of Rayleigh Taylor instability was studied experimentally [27,28] and
scaling for the mix layer thickness was proposed [29] (Tikhonchuk, pp. 204–215).
One of the main challenges associated with progression from single shot to high repetition rate
operation with regard to material choices and manufacturing methods of IFE fuel targets is
developing a method for mass manufacturing of IFE reactor size high gain targets. Hence, a
method for mass manufacturing, namely Free Standing Target (FST) layering demonstrated in
the previous CRP [30], was implemented. The time of FST layering of 22.45 s (D2) and 28.52
s (DT) was calculated, and it was shorter than the measured time of shell residence in the
layering module [28–30]. An ultrafine fuel structure has indeed an adequate thermal and
mechanical stability for target survival during delivery, and it may also reduce the shock front
perturbations in the process of target implosion. Low tritium inventory due to minimization of
the layering time and space production steps was found to be inherent in the FST layering
method (Aleksandrova et al., pp. 269–298).
2.3. EXPERIMENTAL INFRASTRUCTURE DEVELOPMENT
2.3.1. Objectives
This area of study focused on the development of experimental infrastructure such as target,
chamber, injection system and laser fusion driver. The objectives were to:
 Develop technologies or components necessary for laser fusion drivers (KrF lasers or
coherently beam combined solid state lasers) operating at high repetition rate near 10 Hz.
 Develop mass production and high repetition rate delivery of IFE cryogenic targets.
 Develop high speed/accurate tumbling angle/accurate pointing cone target injection system
necessary for high repetition rate operation near 10 Hz.
 Characterize and test target chamber materials to resist high temperature and highly
energetic X ray/neutron/ion damages.
 Develop testing facilities of reactor chamber materials against high temperature, plasma
shock and highly energetic X ray/neutron/ion damages.
2.3.2. Outputs
The Free Standing Target Transmission Line (FST-TL) design showed that (a) reactor scaled
targets can be fabricated by the FST layering method using n-fold spiral layering channels at n
= 2,3 for the time less than 30 seconds; (b) High Temperature Super Conductors (HTSC) were
successfully used to maintain a friction free acceleration of an assembly “HTSC Sabot + IFE
Target” over a permanent magnet guideway; (c) using the driving body from MgB2
superconducting coils as HTSC Sabot component allowed reaching the injection velocities 200
m/s under 400 g at 5 m acceleration length. Thus, the theoretical and experimental modelling
confirmed FST-TL design (Aleksandrova et al., pp. 269–298).
In this area of study, a novel method of filamentation suppression in Xe gas, which has a large
(70-fold higher than in air) negative two photon resonantly enhanced nonlinear refractive index,
was demonstrated at GARPUN-MTW Ti: Sapphire – KrF laser facility. It allowed
homogenizing a laser beam distribution, avoiding nonlinear extra losses in the amplifier
windows and KrF gain medium, which caused a short pulse energy saturation.
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Additionally, a compact CW 1 MeV linear electron accelerator was developed for testing UV
optical materials suitable for KrF amplifier windows. Coloration of optical samples under
irradiation doses up to 20 MGy, comparable with those expected for one year IFE power plant
operation, was investigated. Among fused silica glasses, KS-4V samples which have low
hydroxyl content turned out to be the most stable in regard of induced absorption; these could
hardly be used for high intensity short pulse amplifiers, due to the nonlinear absorption
(Zvorykin et al., pp. 240–268).
In studies of Stimulated Brillouin Scattering (SBS) phase conjugate mirrors for combining laser
beams, it was found that the liquid own absorption coefficient on the order of 10-4 causes a high
thermal load in the liquid medium at high average laser power and repetition rate. To develop
a high power SBS cell, it is necessary to release the thermal load in the SBS cell. Both flowing
system and rotating wedge system were proposed and tested to release the thermal load in the
SBS medium (Kong and Cha, pp. 231–239). With HT-110 SBS liquid (Galden Company’s HT
series product, boiling point 110℃), input energy up to 30 W became possible. Using HT-270
(boiling point 270℃) the input power could be increased to 50 W. In the future, an input energy
of over a 1 kW level will be necessary. Purification of the SBS liquid medium is required to
reduce the breakdown and/or absorption of the laser light. To purify the SBS liquid, ceramic
filters of pore size less than 8 nm are recommended because it shows better performance than
membrane filters. In the near future, the optimized SBS cell design will be produced, which can
be applied to the real laser fusion driver.
In addition, physical processes taking place under irradiation of the materials in the PF-6
simulators were investigated (Kowalska–Strzeciwilk et al., pp. 299–349). The nature of the
material destruction was due to the shockwave and thermal fatigue characteristics. Depending
on the value of the pulse heating power, the energy was either converted into large mass removal
from the material with low temperature and velocity or in small amount of plasma of high
temperature and speed. Then, a so called Integral Damage Factor was usable to account for
thermomechanical effects. However, when dealing with Dense Plasma Focus (DPF), some
other effects such as atomistic damage related to ion implantation needed also to be considered.
Furthermore, experiments showed that some types of ceramics may be perspective for IFE
reactor elements due to their high melting point and low Z of the materials’ components, and
small evaporated masses.
Furthermore, based on the scaling rules for plasma focus devices [33–35] and for the damage
factor on materials [36–42], a plasma repetitive table top plasma focus operating at few joules
was designed and constructed: the PF-2J (110 nF, 40 nH, 5–10 kV, 1.3–5.5 J, 8–16 kA achieved
in 110 ns, Soto et al. pp. 187–203). The plasma was optically characterized [40,41,43] and the
performance of the device was studied [35,44–47]. This device allows repetition rate of  0.1
Hz, thus is possible to irradiate a material with 10, 100, and 1000 shots in 100 s, 20 min, and 3
hours, respectively [35,44–47]. This repetitive table top pulsed irradiator was used to test SS
samples (AISI 304) at different positions from the anode top: 2.8 mm, 3.6 mm, and 5.4 mm
producing a damage factor of F  104,  103, and  102 W∙cm-2∙s1/2, respectively. At 2.8 mm,
i.e. F  104 W∙cm-2∙s1/2, 1, 10, 100, and 1000 shots were accumulated in SS samples. Thousands
of shots were accumulated in the sample in 5 hours. Preliminary results irradiating molybdenum
samples with 500 shots at a damage factor F  104 W∙cm-2∙s1/2 were obtained.
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3. IMPACT OF THE COORDINATED RESEARCH PROJECT ON INERTIAL
FUSION ENERGY RESEARCH AND DEVELOPMENT
Fusion energy R&D suffers from lack of materials able to withstand conditions expected in
fusion reactors. Hence, this CRP provided the possibility for development and examination of
advanced candidate materials for future nuclear fusion reactors, namely nanostructured W,
heavy tungsten alloys, double forged tungsten and double forged W Ta alloy, CNT for first
wall, diverse high quality steels (ODS, AISI 316L stainless and Eurofer) for structural material,
SiO2, fused silica, embedded nanoparticles in Silica, high purity calcium fluoride for final
optics, and nanostructured W and SiC coatings for permeation and corrosion barrier.
Numerical models describing the nonlinear processes of laser energy absorption and electron
transport were implemented in the large scale radiation hydrodynamic code CHIC thus
providing a reliable basis for the improved target designs in direct drive ignition schemes.
Performance of newly designed targets can be verified on the existing high energy laser
facilities.
The fuel FST layering within free standing and line moving targets presents a credible pathway
to a reliable, consistent, and economically efficient target supply for IFE power plants. A
fundamental difference of the method from the generally accepted approaches is that it works
with line moving targets, and the targets cooperate all production steps in the FST-TL of
repeatable operation. The method provides the fuel filling and then cryogenic layering in an
isotropic ultrafine state because the fuel needs to be isotropic in order to assure that fusion takes
place.
In the SI IFE approach, the main driving pulse of ~ 1014 W/cm2 intensity, of several tens of
nanosecond pulse (long pulse), is followed by a powerful final spike of hundred picoseconds
duration (short pulse) with a peak intensity ~ 1016 W/cm2, which uploads a convergent shock
wave and ignites the collapsed thermonuclear fuel. An appropriate laser pulse form is rather
difficult to maintain in a quasi-steady amplification of the pulse stack in an angular multiplexing
scheme due to its high saturation of KrF amplifiers by high power spikes. As a result, the
alternative way that was developed combines short and long pulses immediately on a target,
being simultaneously amplified in the same amplifier chains due to the short gain recovery time
of the KrF laser. To ensure reliable and efficient long time repetition rate operation of e-beam
pumped KrF laser driver, nonlinear effects of high power radiation self-focusing can be avoided
by using Kerr defocusing of filaments in Xe. Coloration of amplifier windows under irradiation
by fast electrons and bremsstrahlung X rays can be reduced by colour centre temperature
annealing or bleaching by UV irradiation.
Equally important, SBS phase conjugate coherent beam combination has an effect on the way
to develop real laser driver modules to produce 25 kJ/10 ns/10 Hz output for IFE implosion by
combining 25 modules of 1 kJ/10 Hz laser with current laser technology. This technique is also
applicable to ultra-high power ns, ps, and fs laser development that can be used for particle
acceleration, laser peening, laser machining and laser space debris removal.
Additionally, the obtained results in free standing cryogenic target fabrication and transmission
line will allow engineering and mosaic building of the FST-TL for testing reactor technologies,
which are applicable to mass target production and their repeatable delivery into the reaction
chamber and “to identify the key issues in IFE commercialization. Implementation of the FST-
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TL programme will be useful for working out and substantiating the technical requirements
needed” [48] for future IFE power plants.
Furthermore, results from PF-6 contributed to the understanding of neutron irradiation effects
at IFE reactor relevant level. Finally, table top repetitive irradiators based on miniature plasma
focus technology, PF-2J, are low cost devices useful to study plasma facing materials for both
types of reactors, inertial and magnetic fusion. With this kind of table top and low cost
irradiator, the plasma facing materials research could be highly enhanced
4. RELEVANCE OF THE COORDINATED RESEARCH PROJECT RESULTS
The lack of materials able to withstand conditions expected in laser fusion experiments and
future reactors is a major obstacle to achieving thermonuclear ignition. Hence in this CRP,
materials more resistant to irradiation and thermal loads were developed and their operational
limits were determined, which is of great importance for both IFE and Magnetic Fusion Energy
(MFE) reactors, e.g. thermal loads at the divertor in MFE reactors are similar to those expected
at the first wall of the IFE reactor.
Likewise, the engineering solutions developed under this CRP in the area of final optics and
breeder can be incorporated in advanced IFE reactors. The computer codes which were
developed and validated for measuring the radiation induced damage in the material can also
be used by the international community for predicting the behaviour of materials under different
irradiation conditions.
In addition, the SI scheme is considered to be very promising. Experimental demonstration of
shock pressures exceeding 300 Mbar and validation of a relevant numerical tool was an
important step towards fusion energy production.
This project promoted international collaboration within the European IFE community and
strengthened collaboration with the US scientists in the framework of the direct drive IFE
programme. This is an important benefit for the community, providing capabilities to design
advanced fusion schemes and test them in experiments.
Furthermore, a reliable and economically efficient mass target production technology is one of
the major bottlenecks in IFE research. All techniques developed within this CRP may be
integrated into an FST-TL capable of producing about 1 million targets per day. Advanced
methods such as the FST-layering technique are important for technology development.
FST-TL was designed “as a means of a steady state target mass manufacturing device, which
is compatible with a noncontact levitating schedule of the target delivery” [48]. In this context,
the next step will be the creation of the FST-TL for mass manufacturing of IFE targets and their
repeatable delivery into the reaction chamber. Then, “minimal time and space scales for
fabrication and injection processes would allow one to reduce the tritium inventory and to
supply targets at the low cost required for economical energy production” [49]. This work
would also help address some of the key issues for IFE power plant commercialization.
5. CONCLUSIONS
The CRP was successful as the coordinated research activities made a significant contribution
to the development of material requirements, consequences and characteristic behaviours in
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pulsed, repetitively cycled inertial fusion energy systems. The overall objective of the CRP has
been achieved through joint research programmes, enabling participation and collaboration
amongst institutions, industries and scientists participating in the CRP.
In materials characterization, the performed experiments achieved results on comparative
studies of plasma surface interaction for different candidate materials under variable high power
plasma loads. The investigations supported nuclear fusion R&D in testing of radiation resistant
materials for large inertial and magnetic fusion energy devices and for plasma technologies. In
this area, it is important to remark that the inertial plasma confinement community and the
magnetic plasma confinement community are dealing, in some cases, with similar problems,
e.g. the thermal loads on the magnetic fusion reactor’s divertor are similar to those on the
inertial fusion reactor’s first wall.
The efforts from this coordinate research included using medium/high intensity laser facilities
to study the particles fluxes generated by target emissions using selected materials and their
impact on potential applications in IFE technology. In this regard, the investigated materials
were refractory metals, titanium and tungsten, as well as ODS and AISI 316L steel, in addition
to Silica and optical materials. Two experimental setups were designed and built: (i) a chamber
with the accompanying equipment for irradiations in vacuum and gas ambiences; (ii) Laser
Induced Breakdown Spectroscopy (LIBS) apparatus for surface analysis of the targets.
In the area of physics and target design for direct drive operation, activities were aimed at
progressing predictive capabilities of numerical tools, experimental techniques and target
manufacturing technologies in the direct drive IFE target design and fuel mass manufacturing
methods. Possibilities of controlling undesirable processes, such as cross laser beam energy
transfer, hot electron production and shell hydrodynamic instabilities, were demonstrated
experimentally and considered in the improved target design. Mass target production
technologies compatible with 1 GW power plant operation were proposed and demonstrated in
laboratory downscaled experiments. All these activities were carried out thanks to coordinated
efforts of the international community supported by national and collaborative projects.
In the future, it will be crucial to address the issues related to the target design and inertial fusion
energy production with coordinated efforts of IFE and material physics communities on:
 Validation of the shock ignition scheme and relevant numerical tools and diagnostics in
integrated experiments on the scale one at megajoule facilities NIF and LMJ.
 Development of high repetition rate laser capabilities (one shot every few minutes at least)
on the IFE relevant level of kJ/ns and realization of experiments in a repetitive regime with
IFE targets and structural materials.
 Development of cost and time effective capabilities of mass target fabrication and delivery
for repetitive experiments.
 Adaptation of the mass target production technologies to the new generation of targets and
their demonstration of a downscaled level in a laboratory.
 Evaluation of the energy and debris inventory for the new generation of targets and their
characterization for the chamber environment, first wall and final optics studies with
synergy in the material development for the magnetic and inertial fusion communities.
 New conceptual designs of the inertial fusion reactor, including updates of target delivery
techniques and laser technologies based on the recent developments of the target and
material designs and engineering solutions.
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 Further studies and design of more radiation and thermal load resistant materials for the first
wall and final optics.
 Coordinated development of experimental measurements of material properties in the
repetitive regimes of mechanical, thermal and radiation loads on appropriate pulsed power
installations with advanced theoretical modelling and design materials more resistant
against radiation, thermal loads and corrosion, as well as improved permeation barriers.
In the area of experimental infrastructure development, activities were aimed at showing free
standing targets mass production and repeatable delivery into the reaction chamber of future
IFE power plants, as well as developing SBS cell technique to advance the realization of the
laser fusion driver.
In addition, development of highly repetitive and compact plasma focus target chamber
materials testing facilities also contributed to the development of a new generation laser fusion
target chamber materials.
In this area, the reliable injection system for high repetition rate facilities remains a challenge
as well, even though some progress was made during this CRP. Key technologies will need to
be developed to operate a fusion power plant and these include fuel delivery, target injection,
tracking, and beam steering.
Finally, further studies will be necessary to better understand the strong gamma rays influence
(resulting from neutron activation) on the target trajectory detection system and the beam
steering system.
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Abstract
The report presents objectives and activities of the International Atomic Energy Agency (IAEA)
Coordinated Research Project (CRP) on ‘Pathways to Energy from Inertial Fusion: Materials beyond
Ignition’ (2015–2019). This CRP provided an assessment of the material requirements, consequences
and characteristic behaviours in pulsed, repetitively cycled Inertial Fusion Energy (IFE) systems. It also
represented the continuity of former highly successful projects, which (i) contributed to stimulation and
promotion of IFE development by improving international cooperation; and (ii) covered research
relevant to development of IFE systems and to enhancement of awareness in Member States regarding
beam-plasma and beam-matter interaction, including development of building blocks for IFE systems,
and structure and integration of IFE power plants. The background and main achievements of this CRP
are described in detail, and an overview of the past IAEA's activities in IFE is given. The objectives and
activities planned for the fourth and new CRP in this series are also presented.

1. INTRODUCTION
Nuclear power plays an essential role in counteracting the threat of global climate change that
is increasingly being recognized as a consequence of the use of fossil fuels. Fission power
already provides about 11% of the total world electricity partially replacing carbon based fuels,
and in the future, fusion power could be even more attractive.
The goal of the ongoing fusion research and developments is to reach ignition – the point at
which fusion reactions become completely self-sustaining. Once ignition is achieved, the net
energy released from nuclear fusion reactions would be four time as much as nuclear fission.
However, realizing the potential of fusion energy for peaceful purposes remains one of the most
daunting challenges that scientists and engineers are facing. Creating, confining and controlling
a plasma, thermally insulated, at temperatures above 100 million degrees involves a complete
understanding of plasma physics, and a combination of nuclear engineering, technology and
material science.
At the same time, solving the fusion puzzle is becoming increasingly urgent, in fact providing
the energy that enables continued growth, while limiting the severity of climate change by
constraining the emissions of CO2 from fossil fuels, is needing early resolution for those
countries planning major investment in new energy sources.
From the environmental, safety, and economic points of view, nuclear fusion is recognized as
one of the very few options potentially acceptable for providing an adequate, worldwide energy
supply for centuries to come.
In most designs of future fusion power reactors, the choice of fuel falls on two isotopes of
hydrogen, Deuterium (D) and Tritium (T), which combine at a temperature of 100 million
degree Celsius to form a helium nucleus and release an energetic neutron.
Although the energy of the neutrons produced from D-T reactions is crucial for the ultimate
goals of fuelling the reactor and producing electricity, these highly energetic neutrons also carry
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the potential to cause material defects and transmutation, which brings into consideration other
aspects such as radiation damage, biological shielding, remote handling and safety.
For these reasons, developing materials capable of withstanding the extreme operational fusion
reactor conditions is among the major challenges to a practical fusion power reactor design,
whether the scheme for confinement of fusion plasma relies on magnetic or inertial technology.
2. THE COORDINATED RESEARCH PROJECT (2015–2019)
The Coordinated Research Project (CRP) on “Pathways to Energy from Inertial Fusion:
Materials beyond Ignition”, followed the recommendation given by experts to provide an
assessment of the material requirements, consequences and characteristic behaviours in pulsed,
repetitively cycled inertial fusion energy systems. The specific research objectives of the CRP
were:
 To define range of material options and source term implications for IFE capsules using
both existing and advanced designs.
 To define options for first wall thermomechanical response and lifetime requirements,
development pathways and potential solutions.
 To define options for final optic performance and lifetime requirements, development
pathways and potential solutions.
 To define options for fuel target material choice and mass manufacturing methods,
requirements, development pathways and potential solutions.
 To assess chamber gas/exhaust compositions and the resulting chamber gas wall
interactions, with a view to defining self-consistent solutions for an IFE power plant.
 To specify material requirements for blanket design, their development pathways and
impact on the integrated power plant.
 To assess material options for Tritium systems with regard to confinement, storage and fuel
cycle management.
 To define materials issues associated with integrated facility design, construction,
operation, decommissioning and waste management.
 To investigate the feasibility of existing and newly to be developed irradiation sources to
provide testing capabilities in an adequate environment for inertial fusion studies.
 To specify material requirements for drivers and their development pathways.
“The CRP conducted by the International Atomic Energy Agency (IAEA) from 2015 to 2019,
brought together 18 research institutions from 13 Member States (Chile, Estonia, France, India,
Japan, Poland, Republic of Korea, Russian Federation, Serbia, Singapore, Spain, Ukraine,
Uzbekistan).
Through joint research programmes enabling participation and collaboration amongst
institutions, industries and scientists, this CRP provided an assessment of the irradiation
conditions relevant to target burning, material requirements, consequences and characteristic
behaviours in pulsed, repetitively cycled Inertial Fusion Energy (IFE) systems.
It also represented the continuity of former highly successful projects. The International Atomic
Energy Agency (IAEA) has in fact a long history of nurturing international cooperation on
fusion, and ever since the early 1970s, the IAEA has specifically promoted international
research and exchange of information on IFE [1–7]. These activities, which include CRPs
“Elements of Power Plant Design for Inertial Fusion Energy” (2000–2004) [1] and “Pathways
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to Energy from Inertial Fusion: An Integrated Approach” (2006–2010) [2], have led to many
publications. In addition, results of IFE research have been presented at IAEA technical
meetings and published in the IAEA’s Nuclear Fusion Journal” [8].
2.1. Results
“Within the framework of the CRP, thanks to experiments conducted at different facilities under
the representative conditions expected at the reactor core components, significant progress was
achieved in the three key focus areas: materials characterization, physics and target design, and
facilities development:
 In materials characterization (see pp. 24–203), results showed progress in understanding
material behaviour under the extreme environment expected in future IFE reactors. The
project provided the possibility for development and promising steps towards qualification
of advanced candidate materials for future nuclear fusion reactors, namely nanostructured
tungsten (W), heavy W alloys, double forged W and double forged WTa alloy, carbon
nanotubes, diverse high quality steels (ODS, AISI 316L stainless and Eurofer) for structural
material, SiO2, fused silica and high purity calcium fluoride, and SiC coatings. However,
these studies have also demonstrated that no material is currently capable of withstanding
the harsh conditions in the reactor first wall and final optics, and that new materials with
improved mechanical and radiation resistance need to be conceived, designed and
manufactured.
 In physics and target design (see pp. 204–215), results from IFE target design and mass
manufacturing methods have shown significant progress in the predictive capabilities of
numerical tools, experimental techniques and target manufacturing technologies. Improved
target design is directly linked to experience gained in practical fabrication, follow up tests
proving good mechanical strength and thermal robustness to achieve high energy gains.
 In experimental infrastructure development (see pp. 216–349), results showed progress in
target mass production and repeatable delivery into the reaction chamber of future IFE
power plants. Filling, layering, characterizing, and placing of targets into the chamber by
injection was demonstrated at a rate of 0.1 Hz (IFE power plants will consume around 1
million targets per day and at a rate of 10–20 Hz).
The research carried out through this CRP generated more than 100 scientific publications in
peer reviewed journals and numerous presentations in international and national scientific
meetings. The final CRP results will be published in a Special Topic of Matter Radiation at
Extremes: Materials for Inertial Fusion Reactors” [8].
3. THE NEW COORDINATED RESEARCH PROJECT IN THE SERIES (2020–2023)
The new CRP on “Pathways to Energy from Inertial Fusion: Materials Research and
Technology Development” will be conducted by the IAEA from 2020 to 2023 and is the fourth
in a series of CRPs in this field of study [9].
The first CRP on “Elements of Power Plant Design for Inertial Fusion Energy” (2000–2004)
contributed to stimulation and promotion of IFE development by improving international
cooperation [1]. The second CRP on “Pathways to Energy from Inertial Fusion: An Integrated
Approach” (2006–2010) covered research relevant to development of IFE and to enhancement
of awareness in Member States with regard to beam-plasma and beam-matter interaction,
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developing building blocks for IFE and on IFE power plants structure and integration [2]. The
third CRP on “Pathways to Energy from Inertial Fusion: Materials beyond Ignition” (2015–
2019) provided an assessment of the material requirements, consequences and characteristic
behaviours in pulsed, repetitively cycled inertial fusion energy systems [10].
This new CRP will help address some of the main challenges to make commercially viable
fusion energy production a reality, namely developing the fundamental fusion materials and
reactor technologies, in close connection with high gain target development, needed to construct
and operate a fusion power plant. In this regard, such development of materials and technologies
would serve the needs of both IFE and Magnetic Fusion Energy (MFE) communities.
Moreover, this CRP will help establish a network of working groups to facilitate international
cooperation and enhance information exchange on IFE research and development; and promote
the use of IFE technologies in fundamental science and industrial applications.
“The CRP will comprise a coordinated set of research activities:
1.
2.
3.
4.

To advance the underlying science and develop novel materials for fusion energy.
To understand the key processes in the target chamber.
To assess tritium inventory and its handling.
To develop next generation targets and diagnostics, that will also help enhance knowledge
on high gain target materials.
5. To develop driver (including materials research) and target fabrication technologies with an
emphasis on repetition systems.
For that aim, it is planned:
1.1. To conduct supporting experiments in repetitive regimes of mechanical, thermal and
radiation loads in relevant high power pulsed plasma, beam and laser installations to
understand the science of evolving materials (due to continuous erosion, re-deposition
and continuous exposure to particles, radiation and plasma);
1.2. To understand the physics of electronic excitation in optical and dielectric materials
which is the basic mechanism of material damage under high irradiation doses both in
IFE and MFE;
1.3. To identify the limits in radiation power, particle flux, and radiation handling, for solid
and liquid plasma facing component materials, and extend their performance to IFE and
MFE reactor relevant conditions;
1.4. To coordinate experimental and modelling efforts towards common standards on
material properties.
2.1. To investigate the interactions of the “dry” first wall material with deposited capsule,
pellet debris/aerosol materials;
2.2. To examine the possible use of liquid metals as a “wet” first wall material;
2.3. To assess the requirements for chamber clearing in a reactor operating in the high
repetition mode when considering driver and target injection, and first wall responses to
implosions.
3.1. To evaluate chamber gas/exhaust compositions and the resulting chamber gas wall
interactions, to determine tritium inventory in an IFE power plant;
3.2. To understand mechanisms of permeation of hydrogen isotopes in the proposed
materials, including the assessment of coatings from the manufacturing, adhesion and
resistance;
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3.3. To specify material requirements, and engineering strategies, for tritium breeding
blankets and related systems, their development pathways and impact on the integrated
power plant design with regard to confinement, storage and fuel cycle management.
4.1. To investigate alternative direct drive ignition and high gain schemes including shock
and fast ignition at intermediate and megajoule scale laser facilities, in order to evaluate
and validate their feasibility for IFE production;
4.2. To evaluate the neutron, particle, debris fluxes and inventory from next generation
targets and their characterization for the chamber and blanket environment, first wall
and final optics studies;
4.3. To evaluate target composition effects on neutron production and material modifications
during the burning phase of the target, with newly developed in-line neutron
diagnostics.
5.1. To develop technologies and appropriate structural and optical materials for repetition
rate diode pumped solid state and KrF laser operation at the IFE relevant level with a
high wall plug efficiency;
5.2. To develop materials options and technologies for mass production, target injection and
tracking systems for next generation targets with a low aspect ratio and increased
robustness.
The efforts made by national and collaborative projects within this internationally coordinated
framework will help advance nuclear fusion science and technology” [9].
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CONDITIONS
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Institute of Plasma Physics, National Science Centre Kharkov Institute of Physics and
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Abstract
Plasma devices were permitted to investigate plasma effects on materials surfaces in a wide range
of plasma pulse duration for both short, ~1–3 µs, and long, 300 µs, pulses with varied energy and particle
loads to the exposed surfaces. The thickness of major and microcracks, network distance as well as
penetration of cracks into the material depth have been analysed. A comparison of cracking failures in
different grades of tungsten and tungsten tantalum alloy WTa5 has been performed also. Results of
exposures to QSPA plasma streams with long pulses, as compared with other features using irradiation
by short pulses by pulsed plasma gun and magneto plasma compressor, characterized features of surface
damage. The response of reduced activation ferritic/martensitic steels to extreme plasma loads is
discussed. “It was demonstrated that a wide combination of mechanisms of powerful plasma interaction
with Eurofer steel includes not only surface damage caused by different erosion mechanisms, but under
certain conditions may also result in significant improvement of material properties in the near surface
layer of several tens of µm in thickness. Some improvement of the structure and substructure of such a
layer may be caused by high speed quenching, shockwave formation and material alloying with plasma
and coating species. The creation of unique surface structures and considerable improvement of physical
and mechanical properties of different materials can be achieved by the pulsed plasma alloying, i.e. predeposited coating modifications and mixing caused by impacting plasma streams”1.

1. INTRODUCTION
Chamber wall response against high flux pulsed energy, chamber behaviour and clearing
studies are among the key issues in designing an IFE reaction chamber. Surface layers are the
heaviest loaded zones of structural and tooling materials actively involved in the process of
energy and substance exchange with the environment. Extreme particle fluxes and heat loads
to the surfaces in inertial fusion results in earlier damageability as compared to deeper layers.
Therefore, analysis and comparison of experimental results of material behaviour under
irradiation by electron and ion beams and high power plasma streams generated in different
pulsed plasma devices such as a quasi-steady state plasma accelerator (QSPA), dense plasma
focus, pulsed plasma gun and others under different heat loads and durations of pulsed load
give a unique possibility to understand an important common features of surface damages in
extreme conditions. Investigation of peculiarities and differences in erosion mechanisms with
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dependence on plasma parameters and the temporal profile of the impacting load is also possible
[1–10].
The use of tungsten as the main plasma facing component (PFC) was proposed for fusion
reactors many years ago [1, 2]. Since that time many ideas have been presented, and numerous
experiments have been performed. Tungsten has shown unique physical properties as the PFC.
It is a refractory metal with a high melting point, and it has an adequate thermal conductivity at
a room temperature, although it is a relatively brittle material. In a comparison with other PFCs,
e.g. beryllium and carbon, tungsten can be significantly activated by neutron irradiation. These
features have motivated intense research on tungsten properties and behaviour, but many
questions have still remained unsolved. For tungsten an important issue is cracking, which
requires further studies [6]. In particular, determination of a threshold load for major- and
microcrack formation at various preheating temperatures and measurements of a residual stress
for different grades need to be performed in a wide range of energy loads. Accumulation and
comparison of data from a number of significantly different test facilities such as electron and
ion beams and plasma devices might be a basis for choosing a material with much better
properties.
“Some low activation steels are under consideration as construction materials for nuclear and
fusion devices due to their high swelling resistance and low irradiation creep rates, i.e. slow
changes in the dimensions of materials exposed to prolonged stresses caused by X rays, γ rays,
neutron irradiation, etc.”1. Austenitic stainless steel (SS) is a very good material to construct
different parts of plasma facilities, e.g. vacuum chambers, in-vessel components and diagnostic
ports. Several years ago, austenitic SS was recommended as the main constructional material
of reactor facilities. Therefore, it is of interest to investigate the behaviour of SS samples under
irradiation by intense plasma streams and to study damage caused by plasma containing fast
electrons and ions, particularly fast deuterons and protons.
The “main drawback of such steels in their application as plasma facing materials is their high
sputtering rate under the influence of energetic ions, particularly hydrogen isotopes. This
attribute is directly related to the generation of impurities as well as the lifetime of PFCs [13–
14]. One of the prospective ways towards improvement of steel properties is alloying the
surface with some refractory elements [13]. Plasma ions can of course be considered as a source
of alloying elements that need to be introduced into a modified layer structure [5]. Another
possibility of alloying during pulsed plasma processing is mixing of previously deposited thin”1
(hcoat<hmelt) coatings of a different pre-determined composition with a chosen substrate in the
course of its melting when driven by powerful plasma impacts [5, 7].
The main objective of this work is to study the features of macroscopic erosion of reduced
activation ferritic/martensitic (RAFM) steels, pure tungsten and tungsten–tantalum alloy
irradiated by plasma streams generated by a pulsed plasma gun (PPA), magneto-plasma
compressor (MPC) and the QSPA Kh-50.
2. EXPERIMENTAL DEVICE AND DIAGNOSTICS
Heat load tests of tungsten and tungsten–tantalum alloy have been performed in the quasistationary plasma accelerator QSPA Kh-50 [11–15]. A PPA [16] and MPC [17] were also used
for comparative studies of the initial stage of plasma surface interaction as well as some features
of surface damage appearing with changes of plasma parameters and exposure to different kinds
of plasma ions.
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The powerful, full block QSPA Kh-50 consists of two stages. The first is used for plasma
production and pre-acceleration. The second stage, the main accelerating channel, is a coaxial
system of shaped active electrode transformers with magnetically screened elements. These
elements are current supplied either from independent power sources or partial branches of
discharge current in the self-consistent regime of operation.
The plasma stream generated by the QSPA is injected into a vacuum chamber of 10 m in length
and 1.5 m in diameter. The total energy content of the main discharge condenser battery is
2.2 MJ at Uc=25 kV. The amplitude and time duration of discharge current is up to 700 kA and
300 ms respectively. The main characteristics of plasma streams, depending on the operation
regime and distance from accelerator output, can be varied in a wide range: density of plasma
from 1015–(8×)1016 cm-3, maximum velocity of 4.2×107 cm/s, energy density of plasma stream
from 5 J/cm2 to 2 kJ/cm2, maximum total energy containment in a plasma stream of 600 kJ. The
average plasma stream diameter in the absence of a magnetic system of longitudinal B field is
0.5 m at a distance of 1 m and up to 1 m at a distance >3 m from accelerator output.
Experiments were performed with several fixed surface energy loads chosen in a range of 0.45–
1.1 MJ/m2, measured precisely by calorimetry, i.e. either below the melting threshold or as a
result of strong melting of the exposed surface.
The PPA device consists of a coaxial plasma gun, with an outer cylindrical anode of 14 cm in
diameter, inner cylindrical cathode of 4 cm in diameter and electrode length of 60 cm, and a
vacuum chamber of 120 cm in length and 100 cm in diameter. The power supply system is a
condenser bank with stored energy of 60 kJ under a voltage of 35 kV. The current of discharge
is 400 kA, the time duration of plasma generation is 3–6 ms. The PPA generates plasma streams
with parameters as follows: energy of plasma ions is up to 3 keV, plasma density from 2×1015–
1016 cm-3, specific plasma power 10 MW/cm2, plasma energy density varies in the range of 5–
55 J/cm2. Either helium or hydrogen was used as the working gas. The tasks for the PPA device
include investigation of effects due to helium ion impact to surfaces such as blistering and
physical sputtering in conditions of simultaneous action from corpuscular bombardment and
heat loads and also study of the influence of pulse duration on damage induced by plasma pulses
with tungsten.
The MPC generates “compressed plasma streams with a plasma density amounting to about
1018 cm–3 and a plasma energy density variable within a range of 0.05–0.5 MJ/m2. The
amplitude of discharge current in the accelerating channel is at maximum 500 kA, and the
discharge half period is about 10 µs. The main portion of experiments used pure helium at an
initial pressure equal to 266.64 Pa.
Surface analysis of exposed samples was performed with an optical microscope MMR-4
equipped with a charge coupled device (CCD) camera and scanning electron microscope JEOL
JSM-6390. Measurements of weight loss and precise measurements of surface roughness with
a Hommeltester T500 were also performed.
X ray diffraction (XRD) has been used to study structure, sub-structure and stress state of
targets. ϑ–2ϑ scans were performed using monochromatic Cu Kα radiation [19]. Computer
processing of experimental diffraction patterns was performed using the New Profile 3.5
software package. The analysis of diffraction peak intensity, profiles, width (В) and angular
position was applied to evaluate texture, coherent scattering and region size. Changes of phase
state on the surface were obtained from XRD spectrum analysis (Fig. 1).
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For evaluation of changes of structure and sub-structure state, the peak (400), located in the
precision area of angles (Fig. 2), was used. Generally, the width of the profile is proportional
to the number of line defects (dislocations) in the structure. According to the theory of scattering
[18] the diffraction peak needs to be symmetrical. Asymmetrical profiles can be considered as
a superposition of two symmetrical peaks. One is the theoretical main peak, and the second is
the diffusion maximum associated with defects of the structure. The asymmetry parameter (δВ)
was given for quantitative characteristics of asymmetry as: δВ=(Bleft-Bright)/(Bleft+Bright), where
Bleft is the left part of the width at half-height and Bright is the right part of width at half-height.
Asymmetry (δВ≠0) is attributed to the presence of complexes of point defects. The sign of δВ
is caused by the type of defect: δВ>0 for vacancies, in other words the diffusion maximum
appears on the left from the main, or δВ<0 for interstitial atoms, i.e. a diffusion maximum on
the right from the main.
Residual macro-stresses (σ) and the lattice parameter in the stress free state (a0) were
determined using а·sin2ψ plots [18] with the peaks (400) located in the precision area of angles.
A dashed line showed the stress free cross-section according to which a0 was determined. If the
lattice parameter in the stress free state (a0) is less than the corresponding reference value
(aref=0.3165 nm), then many vacancies are present in the structure. If a0>aref surplus interstitial
atoms are observed in structure. It can be also attributed to alloying of tungsten with heavy
elements.
Analysis of the average coherence length associated with the density of dislocation at the
boundaries of grains and the value of the average micro strain, the density of chaotically
distributed dislocations inside the coherence length” [18], was conducted by the approximation
method.
3. TUNGSTEN AND WTa5 ALLOY UNDER REPETITIVE PLASMA LOADS
3.1. Characterization of studied samples
“Double forged samples of pure tungsten and tungsten alloyed with 5 wt.% tantalum (WTa5)
were used for plasma load tests. Samples had sizes of 12×12×5 mm3. All samples were supplied
by Plansee AG, Austria and were prepared and delivered by Forschungszentrum Jülich,
Germany [3]. Before each plasma pulse, the surface temperature of one part of the targets had
been near room temperature. The other part of the samples had been preheated to 200°C with a
special heater [5].
All perpetrated samples had very small initial surface roughness (Ra≈0.1 μm, Rz≈0.4 μm,
Rmax≈0.5 μm). The samples of pure W and WTa5 had a texture of [200] (Fig. 1). Such texture
is analogous to [100]. Compressive residual macro stresses of 40–170 MPa was registered in
the surface layers of the W and WTa5 targets in their initial state.
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FIG. 1. (a) Diffraction patterns (Cu Kα radiation) of pure tungsten; (b) WTa5 alloy. Initial state (1)
and after plasma exposure with 100 plasma pulses of 0.45 MJ/m2 (2).

FIG. 2. (a) Diffraction peak asymmetry with additional diffuse maximum before irradiation; (b) after
plasma irradiation. Experimental diffraction peak (1), main diffraction peak after computer
processing (2), and additional diffuse maximum (3) [18].

For pure tungsten, the lattice parameter a0<aref (Fig. 3(a)), i.e. excess vacancies are present in
the structure. This agrees with the sign of the asymmetry parameter (δВ (2–5%)> 0) associated
with an excess number of vacancy complexes. The width of the diffraction line in pure tungsten
is B≈(8.7–9.8)×10-3 rad, which is near the width of line (400) in materials with perfect structure
[13].
The WTa5 alloy is characterized by a0≈0.317 nm >aref (Fig. 3(b)) due to the presence of surplus
interstitial alloying atoms. B≈12×10-3 rad indicates a large number of linear defects for WTa5.
The asymmetry of such samples was near zero (δВ≈-0.2%) and probably associates with an
excess number of complex interstitial atoms.
It needs to be mentioned that the average size of the coherent area is practically the same, 300–
400 nm, for pure tungsten and WTa5. The dislocation density inside pure tungsten grains was
estimated as ρε≈4.6×1010 сm-2. For the WTa5 alloy ρε≈2.6×1010 cm-2. For both kinds of samples,
the density of dislocations in the boundaries achieved ρL=2.5×1011 cm-2” [18].
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FIG. 3. (a) Examples of а·sin2ψ plots for the sample of pure tungsten; (b) WTa5 alloy. Initial state (1),
after irradiation by 10 (2) and 100 plasma pulses of 0.45 MJ/m2 (3) [18].

3.2. Common features of pure W and WTa5 exposed to plasma streams
“Surface pattern, damage and structure of pure tungsten and tungsten–tantalum alloy WTa5
targets were analysed in conditions of room temperature and preheating to 200°C” [18] and
300°C. Plasma loads up to 100 pulses below the melting threshold and also under conditions of
pronounced melting were performed.
“XRD diffraction analysis confirmed the absence of material phases with impurities on the
surface of all studied samples. Only tungsten lines on the surface and in deeper layers were
observed. After plasma exposure the texture of all studied samples did not change but improved
(Fig. 1). Asymmetry become negative and rose with an increasing of number of pulses. The
width of diffraction profiles, i.e. average dislocation density, weakly changes with surface layer.
The average size of the coherent area and average dislocation density both at boundaries and
inside of grains did not change.
For heat loads above the melting threshold both major cracks and microcrack networks along
the grain boundaries were always detected in experiments independently of surface temperature
before irradiation (Figs 4–5)” [18]. This is attributed to surface melting and subsequent
solidification. Typical cell sizes of intergranular microcrack networks were within 10–40 μm.
Surface roughness after plasma exposure with surface melting, similar for W and WTa5, was
essentially higher in comparison with the initial roughness (Fig. 6). “Fluctuation of large peaks
on profilograms corresponds to the average distance between developed major cracks. A special
surface morphology developed due to the crack network appearance on the surface. This is
influenced by the created melt layer and effects of surface tension.
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FIG. 4. SEM images of the W tungsten surface exposed to 100 plasma pulses of 0.75 MJ/m2 each for
different initial surface temperature (Tin): (a) Tin=20°C; (b) Tin=200°C. The length of the white marker
line is 100 μm.

FIG. 5. SEM images of the WTa5 alloy surface exposed to 100 plasma pulses of 0.75 MJ/m2 each for
different initial surface temperature: (a) Tin=20°C; (b) Tin=200°C. The length of the white marker line
is 100 μm.

Plasma irradiation resulted in symmetrical tensile stress in the thin subsurface layer. The
maximum residual stress in the plasma affected layer was reached after the first plasma pulses.
Mass loss measurements demonstrated growing erosion with increasing energy load as in
previous experiments. For targets irradiated with heat loads below melting threshold, mass
losses mainly can be caused by sputtering. Surface melting leads to splashing of eroded
material.
3.3. Features of pure W exposed plasma streams
Networks of macro cracks [23–32] developed on the surface of pure tungsten irradiated with
10 pulses of 0.45 MJ/m2 at an initial surface temperature at room temperature (Fig. 7(a)). A rise
in irradiation pulses led to some growth of crack width and splitting of the crack mesh (Fig.
7b). Only a few isolated cracks appeared in some areas on the pre-heated surface exposed to a
heat load below the melting threshold (Fig. 7(c)). With further increases of the number of
plasma pulses both the width and depth of cracks increased, but new cracks did not appear (Fig.
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7(d)). Cracks and growth of some edges of grains caused the development of the characteristic
surface profile (Fig. 8(a)).

FIG. 6. (a) Surface profiles of samples W; (b) WTa5 development in the course of 100 plasma
exposures, heat load Q=0.75 MJ/m2 [18].

FIG. 7. (a, c) SEM images of a pure tungsten surface exposed to 10 plasma pulses of 0.45 MJ/m2 each
for different initial surface temperature; (b, d) 100 plasma pulses of 0.45 MJ/m2 each for different
initial surface temperature. (a, b) Tin=20°C; (c, d) Tin=200°C. The length of the white marker line is
100 μm [18].
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Measurements demonstrated that the maximal value, 300–400 MPa, of residual stress in the
thin subsurface layer does not depend practically on initial target temperature, and it
significantly grew with increasing thermal loads. Increasing the number of plasma pulses led to
some relaxation of residual stress (Fig. 3(a)). Preheating the surface contributed to faster
relaxation of residual stresses. Surface melting of the preheated surface caused the quickest
relaxation of residual stresses” [18].
Samples of pure W were used for the high plasma load tests of up to 400 pulses. Before each
plasma pulse, the surface temperature of all targets had been near room temperature.
The high number of plasma pulses resulted in surface modification [19–21]. The onset of
melting at the edges of cracks was observed, whereas other surfaces did not melt (Fig. 9b).
Melted edges eject nm particles. Such small particles are able to be melted even for rather small
heat loads below the surface melting threshold [35]. Thus, surface modification may cause
changes of the physical properties of the surface layer, thus influencing material behaviour
under high plasma heat loads [33, 35]. Plasma irradiation resulted in a symmetrical tensile stress
in the thin subsurface layer. Measurements demonstrated that the maximal value, ≈350 Mpa, of
residual stress in the thin subsurface layer appeared as a result of the first plasma pulses.
Increasing the number of plasma pulses led to some relaxation of residual stress up to
≈250 MPa. At the same time the microhardness of the exposed surface also decreased up to
Hv=450 kg/mm2, initially 650 kg/mm2, with further increases of the exposure dose. This could
be caused by annealing of vacancies in the structure. This agrees with slight increases of lattice
parameters up to 0.31647 nm. Asymmetry became negative and rose with an increasing number
of pulses. The width of the diffraction profiles, i.e. average dislocation density, weakly changed
in the surface layer.

FIG. 8. (a) Surface profiles of samples W; (b) WTa5 development in the course of 100 plasma
exposures, heat load Q=0.45 MJ/m2 [18].
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FIG. 9. SEM images with different magnification of a pure tungsten surface exposed to 400 plasma pulses of
0.45 MJ/m2 each from Tin=20°C.

A near linear rise in roughness was observed under plasma irradiation with heat loads below
the melting threshold. Maximal values of roughness parameters (Ra≈0.2 μm, Rz≈1.2 μm,
Rmax≈1.7 μm) were received after 400 plasma pulses. Networks of macro cracks developed on
the tungsten irradiated after 10 pulses of 0.45 MJ/m2. The rise in irradiation pulses led to some
growth of crack width and splitting of the crack mesh (Fig. 9). Both the width and depth of
some cracks increased. Cracks and growth at some grain edges caused the development of the
surface profile.
3.4. Features of WTa5 exposed plasma streams
From an initial temperature at room temperature, only separate major cracks appeared on
surfaces after the “first plasma pulses of 0.45 MJ/m2 (Fig. 10(a)). With increasing irradiation
pulses the width of the cracks rose, but networks of cracks did not develop (Fig. 10(b)). Thus,
for heat loads below the melting threshold without preheating, samples of WTa5 alloy
demonstrated better resistance in comparison with pure tungsten” [18].

33

FIG. 10. (a, c) SEM images of the WTa5 alloy surface exposed to 10 plasma pulses of 0.45 MJ/m2
each for different initial surface temperature [18]; (b, d)100 plasma pulses of 0.45 MJ/m2 each for
different initial surface temperature. (a, b) Tin= 20°C; (c, d) Tin=200°C. The length of the white
marker line is 100 µm.

The “corrugated structure of hills and cracks appeared after the first plasma pulses with heat
loads below the melting threshold on preheated surfaces (Fig. 10(c)). The width and depth of
cracks grew with an increasing number of pulses (Fig. 10(d)). Some exfoliation of the surface
layer on separate parts of the exposed surface was observed. The appearance of corrugation
contributes to the growth of the surface profiles (Fig. 8(b)).
Development of such a structure on exposed surfaces is probably caused by the presence of
tensile residual stresses of (450–500 MPa) together with excess complexes of interstitial atoms,
as δВ<0 always for WTa5 targets, and a large number of dislocations, B≈1.2×10-2 rad” [18],
which was practically unchanged.
3.5. Comparison of pure tungsten and WTa5 exposed to plasma streams
As was shown above, a network of macro cracks formed on a pure W surface exposed to 100
plasma pulses below the melting threshold at an initial base temperature of room temperature.
Nevertheless, only separate major cracks appeared on WTa5 surfaces, but the network of cracks
did not develop at the same conditions. Therefore, studies of the surface and sub-surface layer
pattern of pure W and WTa5 have been performed to reveal the damage of samples preheated
to different initial temperatures (Tin) and irradiated by 100 plasma pulses with heat loads below
the melting threshold (Figs. 11–14).
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FIG. 11. SEM images of W surfaces exposed to 100 plasma pulses of 0.45 MJ/m2 each at (a)
Tin=200°C (a); (b) Tin=300°C. The length of the marker line is 100 μm.

FIG. 12. SEM images of WTa5 alloy surfaces exposed to 100 plasma pulses of 0.45 MJ/m2 each at (a)
Tin=200°C; (b) Tin=300°C. The length of the marker line is 100 μm.

The irradiation of pure W preheated to 200°C resulted in the appearance of only small isolated
cracks on exposed surfaces (Fig. 11(a)). A corrugated structure of hills and cracks appeared on
surfaces of WTa5 at the same base temperature (Fig. 12(a)). High exfoliation of the surface
layer of WTa5 samples was also observed. The cross-sections showed the cracks’ appearance
along the surface. The maximum depth of crack occurrence was almost 300 µm for pure W
(Fig. 13(a)) and 200 µm for WTa5 (Fig. 14(a)).
SEM images demonstrated only small isolated cracks on exposed surfaces of pure W preheated
to 300°C, whereas large isolated cracks were observed on exposed WTa5 surfaces (Fig. 11(b)
and Fig. 12(b)). Plasma irradiation at an initial temperature of 300°C decreased the depth of
cracks occurrence up to 200 µm for pure W (Fig. 13(b)). The cross-section of the WTa5 sample,
however, shows some crack penetration from the surface to a depth of 2 mm (Fig. 14(b)).
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FIG. 13. Cross-section of W targets exposed to 100 plasma pulses of 0.45 MJ/m2 each at (a)
Tin=200°C (a); (b) Tin=300°C. The length of the marker line is 100 μm.

FIG. 14. Cross-section of the WTa5 alloy targets exposed to 100 plasma pulses of 0.45 MJ/m2 each at
(a) Tin=200°C; (b) Tin=300°C. The length of the marker line is 200 μm.

3.6. Comparison with short pulse exposure
Non-textured rolled tungsten plates of Russian trademark and dimensions of 40×40×1 mm3
were examined to investigate the evolution of the structure and residual stresses in tungsten
samples exposed to a small number of hydrogen or helium plasma impacts. All targets were
exposed to perpendicular irradiation by powerful plasma streams generated by the QSPA Kh50, PPA and MPC facilities.
Distinct networks of micro- and macrocracks were observed developing upon the “W surface
after its irradiation within the QSPA at a heat load above the melting threshold. Typical mesh
sizes of major cracks in the central area of the exposed surface were 0.8–1.3 mm. The crack
width was estimated to be 4–8 µm after 20 pulses, as shown in Fig. 15. A typical cell size of an
inter-granular microcrack mesh was 10–80 µm. The cell sizes were mostly within a 10–40 µm
range, which corresponds to the grain size of this W grade.
Networks of major crack also formed on rolled tungsten surfaces. The size of such a crack mesh
was 0.35–0.60 mm after exposure to PPA helium plasma and 0.25–0.70 mm after exposure to
PPA hydrogen and helium plasma in the MPC facility. Crack width after short pulse exposure
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was considerably larger, amounting to 5–15 µm, instead of 4–6 µm observed for the sintered
W grade analysed after a similar number of QSPA pulses (Fig. 16).

FIG. 15. Width of cracks upon the tungsten surface as a function of the number of plasma pulses of
0.25 ms duration, at different QSPA heat loads [18].

FIG. 16. Width of cracks formed upon tungsten surfaces as a function of the number of plasma pulses
at various heat loads, as observed for different W grades: for sintered tungsten samples within QSPA
at 0.75 MJ/m2 (1) and 0.45 MJ/m2 (2), and for the rolled tungsten sample (3) at a heat load above the
melting threshold within the PPA, MPC and QSPA facilities [18].

Distances between microcracks were 20–40 μm and 15–25 μm. The width of microcracks was
approximately the same, as attributed to the re-solidification process and grain deformation.
More fine cracks with a typical cell size of 2–7 μm appeared in the background of microcrack
meshes (Fig. 17). The width of these cracks was about 0.5 µm. Blister-like and cellular-like
structures appeared upon surfaces exposed to helium plasmas (Fig. 18), and some droplets of
melted material were observed on the exposed surface (Fig. 17).
Symmetrical tensile stresses were created in the W surface layer as a result of plasma
irradiation. In general, residual stress grew with an increase in the energy load. Similar to the
sintered W targets, some relaxation of stresses was observed after a large number of pulses. The
melting of the surface layer could essentially influence the relaxation of stresses, and the
residual stress became very small after 20 pulses with observed melting.
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For plasma loads below the melting threshold the residual stress was quite large, reaching a
level of 200–250 MPa after 100 pulses. It needs to be noted that this value is still considerably
smaller than that obtained for sintered tungsten after similar exposure. The magnitude of
residual stresses for the deformed tungsten samples was smaller in comparison with those
observed for the sintered samples and rolled W plates, which were investigated under similar
conditions. This could be due to the combination of two different factors: the initial compressive
stresses in the deformed W grade and its improved structure in comparison with the sintered
and rolled W grades” [18].

FIG. 17. SEM images of the cracks formed upon the tungsten surface after 10 helium plasma pulses
within MPC at 0.4 MJ/m2.
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FIG. 18. SEM image of the cracks formed upon the tungsten surface after 10 helium plasma pulses
within PPA at 0.4 MJ/m2.

4. EXPERIMENTAL STUDIES OF THE ALLOYING AND MODIFICATION OF
EUROFER STEEL
“Surface modifications by powerful pulsed plasma streams were performed with the use of a
QSPA Kh-50 quasi-stationary plasma accelerator and a MPC magneto-plasma compressor.
Samples made of Eurofer alloy (Cr 9.7%, Mn 0.7%, Fe 89.6%) were prepared and delivered by
the SCK•CEN Nuclear Research Centre in Belgium. All samples had sizes of 10×10×0.5 mm3.
These samples were covered by tungsten coatings of about 3 μm in thickness, which were then
deposited with a physical vapour deposition (PVD) technique [34] within a Bulat-type facility.
Earlier such coatings were applied for estimation of their performance as plasma facing surfaces
in comparison with monolithic tungsten targets. They enabled also an analysis of the adhesion
properties of the PVD coatings and an investigation of the prospective PFCs for reactor first
wall construction”1 [22].
The “values of the initial micro-hardness and roughness of the Eurofer samples amounted to
190 kg/mm2 and Ra<0.1 μm (Rmax≈0.1 μm), respectively. Surface profiles for these samples are
shown in Fig. 19. During structural studies of sample surfaces lines corresponding to the α–Fe
phase only were observed. It needs to be noted that to this phase is attributed the body centred
cubic crystal structure. The results of the diffraction measurements are presented”1 in Fig. 20.
The composition of Eurofer samples in their initial state and after processing is shown in Table
1.
The “surface morphology changed mainly due to the formation of plasma-melted layers. The
roughness of the exposed surfaces increased up to Rmax≈0.3 μm”1. It needs to be noted that the
micro-hardness of the modified surface of the Eurofer sample increased up to 260 kg/mm2 due
to the stresses and quenching induced by the plasma treatment.
“The process of steel surface alloying consisted of two stages. During the first stage the tungsten
coating was deposited upon the sample surface by means of the PVD method. After the
deposition of tungsten coatings on the treated Eurofer surfaces their roughness slightly
increased. During the second stage the W coated samples were exposed to five plasma pulses
in the QSPA or MPC device”1.
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The roughness of the exposed surfaces increased up to Ra≈0.3 μm, Rmax≈3.4 μm (Fig. 19c), and
the intensity of tungsten lines was considerably higher than that of the substrate lines (Fig. 20b).
“Delamination of the coatings upon the Eurofer surfaces was not observed during irradiation
by plasma streams within the QSPA facility. The concentration of tungsten accounted for
85.8 wt.% (Table 1) at a surface layer of 4 µm in depth. On the contrary, the Eurofer surfaces
coated by W layers and irradiated by plasma in the MPC device showed some delamination of
these coatings”1.

FIG. 19. Surface profiles of the Eurofer samples: (a) for a virgin sample, (b) for that exposed to five QSPA plasma pulses,
and (c) for that covered by a W layer and exposed to QSPA plasma. In those cases, the heat load was Q=0.6 MJ/m2.

FIG 20. Diffraction patterns of the Eurofer samples: (a) measured in the initial state, (b) measured for
the sample coated with a W layer and exposed to QSPA plasma pulses, and (c) measured for the
sample coated with a W layer, modified by QSPA plasma pulses and irradiated by the Ar ion beam1.
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TABLE 1. ELEMENT CONTENT OF THE INVESTIGATED EUROFER SAMPLES1
Sample

Initial
Coated with W + QSPA-plasma
Coated with W + QSPA-plasma + sputtered by the
Ar-ion beam
Coated with W + MPC-plasma
Coated with W + sputtered by the Ar-ion beam

Cr

Mn

Fe

W

(wt
%)

(wt
%)

(wt
%)

(wt
%)

9.7
1.3
8.9

0.4
---0.36

89.9
12.95
89.64

---85.8
1.1

9.7
9.6

0.4
0.4

88.8
88.9

1.1
1.1

The roughness of the exposed surfaces increased up to Ra≈0.3 μm, Rmax≈3.4 μm (Fig. 19c), and
the intensity of tungsten lines was considerably higher than that of the substrate lines (Fig. 20b).
“Delamination of the coatings upon the Eurofer surfaces was not observed during irradiation
by plasma streams within the QSPA facility. The concentration of tungsten accounted for
85.8 wt.% (Table 1) at a surface layer of 4 µm in depth. On the contrary, Eurofer surfaces coated
by W layers and irradiated by plasma in the MPC device showed some delamination of these
coatings”1.
5. CONCLUSIONS
The performed experiments concentrated on comparative studies of plasma surface interaction
features using different candidate materials of future fusion reactors under irradiation by high
power plasma loads of variable parameters. The investigations aimed to support mainstream
fusion research by testing radiation-resistant materials for large thermonuclear devices of both
types, with magnetic and inertial plasma confinement, and for plasma technologies. The
performed activity included adjustment of operational regimes of the QSPA Kh-50, Pulsed
Plasma Gun and MPC devices to achieve adequate variation of energy and particle loads to the
exposed candidate materials.
As the result of experiments on optimization of the PPA, QSPA Kh-50 and MPC devices,
adjusting the operational regimes contributed adequate variation of energy and particle loads to
the exposed candidate materials. A possibility of effective variation of energy loading to the
processed sample surfaces was realized in two ways. First, changing the ion energy under
constant plasma density was achieved by variation of the voltage between the accelerator
electrodes. Secondly, changing the plasma density under constant ion energy was accomplished
by placing the samples at different distances from the accelerator output.
Tungsten targets of different kinds, sintered, rolled and deformed, were tested using powerful
plasma streams at different heat loads. Three plasma facilities, QSPA Kh-50, PPA and MPC,
yielded the present results of tungsten irradiation experiments. “Two different crack meshes
were identified after exposure to the tungsten samples. It was shown that major cracks do not
depend on the tungsten grade. This was instead attributed to possible ductile-to-brittle transition
effects. Meshes of inter-granular microcracks were detected at energy loads above the melting
threshold, probably caused by the re-solidification process. Distinct droplets of melted material
were observed upon the exposed surface in these conditions. Blister-like and cellular-like
structures were observed upon surfaces exposed to helium and hydrogen plasma streams. Under
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a large number of pulses, above 100, the width of macrocracks in the deformed tungsten targets
was two times smaller than for the sintered and rolled targets. Thus, deformed W material was
found to be more resistive against cracking as compare to other grades” [18].
Comparative experimental studies of macroscopic erosion of double forged pure tungsten and
tungsten–tantalum alloy samples were performed with the QSPA Kh-50. With a heat load below
the melting threshold macrocrack networks formed “only in the case of an initial target
temperature at about room temperature on exposed surfaces of pure tungsten. Corrugated
structures appeared on preheated surfaces of the tungsten–tantalum alloy after the first pulses
and developed an increasing number of pulses. Further evolution of crack networks and a
corrugated structure was accompanied by increases in crack width and swelling of crack edges.
Networks of micro- and macrocracks developed on surfaces of pure tungsten and tungsten–
tantalum alloy as a result of surface irradiation with heat loads above the melting threshold.
Surface modification and development of cracks led to increases in roughness of exposed
surfaces. The micro deformations of pure tungsten and tungsten–tantalum alloy were similar
for targets exposed in similar conditions. Residual stress grew with increases of the energy load.
Relaxation of stresses was observed with an increasing number of pulses. Melting of the surface
layer essentially added to the relaxation of stresses and increases to the absolute value of
diffraction line asymmetry. This may be explained by increases in the number of interstitial
complexes, which is consistent with a slight increase in the lattice parameter” [18].
A high number of repetitive plasma loads below the melting threshold led to clear degradation
of thermo-mechanical properties of the affected surface layers of tungsten. Networks of cracks
appeared on exposed surfaces. The onset of melting at crack edges was observed, whereas other
surfaces did not melt. Melted edges ejected nm particles, which are able to melt even under
rather small heat loads below the surface melting threshold. Surface modification and
development of cracks led to increases of roughness of exposed surfaces. For both double
forging pure tungsten and tungsten–tantalum alloy cracks propagated to the bulk mainly
transversely and parallel to the irradiated surface.
The possibility of alloying RAFM steel “surfaces with tungsten coatings was demonstrated. An
increase in the tungsten concentration was observed. The tungsten phase was identified together
with some lines of the Fe phase upon the treated surfaces. The presence of the Fe phase created
good conditions for tungsten penetration into the affected layer. The tungsten concentration
achieved several wt.% in the surface layer at a thickness up to 4 µm. A maximum tungsten
content of about 85 wt.% was observed in the surface layers of the Eurofer samples modified
by plasma streams in the QSPA. Nevertheless, symmetrical tensile stresses up to 270 MPa were
recorded in the near surface layer. As a result of the stress development, some delamination of
the coatings during pulsed plasma irradiation was observed. The surface morphology changed
mostly by melting and re-solidification of the surface layer. Macro- and microcracks appeared
also on the modified surfaces. The sputtering yield for Eurofer steel samples modified by
plasma streams was not very different from that observed for virgin samples. An explanation
of such surface behaviour might be the accumulation of elastic energy in the stressed surface
layer or poor adhesion of the modified tungsten coating to the steel substrates.
As a result of those effects some delamination of the coatings could develop. A possible way
to improve coating resistance might be the application of several cycles of plasma treatment.
During the first stage of such a cycle a tungsten coating of 1–2 µm in thickness needs to be
deposited on the sample surface by the PVD method. During the second stage the coated
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samples need to be processed with pulsed plasma streams. The reduction of coating thickness
together with an increase in the number of plasma treatment cycles might create conditions for
better penetration of an alloying element into the treated substrate”1.
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Abstract
In the current research inertial fusion-related deuterium plasma and materials interaction in
studied. Pure double forged tungsten, single forged tungsten and tungsten alloy with iron and nickel
content are used as plasma facing materials. The synergetic effects generated on the surfaces of the
materials by the irradiation with small number (2-10) of pulses of very powerful plasma and ion fluxes,
combined with 25-50 weak plasma pulses are investigated. Analysis of the surfaces of the irradiated
samples reveal that the density of surface cracks depends on the content of tungsten in the sample.
Analysis of the defects within bulk, using measurements of electric conductivity or micro-hardness,
indicate that specimens irradiated at first with very powerful plasma pulses are more damaged than the
others, even if the characteristic defects on the surfaces are similar. As a novel method the multifractal
formalism for the study of damaged surfaces is proposed. An analysis indicates, that the distribution of
different kinds of damages on the surfaces of the irradiated materials, behave as multifractals – thus, the
generalized multifractal dimension allows distinguishing the samples that have been irradiated with
different plasma regimes.

1. INTRODUCTION
Due to excellent thermo-mechanical properties tungsten (W) is the most promising material for
armor and plasma shielding in fusion devices – be it in case the wall of the chambers of nuclear
fusion reactors with inertial plasma confinement, or critical parts of the magnetic confinement
devices e.g. divertor of ITER [1–3], or other fusion devices under development. Though, one
of the main problems with pure tungsten is its brittleness [1]. Irradiation of tungsten with high
density and high temperature plasma pulses leads evantually to development of cracks’ mesh
(macro- and micromesh) on the surface. The problems related to materials science (especially
the questions considering the improvement of tungsten’s properties) are relevant to all future
fusion devices. Namely: i) how does the long-lasting irradiation and the heat loads that are
generated within the fusion devices affect the functional (armor) and construction materials; ii)
why do the defects (e.g. mesh of cracks, pores, wavelike structures, exfoliations, bubbles etc)
form, both on the irradiated materials surface and also in the bulk of the material. A universal
parameter for characterizing the effect of heat and particle flow falling on the material has
previously been proposed, by Hirai and Pintsuk [4] as the heat flux factor (or damage factor)
𝐹 = 𝑞 ∙ 𝜏 , where q - power flux density,  - interaction time. This parameter may be the same
for different most violent events in different kind of plasma devices. The aforementioned
predicted reference values for different fusion devices are as follows: 100–500 MW s1/2 m-2
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for HiPER [5] and up to 103 MWs1/2 m-2 for NIF [6], and for ITER the values are as follows:
edge-localized modes (ELMs), 20–60 MWs1/2 m-2, disruptions 100–200 MWs1/2 m-2 [3].
Therefore, the damages’ dependence on plasma and heat wave parameters has to be determined.
In addition, the development of new methods for estimating the bulk defects based on the
information derived from the surface defects is important for fusion devices and also other
technologies. It is of utmost importance to carry out investigations by different types of devices,
including dense magnetized plasma devices, e.g. Plasma Focus device (PF), which can generate
very short and powerful heat and plasma pulses with heat flux factor values comparable for the
ones of the Inertial Confinement Devices (ICD) or Magnetic Confinement Devices (MCD).
It needs to also be noted, that the impact of the duration of the plasma pulses' is not thoroughly
investigated regarding the generation of the surface and bulk damages. As results gained for
plasma-focus devices from PF-1000U facility have shown, powerful and very short (10–30 ns)
ion fluxes generate shock-waves that have the capability of propagating through the material
that is being irradiated [7]. Calculations show that the depth of such shock waves can reach up
to 0.8 mm. Such cooperative effect between the heat and the mechanical shock-wave, which
can be modelled as Gaussian white noise and shot-noise, has also been predicted theoretically
[8, 9]. This indicates that despite the fact that of some of the needed properties of plasma-facing
materials are commonly shared within the magnetic and inertial confinement devices, a need
for research carried out by devices, which can generate very short plasma and ion pulses, exists.
Until now, mostly a qualitative analysis of the materials surface damages has been applied.
Using quantitative parameters (e.g. micro-roughness and micro-hardness) mainly single-type
structures or damages can be described. For estimating the damages within the bulk of the
material, means of micro-hardness and electrical conductivity can be used. Unfortunately, such
analysis does not necessarily allow the distinction between different kinds of defects, which
can result of different effects of plasma, ions and irradiation. In order to carry out quantitative
analysis, which will enable the distinction between either different kind of defects or defects
with different characteristic sizes, the multifractal formalism is proposed [10, 11]. The main
problem is to obtain correlations between: (i) the multifractal characteristics; (ii) materials’
mechanical properties; and (iii) plasma parameters in the PF device (i.e. power flux density,
pulse duration, temperature on the target surface, plasma shell velocity, plasma and fast ions
energy [12, 13]). This formula allows applying the methods of fractal geometry to estimate the
radiated materials’ damages by relying on the images of the samples. The various structures of
the defects and randomly located elements on the surfaces of the irradiated materials occur due
to stochastic phenomena taking place in the flow of plasma and irradiation.
2. SETUP OF THE EXPERIMENTAL STUDY
The main interest in the experimental part of the research was in the study of the development
of damages, during the irradiation of the samples with two series of short and powerful plasmaions streams on several different materials: (i) double forged tungsten (DFW) – manufactured
at PLANSEE; (ii) single-forged tungsten (W), manufactured at PLANSEE; (iii) tungsten alloy
with 2% nickel and 1% iron and (HPM1850) and 3.33% nickel and 1.67% iron (HPM1800,
HPM1810) – manufactured at H.C. Starck. In the current research the combined effects of series
of plasma pulses with different plasma parameters (characterized mainly by the heat flux factor
or the damage factor of the plasma). Thus, the samples were irradiated twice. At first, during
the irradiation series a, the samples were irradiated with plasma streams with power flux
densities 500–10000 MW/cm2 and pulse duration 50–100 ns accompanied with ion fluxes with
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power flux densities 104-106 MW/cm2 and duration 10–50 ns (depending on the PF-devices).
The second, series b, of irradiation are conducted with plasma-ion streams with heat flux values
that lead to weak melting of the tungsten after some pulses. In this case the power flux density
is about 10 MW/cm2 and duration 150-200 ns. (see Table 1 for detailed information).
The “distribution of surface defects of the irradiated samples was analysed by scanning electron
microscopy (SEM) using Zeiss EVO MA-15 with energy-dispersive X ray spectrometry
(EDS). The 3D measurement of micro-roughness was carried out by Bruker 3D white light
Optical Microscope Contour GT-K (vertical resolution < 0.01 nm, lateral resolution 0.38 µm,
single image resolution 1280x960 pixels). This also allowed estimating the 2D microroughness parameters as averaged over five lines over the investigated surface” [17]. The
amplitude parameters of micro-roughness measurements were based on overall heights. The
results included in the current study are the root-mean-square of height distribution and
maximum deviation from the average level.
Measurements of the change of electrical conductivity in bulk “was carried out by at Metrosert
(Estonia), using the electrical conductivity etalons set NPL no 178 and the eddy current
instrument Sigmatest 2.069, which enables to measure conductivity of non-ferromagnetic
metals. During the measurements the conductivity was measured from the centre of the
damaged area of each of the samples. The frequencies that were used during the measurements
were: 60 kHz, 120 kHz, 240 kHz, 480 kHz and 960 kHz. The results were reduced to be in
accordance with temperature of 20 °C.
In plasma focus devices it is possible to distinguish three different zones according to the
parameters of the plasma and ion flows in the chamber. The existence of such zones can be put
to use to obtain a plasma flow with desirable parameters. In PF-12 three zones (A, B and C)
were distinguished as shown in Fig. 1. The zones are also in concurrence with the regimes
‘harsh’, ‘medium’ and ‘mild’, accordingly” [17].

FIG. 1. Experimental setup. The sample for plasma-ions irradiation in PF-12 plasma chamber is located
on the holder at 3.5 cm (zone A), 6.5 cm (zone B) or 8 cm (zone C) from the anode [17].

The “samples that are placed in zone A (“harsh” regime) are at first affected by streams of hot
plasma with energy of 0.1-1 keV, and afterwards (about 20-50 ns later) by fast ion flows with
the energy of approx. 100 keV. In zone A, after the initial influence of plasma and fast ions, the
cloud of secondary (tungsten) plasma will form in front of the sample, its energy reaching about
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100 eV. During approximately 0.1 ms, the energy of secondary plasma decreases to about 2 eV.
Nevertheless, the degraded influence of the secondary plasma may last up hundreds of
microseconds.
The samples placed in zone B (“medium” regime) are reached by plasma and fast deuterons
simultaneously. The duration of impact of both slow plasma and fast ions increases (100 and
50 ns accordingly at PF-12, but it depends on the device). When the flow of fast ions reaches
the plasma sheath, the angle of ion flux widens from initial 3-5o to approx. 30o.
When a sample is placed inside the area with the widened flux, zone C (“mild” regime), the fast
ions’ influence on the sample’s surface decreases significantly compared to the effect that
occurs in zone B because of the decrement of power flux density of fast ions. In zone C the
flow of fast ions reaches the sample first, and after that the slow plasma arrives” [17].
Three different irradiation regimes at PF-12 are characterized by heat flux factor defined as F
= q1/2, where q – plasma’s heat flux density,  - duration of plasma-materials interaction, were
used. The different regimes at PF-12 device were acquired by placing the sample at different
distances from the anode (Fig. 1). In the current study three different distances were used: (i)
9.5 cm from the anode with heat flux factor of plasma 40-45 MWs1/2m-2 – mild regime, (ii)
6.5 cm from the anode with heat flux factor of plasma 150-170 MWs1/2m-2 – medium regime,
(iii) 3.5 cm from the anode with heat flux factor of plasma approx 103 MWs1/2m-2 – harsh
regime. In PF-6 (see Fig. 2) the heat flux factor varied from 110 to max. 2000 MWs1/2m-2
depending of the quality of the plasma/ions pulse – medium/harsh regime. The distance of the
sampled from the anode was about 7.5 cm.

FIG. 2. A photo of the PF-6 discharge chamber fitted to the material science experiments.

3. STUDY OF IRRADIATED SAMPLES
The irradiation of each of the tungsten and tungsten alloy “samples was carried out in two
separate series of experiments using plasma-ion pulses with different plasma and heat flow
parameters. For that, three different plasma-focus devices were used: PF-12 at Tallinn
University (TU), PF-6 and PF-1000U at Institute of Plasma Physics and Laser Microfusion,
Warsaw (IPPLM)” [17] in co-operation with researchers from IPPLM and A.A. Baikov
Institute of Metallurgy and Material Sciences, Russia (IMET). In all of the PF-devices
deuterium was used as the work gas. An overview of the irradiation conditions on different
devices and main characteristic damages on the specimens are shown in Table 1. Notice that
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samples irradiated with the first series (series a) of plasma pulses are denoted with ‘a’ and
samples denoted with ‘b’ are the same samples after the second series (series b) of plasma
pulses.
3.1. Analysis and description of changes on the surface of irradiated double forged
tungsten samples
Irradiated surfaces of DFW were investigated by SEM. In the characterization of the damages
on the samples the term micro- and macro-cells are used. A “macro-cell is defined as an area
bordered by so called macro cracks (with width up to 2 m) and a micro-cell is an area bordered
with micro cracks (with width about 10–50 nm)” [17].
It needs to be noted that on the backscattered electron SEM images, of samples placed at the
zone C at PF-12, “some darker regions may occur, as the samples may be covered with thin
copper films originating from the anode. Therefore, the original micro cracks on the surface of
the samples may not be very well” [17] observable (due to the copper film). Nevertheless, the
development of the mesh of micro cracks can be distinguished, the higher structures (extending
upward), and macro cracks of tungsten are not influenced by the copper.
The “analysis of the generation of cracks (Fig. 3 and Table 1) shows that the series of plasma
pulses in the harsh regimes (high power flux density, but short interaction time, on PF-1000U,
PF-6, zones A)” [17] lead to the generation and development of meshes of macro cracks.
Typically, the dimensions of macro cracks after 10 or 50 pulses at PF-6 will range 200–300 µm.
In case of the samples that have been irradiated with either 2 or 4 pulses of very powerful
plasma fluxes, at PF-1000U (samples DFW-2a and DFW-3a), the size of a macrocell is about
1100-1400 µm (the micro cracks are absent). Although very powerful yet very short plasma
pulses can lead to the development of droplets and erosion of some material, the fast heatingcooling cycles create only a small amount of macro cracking.
Second irradiation of the samples with low plasma flux density pulses leads to further
deterioration, by increased “development of the mesh of macro cracks (whereas the size of
macro-cells is about 200-320 µm with exceptions” [17] in cases of the samples DFW-3b and
DFW-4b, where the average sizes are about 130 and 170 µm accordingly). It needs to also be
noted that irradiation with second series of plasma pulses leads to the development of a mesh
of micro cracks on samples. The size of the microcells ranges from 20 to 40 µm.
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TABLE 1. IRRADIATION CONDITIONS AND THE ESTIMATED DAMAGES. EACH
SAMPLE HAS BEEN IRRADIATED TWICE – DURING SERIES A AND B
Sample
number
with
the
reference
to
the
irradiation
series (a or
b)

Microroughness
average
(Ra) /top
(Rt)
(difference
of
peak
height and
valley
depth),
(µm)

Defects/characteristic
size of the defects
(µm)

Description of
main defects

2.23/63.24

Size of micro-cells
1689 µm, size of
macro-cells
51222 µm.

Mesh of macro- and
micro cracks, W wave
traces, grooves, macro
cracks, strong Cu
traces.

0.85/22.91

Size of micro-cells
11712 µm, size of
macro-cells
40941 µm

Mesh of macro- and
micro cracks, Molten
surface,
droplets,
bubbles,
craters,
cracks, weak Cu
traces.

DFW-2a

1.89/52.95

Size
macro-cells
approx 1400 µm.

Mesh of macro cracks
only, W wave traces,
some droplets.

DFW-3a

1.50/36.01

Size of macro-cells
approx 1100 µm.

Mesh of macro cracks
only, strong wave
traces, erosion traces,
droplets,
macro
cracks, weak Cu
traces.

HPM18001a

2.79/34.25

HPM18002a

2.62/29.57

Elongated droplets
with width 32±6 µm
and length 41±6 µm.

Some
cracks
surrounding
the
droplets with cell size
48-60 μm. Some
cavities between the
droplets and near the
cracks. No developed
mesh of cracks.

Elongated droplets
with width 24±4 µm
and
length
32±11 µm.

Some cracks around
and over droplets.
Mesh of cracks is not
developed.
Some
cavities between the
droplets and near the
cracks.

Low bumps with
dimensions
4550 µm.
Several
droplets
on
top
bumps with diameter
about 10-12 µm.

Occasional
cracks
over the surface. No
mesh of cracks.

DFW-1a

DFW-4a

Number of
pulses/regime
during
the
irradiation
series

2
(PF1000U)/
harsh

4
(PF1000U)/
harsh

Plasma:

Fast ions

Power flux
density
q
(MWm-2)

Power flux
density
q
(MWm-2)

Pulse
duration
(µs)

Pulse
duration
(µs)



Heat flux
factor
F
(MWs1/2m2)

Heat flux
factor
F
(MWs1/2m2)

107-108

109-1010

0.1

0.05

3000-30000

105-106

106-107

108- 109

10
(PF-6)/
mediumharsh
HPM18103a
HPM18104a

0.01-0.02

1.61/31.84

0.05

HPM18505a
HPM18506a

1.79/32.62

3.03/33.21
2.79/35.33

200-2000
104-105

the
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TABLE 1. CONTINUED
Defects/characteristic
size of the defects (µm)

Description of the main
defects

1.72/53.6

Size of micro-cells
1028 µm, size of
macro-cells of cracks
36541 µm.

Mesh of macro- and micro
cracks, molten layer. Strong
Cu traces, which have partly
covered the micro cracks.

2.87/58.2

Size of micro-cells
576 µm,
size
of
macro-cells
38427 µm.

Mesh of macro- and micro
cracks, bubbles, droplets.

DFW-3b

1.25/15.8

Size of micro-cells
494 µm,
size
of
macro-cells1157 µm.

Mesh of macro- and micro
cracks, droplets, strong
erosion traces, Cu traces.

DFW-4b

1.42/31.7

Size of micro-cells
8113 µm, size of
macro-cells
32135 µm.

Mesh of macro- and micro
cracks, strong Cu traces.

2.45/37.5

Droplets with diameter
14-19 µm.

Some larger (macro)-cracks
with characteristic cell size
100±20 µm. Mesh of micro
cracks with characterisitc
cell size about 50±14 µm.

2.20/30.85

Elongated
(melted)
droplets with width
about 7-9 µm and
length 25 ±4 µm.

Mesh of macro cracks with
characteristric cell size
85±23 µm.
Developing
mesh of micro cracks with
characteristic cell size 20-40
µm.

HPM18005b

2.92/40.0

Wavelike droplets with
diameter
40-50 µm.
Droplets or bumps with
diameter 2-3 µm on top
of waves.

Mesh of macro cracks with
cell size 40-60 µm. Also,
mesh of developing micro
cracks with cell size varying
from 4 to 10 µm.

HPM18002b

2.79/37.58

Strong melting traces
with some droplets on
the traces with diameter
about 20 µm.

Cracks with length up to 80
µm. No developed mesh of
macro cracks. Beginning of
the development of mesh of
micro cracks with cell size
20-40 µm.

1.67/29.17

Marks of droplets
(lowerered and melted)
with diameter about
20 µm.

Cracks with length 80-100
µm. Beginning of the
development of mesh of
micro cracks with cell
diameter 20-40 µm and mesh
of macro cracks.

3.13/40.52

Droplets with diameter
20-30 µm.
Some
droplets or bumps with
diameter 2-3 µm on top
of waves.

Some parts are covered with
mesh of macro cracks with
cell
size
80-100 µm.
Beginning
of
the
development of mesh of
micro cracks with cell size
about 20-40 µm.

Sample
number
with
the
reference to
the
irradiation
series (a or
b)

Number
of
pulses/regime
during
the
irradiation
series

Plasma:

Fast ions

Power flux
density
q
(MWm-2)

Power flux
density
q
(MWm-2)

Pulse
duration
(µs)

Pulse
duration
(µs)



Heat
flux
factor
F
(MWs1/2m2
)

Heat
flux
factor
F
(MWs1/2m2
)

DFW-1b

DFW-2b
105

0.15-0.20

HPM18001b

Microroughness
average
(Ra)
/top
(Rt)
(difference
of
peak
height and
valley
depth),
(µm)

107

0.05

HPM18003b
50 (PF12) /
mild
40-45

5105

2103

108

HPM18104b
50 (PF12) /
medium

0.1-0.15

0.03

HPM18506b
150-170

52

1.7104

a

b

c

d

e

f

g

h

FIG. 3. SEM images of the irradiated samples after the irradiation with first and second series of
plasma pulses. (a) DFW-4a; (b) DFW-4b (first 10 pulses at PF-6); (c) DFW-1a; (d) DFW-1b (first
50 pulses at PF-6); (e) DFW-2a; (f) DFW-2b (first 2 pulses at PF-1000U); (g) DFW-3a; (h) DFW3b (first 4 pulses at PF-1000U).
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“It was observed that all samples have practically identical damage features: wavelike
structures, micro- and macro cracks formation, melting traces, cavities etc. Though, the density
of different kind of damages (ratio of total area of specific kind of defects to the total area of
investigated surface, determined by SEM images) depends strongly on plasmas’ and ions’ flows
power flux densities. High heat loads result in droplets formation and possible material ejection
from the sample from the tungsten’s surface, with the simultaneous movement of the molten
layer (see Fig. 3 (b), (e), (f)). Closer exploration of the SEM images shows that droplets are
located next to cavities, holes or cracks (Fig. 3(b)); therefore, the possibility of droplets’
emanation from the grooves or cracks cannot be overlooked. EDS analysis revealed that while
the smoother parts of the surface may contain some copper, the droplets, blisters and grooves
contain almost no copper at all.
Irradiation of DFW samples, which have previously been irradiated with high deuterium plasma
pulses with higher power flux densities, later on with 50 pulses of quite low deuterium plasma
pulses (q=10 MW/cm2)” [17] leads to the generation of droplets and bubbles and development
of mesh of cracks (see Fig. 3 (b), (d), (f), (h)). When the same irradiation conditions and amount
of pulses is applied on polished pure single forged tungsten specimens, mild melting traces are
generated. Therefore, we have concluded: “1) influence of the first series, rather shocking
plasma pulses, changes the surface of DFW in such a way that irradiation of the same surface
with low plasma flux densities (low heat flux factor) may lead to significant amplifying of
damages; 2) while the impact of the fast deuteron flux leads to the implantation of deuterium
atoms into the materials, the influence of plasma pulses with low power flux densities lead to
the evaporation of the implanted deuterium, which changes the tungsten’s’ surface
significantly” [17].
In the Fig. 4, the 3D profilometry images of the same specimens are shown. In general, the
average micro-roughness of samples irradiated at either PF-6 (10 or 50 pulses) or at PF-1000U
(2 and 4 pulses) do not differ much from each other – the values of Ra vary from 0.85 to
2.23 µm. “Thus, irradiation with either a small number of pulses or with the mild regime of
plasma, does not affect the average value of micro-roughness” [17] strongly. The sum of the
most extreme values of valley depth and peak height of the defects Rt on the sample is in general
not correlated with average micro-roughness (Ra) as the eminent deviations might not occur in
the areas of measurements. Even though, Rt may increase about 1.4 times in some cases
(e.g. DFW-3), “in general, the irradiation of the damaged samples with a series of plasma pulses
in the mild regime may lead to decrease” [17] of Rt, as was the expected result. The deterioration
of the surface damages that have evolved during the treatment with harsh plasma is not
significant during further irradiation in the mild regime.
The “study of 3D micro-roughness images reveals another point – in all cases the irradiation of
the samples with the secondary series of plasma pulses in the mild regime leads to an increase
of dimensions of the cavities. Although the average micro-roughness of the samples does not
increase, more defects with much extreme values of valley depth and peak height might occur
on the double irradiated samples. It can be concluded that, as the surface is already damaged,
the following series of plasma pulses lead to the erosion of the material” [17] only to be drifted
elsewhere to form bigger conglomerations. The results of such processes are not revealed by
SEM images.
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FIG. 4. The 3D micro-roughness profiles measured with Bruker 3D white light Optical Microscope
Contour GT-K. (a) DFW-1a; (b) DFW-1b (first 10 pulses at PF6); (c) DFW-4a; (d) DFW-4b (first 50
pulses at PF-6); (e) DFW-2a; (f) DFW-2b (first 2 pulses at PF1000U); (g) DFW-3a; (h) DFW-3b
(first 4 pulses at PF-1000U).
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3.2. Changes in the of irradiated double forged tungsten samples characterized by
“conductivity measurements
“The analysis of electrical conductivity measurements reveals the impact of the mechanical
shockwave of the plasma impulses on the material. The reference value for electrical
conductivity of pure double forged tungsten is 18.3 MS/m that has been measured during the
experiments. The electrical conductivity has been measured” [17] in all of the tungsten samples
after both series of irradiations. The samples containing iron and nickel have not been measured,
as the methodology of analysis enables to measure only non-ferrous metals.
It “can be seen from the Fig. 5 that the most significant change of conductivity appeared in the
samples irradiated with the harsh plasma regime” [17] (the samples DFW-2a and DFW-3a). In
the samples irradiated with plasma in the medium regime (samples DFW-1a and DFW-4a) only
minute “changes were registered. The most damaged sample was DFW-2b in case of which the
measured damages went as deep as 520 μm from the surface. The average depth of damages in
the second series of experiments was 500 μm. As the sample DFW-2 has the greatest change of
conductivity values and the lowest value of conductivity after the second series of irradiation,
it is the most damaged sample. Considering the irradiation process the sample was manipulated
with, the biggest difference between this sample and DFW-3 (that has received similar
treatment) is the relative quality of the impulses that affected the samples. The output of
neutrons during the two plasma pulses on the sample DFW-2 was 2-3 times higher” [17] than
in case of plasma pulses received by the sample DFW-3. Therefore, the impact of fast ions was
much higher in case of the plasma pulses on the sample DFW-3. Therefore, the primary
damages of the sample DFW-2 were extensive, further damages cumulated and the sample
deteriorated during the second series of irradiation.
“As the impact of fast ions in the zone C at PF-12 is much weaker than in zone A at PF-6 and
PF-1000U, it was assumed that the irradiation of the samples with second series of plasma
pulses in mild regime does not lead to significant change of the damages in the bulk of material.
The results of samples DFW-1 and DFW-4 are in accordance with that. But in case of samples”
[17] DFW-2 and DFW-3, the irradiation at mild regime on PF-12 (where the fast ions power
flux density is low) the sample’s material in the bulk continually deteriorates.
The “change of conductivity of the tungsten can be explained by considering that conductivity
of a solid material depends on the concentration of point defects” [17], microcracks,
dislocations and other occurring bulk defects. Cooperative experiments with the teams of
IPPLM and IMET have shown, that powerful ion beams generate shock-waves penetrating into
and through the materials (depending on their thickness). This phenomenon was also
theoretically shown by Latyshev et. al [7]. It has been shown, that the “pressure of the shock–
wave, due to fast ions, can reach 20 GPa in the bulk. It can go as deep as 500-800 m inside
the bulk, depending on the initial power flux density of fast ions on the samples’ surface. The
shock-waves lead to the generation of defects and also, to the weakening of the ties between
the” [17] microcrystals. Such defects are not apparent when studying the cross-sections of the
irradiated samples with SEM.
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FIG. 5. Electrical conductivity of the DFW samples irradiated with two series of plasma pulses at
different plasma-focus devices and regimes.

3.3. The analysis of the irradiated tungsten alloy samples’ surfaces from SEM images
The tungsten alloy samples HPM1800, HPM1810, HPM1850 were also at first irradiated with
plasma and fast ions pulses in the regime in harsh regime and later in mild or medium regimes
(see Fig.1 and Table 1).
In all the samples the first serie of irradiation led to the melting of the surface layer,
development of the droplets and cracks on the surface after repeated heating-cooling cycles.
The comparison of the panels in Fig. 6 indicates that the characteristic size of droplets and
bumps generated due to surface melting depends of content of tungsten (see also Table 1). On
the surfaces of samples made of HPM1800 (95%W, 3.33%Ni, 1.67%Fe) and HPM1810
(95%W, 3.33%Ni, 1.67%Fe), the elongated droplets have formed with width of 32 µm and
length 41 µm on HPM1800 and width of 24 µm and length 32 µm on HPM1810.. On samples
of HPM1850, where the content of tungsten is the highest (97%W, 2%Ni, 1.%Fe), only
occacional circular droplets with the diameter of ~10 µm excist. Instead of larger droplets on
HPM1850 samples lower, wave-like structures (bumps) have formed with size ~50 µm. It needs
to also be noted that the developed structures on the surfaces of the irradiated samples are
mainly W, as the EDS measurements have not shown any increase of Fe or Ni in comparison
with the non-irradiated specimens.

57

a

b

c

FIG. 6. SEM images of the samples after first irradiation serie of 10 pulses on PF-6 with heat flux factor
of plasma about 200 MWs1/2m-2. (a) HPM1800-1a (95%W,3.33%Ni,1.67%Fe); (b) HPM1810-3a
(95%W,3.33%Ni,1.67%Fe); (c) HPM1850-5a (97%W,2%Ni,1Fe).

Careful examination of SEM images shows that some microcracks occur, mainly in the close
vicinity of the droplets or bumps (conglomerations), but distinctive meshes of cracks have not
developed. No macro cracks are visible. In Fig. 6(c), the beginning of the development of a
mesh of cracks, with cell size about 120–140 µm, can be detected on the surfaces of HPM1850
samples.
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FIG. 7. SEM images of the samples after second irradiation serie of 50 pulses on PF12 with heat
flux factor of plasma about 40-45 MWs1/2m-2 in mild regime: (a) HPM1800-1b; (c) HPM1810-3b;
(e) HPM1850-5b. 50 pulses in medium regime with heat flux factor of plasma about 150-170
MWs1/2m-2: (b) HPM1800-2b; (d) HPM1810-4b; (f) HPM1850-6b.

After the second irradiation, in the mild regime on PF-12, on the samples HPM1800-1 and
HPM1850-5 (Fig. 7(a),(e)) the original droplets previously visible in Fig. 6 have been eroded,
leading to the decrease of their height. On the sample HPM1800-3 (Fig. 3(c)) the melting and
erosion of material during irradiation with second series of plasma in mild regime has led to the
joining of the droplets.
59

Due to higher heat load during the 50 pulses of the irradiation cycle, the dominant process on
the surface of samples HPM1800-2, HPM1810-4 and HPM1850-6 (panels b, d and f on Fig 3
accordingly) in comparison with the afforementioned samples HPM1800-1, HPM1810-3,
HPM1850-5 has been melting. Also, while in case of the samples HPM1800-2 and HPM18004 the original defects have been melted, on the sample of HPM1850-6 some new bumps have
been generated with diameter about 2–3 µm.
Heating-cooling cycles of secondary irradiation have led to the beginning of the development
of mesh of macro- and microcracks in all the samples. However, due to higher heat load, the
characteristic cell size of the samples HPM1800-2, HPM1810-4 and HPM1850-6 are smaller.
It needs to also be mentioned that the closer examination shows that the mesh of microcracks
is more developed in the samples of the material HPM1850 that has higher content of tungsten.
The 3D images of the surfaces of the irradiated specimens, received from 3D white light Optical
Microscope, reveal the same characteristic defects as the images from SEM, but in bigger scale
(see Figs 8, 9). It needs to also be noted that deeps or ridges with sharp walls are not shown
correctly here. However, the height of the droplets and the depth of tre cavities can be better
estimated by 3D profilometry. On the other hand, the 3D profilometry can not show the
existence of cracks and small holes.
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b

FIG. 8. 3D profilometry images of samples (a) HPM1800-2a; (b) HPM1850-6a after first
irradiation series.

Comparison of the 3D profilometry images, 2D traces and SEM images shows that typical
diameter of droplets (bumps) seen at Fig. 8(b) and Fig. 9 is ~40 µm. However, on SEM images
mainly the highest tops can be distinguished, with the diameter ~20 µm. While some of the
specimens have peaks on droplets, on the other samples the droplets (see Fig. 8(b), Fig. 9(b))
on the surface are streched out in some direction. This indicates that plasma in mild or medium
regime has eroded the initial droplets to some direction. This is in accordance with the obtained
SEM images. The forming process of the wave-like droplets during the first series of irradiation
might be due to development of Kelvin-Helmholtz instabilities within the surface layer of the
irradiated specimens.
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FIG. 9. Profilometry of the samples after second irradiation series of 50 pulses on PF-12 (a)
HPM1800-2b; (b) HPM1850-6b. Irrdiation regimes are given in Table 1.

It needs to be noted that the 3D profilometry images show (see Fig. 8, 9), that during the second
series of plasma irradiation in mild regime, the main process shaping the surfaces of samples
in the plasma-material interaction is erosion, which leads to the wear of the droplets and also
the sharper tips. On the other hand, irradiation in the medium regime has also led to the melting
and recrystallization of the surface layer. Thus, new smaller droplets have been generated. The
characteristic dimension of the new droplets is smaller in the samples made of HPM1850, i.e.
where the content of tungsten is the highest compared to the samples of HPM1800 and
HPM1810 (see Fig. 9).
3.4. Study of bulk of tungsten alloys samples – analysis of cross-sections
The micro-hardness along the samples’ cross-sections was measured after the second irradiation
series. Analysis of Fig. 10 allows to suggest, that in case of HPM1800 and HPM1810 specimens
the cracks may have generated following the path between the grains or the FeNi alloy. But in
the case of HPM1850 samples, where the content of Fe and Ni is lower, some cracks penetrate
through the grains. As a rule, the crack does reach up to the next grain. Thus, we have concluded
that the maximum length of cracks may be up to 20–40 µm in HPM1800, HPM1810 and up to
40-60 µm in case of HPM1850. The use of FeNi alloy as filler also plays the role of an absorber
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of the shocks, that have been generated by the strong shock waves (pulses) that have been
induced by either the fast ions or the plasma streams. It needs to also be mentioned, that though
the melting and evaporison temperature of both Fe and Ni are lower than of W, no deep holes
between tungsten grains occur – thus, the iron and nickel have not evaporated out of the bulk.
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FIG. 10. SEM images of cross-sections of tungtsten alloy samples irradiated with two series of
plasma pulses. HPM1850 – bigger grains with characteristic size 50-60µm; HPM1800, HPM1810
– smaller size 30-40µm. (a) HPM1800-2b; (b) HPM1800-4b; (c) HPM1850-5b; (d) HPM1850-6b.

The average micro-hardness of non-irradiated tungsten alloy is about 3400-3600 MPa, which
is less than the value for the pure W (about 5000 MPa). Fig. 11 indicates that the surface layer
has decreased hardness. In case of alloys HPM1800 and HPM 1810 the thickness of the layer
with decreased hardness reaches approx. 50 µm in depth, whereas in HPM1850 samples to
80 µm depth. Thus, the thickness of the layer of decreased hardness depends again on the
content of W; but in general, it does not exceed the depth of 2 grain diameter. The higher content
of W content leads to the increase of the brittless and therefore, also to the decrease of resilience
to the powerful pulses of heat and mechanical shockwaves.
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FIG. 11. Micro-hardness of the samples irradiated with two series, measured fron cross-sections. (a)
Samples irradiated with 10 pulses at PF-6 and 50 pulses in mild regime at PF-12; (b) Samples
irradiated with 10 pulses at PF-6 and with 50 pulses in medium regime at PF-12.

3.5. Study of pure tungsten
For comparison, also some pure tungsten samples were investigated. The emphasis on this part
of the study was to obtain information of how their damages evolve after receiving only a few
(2) high power density plasma pulses accompanied with high density ion streams, and also a
bigger number (25) of low power density plasma pulses. The order of high and low power flux
density plasma pulses varied from sample to sample. “Thus, a hypothesis was proposed – the
order of succession of plasma pulses with different characteristics impacts the overall damages
that emerge on the sample. Though a lot of research has been done to estimate the damage
induced by mild pulses, it is probable that occasional harsh pulses can damage samples more
thoroughly, causing a remarkable accumulation of damages even if the samples are henceforth
irradiated only with mild pulses” [18]. The mirror-polished tungsten (>99.97%W,
manufactured by PLANSEE, (~1015 mm2 and ca 1.93 ± 0.043 mm thick)) samples were
irradiated on PF-12, with deuterium as a working gas. All of the samples received 27 pulses
with two different plasma flux values, thus in two different regimes (harsh and mild, see Fig.1).
The combined effect of different plasma fluxes was obtained by varying the timing when harsh
regime is implemented during the irradiation cycle. The research was conducted by measuring
electrical conductivity of the material, analysing the SEM images and micro-hardness of
sample’s cross-sections. The results were then combined to find a correlation between the
changes of conductivity and micro-hardness.
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TABLE 2. IRRADIATION CYCLES ON EACH OF THE SAMPLES AND THEIR EFFECT
ON THE SAMPLE [18]
Sample

Wmix1

Wmix2

Wmix3**

Harsh (2) +
Mild (25)

Mild (12)
Harsh (2)
Mild (13)

Depth of visible damages from the
surface, obtained from cross-sections’ 90
SEMs (μm)

100

80

Depth of the layer with decreased micro117
hardness(μm) *

125

113

1290(120);
50-85

3080(350);
30-80

370

300

Min: 580(140);

Min:510(130);

Average of the minimal length (st dev); Max: 1390(560)
Average of the maximal length (st dev)

Max: 1300(430)

Max: 1510(640)

Range of dimensions of macro-cells (μm): 240 – 3220

290 – 2200

310 – 3000

Mesh of cracks
is
well
developed.
Many
macrocells are visible.
Cracks are wider
than in other
samples.

The mesh of
cracks
has
developed more
than in case of
Wmix1 but less
than in sample
Wmix2.

Order of succession of different regimes Mild (25) +
(No of pulses in each regime)
Harsh (2)

The plateau value of
hardness (st dev) (MPa);

the

micro-

the range of depth where it was measured
from (μm)

3640(120);
25-55

The maximal depth where long horizontal
cracking was either seen or induced during 130
micro-hardness measurements (μm)
Average
lengths
of
macro-cells'
Min: 530(170);
dimensions on the surface (μm):

Description of the damages

+
+

Mesh of macro
cracks is not
very developed.
Surface is not
evenly covered
with
macrocells. The cells
are not welldefined. Parts of
sample
are
covered with Cu.

* Two or more subsequent points have values less than ~95% of the reference value.
** The first two measuring points on Wmix3 have been excluded from the analysis as they were poorly
positioned on the sample and thus are not considered representative for the sample.
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3.5.1. Results of measurements of electrical conductivity
In Fig. 12 “the change of conductivity depending on the depth of the samples is shown. The
reference value of conductivity for current samples of W is σWref = (18.42 ± 0.08) MS/m,
obtained during our measurements (5 measurements in different depths, with 95% confidence
level). The graphs in Fig. 12 suggest that the most damaged sample was Wmix2 which received
2 harsh pulses before irradiation with series of mild plasma pulses, and least damaged was
sample Wmix1, which received 2 harsh pulses after the irradiation with series of mild plasma
pulses.
The results indicate that the decrease of conductivity is directly related to the succession of used
regimes during the irradiation. The harsh plasma pulses accompanied with powerful ion pulses
generate mechanical shock waves through the bulk of the material, which deteriorate the
material by affecting the crystal structure of the material, thus inflicting further decrease of
electrical conductivity even if mild irradiation regime influences the sample afterwards. The
measurements show that in the depth of 150 μm from the surface, the electrical conductivity of
the most damaged sample, Wmix2, has decreased about 14.1%. The decrease in Wmix3 and
Wmix1 is about 8.0% and 5.9%, accordingly” [18]. As expected, value of thermal conductivity
is related to electrical conductivity by Wiedemann-Franz law, it can be concluded that the
thermal conductivity decreases also accordingly. “Thus, our experiment shows that also the
heat conductivity factor may decrease up to 14% in near-surface layer due to effect of interplay
with two series of plasma pulses” [18].

FIG. 12. Conductivity values (MS/m) in depth (μm) of the samples.

3.5.2. Measurements of micro-hardness
In Fig. 13 “the change of micro-hardness values in depth of the samples is shown. The reference
value” [18] of micro-hardness for tungsten was 509,01±9 HV0.500 Although, the SEM images
do not reveal any visual damages (macro cracks) beyond 100 μm inside the bulk of the sample,
the process of measuring the micro-hardness values damaged the sample’s (Wmix2) material
by inducing cracks, parallel to the surface, hence producing unreliable data
The “plateaus and a layer of decreased hardness that reaches as deep as 100–150 μm are visible
in Fig. 12. The micro-hardness values for the plateaus are (average; standard deviation) as
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follows: Wmix1 (3640; 120), Wmix2 (1290; 120), and for Wmix3 (3080; 350). After the
plateaus, the values of micro-hardness start growing. The values below are given according to
following order: Wmix1 (25+2); b) Wmix2 (2+25); c) Wmix3 (12+2+13).
As the micro-hardness normalizes in the bulk (i.e. two or more subsequent points have values
no less than ~95% of the reference value) the extension of damages reaches 117, 125 and 113
μm. Going even deeper from those depths, the average value of micro-hardness for each sample
is comparable to the reference value HVWref = (4993 ± 63) MPa. The normalized microhardness and its standard deviation (latter in brackets) for each sample then are 4890(130),
4980(110) and 4910(240) MPa” [18].
Nevertheless, such phenomenon of the generation of the layer with decreased micro-hardness
has also been found previously in several materials (within W, WL10 and stainless steel; with
the thickness of the zone approximately 250 μm) that have been irradiated in intermediate
(medium) regime, varying amounts of “pulses and with different working gases (deuterium in
case of tungsten samples with different processing; hydrogen and nitrogen in case of stainless
steels)” [14,15,18].

FIG. 13. Results of micro-hardness analysis of the samples.

3.6. Conclusions
Comparison with research on single forged tungsten shows that double forging of tungsten has
led to improvement of the materials properties, namely – strengthening of the binding between
grains. Thus, the development of mesh of cracks happens due to powerful plasma pulses. Also,
mesh of cracks develops when numerous plasma pulses affect the material. “Irradiation of
samples, which have previously been irradiated with high heat flux factor deuterium plasma
pulses with higher power flux densities, further with 50 pulses of quite low heat flux factor
deuterium plasma pulses” [17] leads to the generation of bubbles and development of cracks’
mesh (see Figs 3(b), (d), (f), (h)). Therefore: (i) the “influence of the first rather shocking plasma
pulses change the surface of DFW in such a way that irradiation of the same surface with low
plasma flux densities (low heat flux factor) may lead to significant amplifying of damages; (ii)
while impact of fast deuteron flux leads to implantation of deuterium atoms into the materials,
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the influence of plasma pulses with low power flux densities lead to evaporation of implanted
deuterium, which changes the tungsten’s’ surface significantly.
Analysis of the 3D measurements of the samples reveals that the average micro-roughness of
the samples irradiated with different conditions (different power flux densities of fast ions and
plasma, duration of plasma) does not differ significantly. Also, the influence of second series
of plasma pulses in mild regime does not lead to essential changes of average micro-roughness.
The study of 3D micro-roughness images reveals that in all cases the irradiation of the samples
with secondary series of plasma pulses in the mild regime leads to an increase of dimensions of
the hollows. Therefore, while the average micro-roughness of the irradiated sample does not
increase, there may be more defects which are much higher than the average height (depth) of
the double irradiated samples. It can be concluded that while the surface is already damaged,
the following series of plasma pulses lead to erosion of the material” [17] and the material’s
drift to forming bigger conglomerations.
Analysis of the change of electrical conductivity in double forged tungsten “reveals that the
bulk of material will be significantly damaged by very powerful streams of fast ions (power
flux density up to 105–106MW/cm2). Irradiation of the samples with plasma and fast ions with
lower power flux density (about 104 MW/cm2) does not lead to big decrease of conductivity in
the bulk. Irradiation of the same samples with second series of plasma in mild regime leads to
further deterioration of the already damaged samples, while the conductivity does not change
on the samples” [17] irradiated with plasma streams and fast ions with power flux density about
104 MW/cm2. Therefore, one can conclude that in the case of double forged tungsten even only
a few (2-4) very powerful plasma and fast ions pulses may lead to damaging of the sample,
which deteriorates even more within the bulk due to succeeding weak plasma pulses.
Comparison of our results – more specifically the change of micro-hardness through the crosssection of irradiated samples of tungsten alloys (HPM1800, HPM1810, HPM1850) – indicates
that the thickness of the layer of decreased hardness (50–80 µm) depends on the content of Fe
and Ni. The generation of such a layer is in accordance with earlier results carried out under
similar conditions. For example, in pure W samples such layer may reach up to 250 µm and in
WL10 (tungsten doped with 1% lanthanum-oxide) even up to 500 µm. [14,15]
The bigger content of tungsten in alloys leads to an increase of number of sharp tips. Such
behavior of tungsten-based alloys is also characteristic for samples manufactured by other
methods.. E.g. in case of the pure tungsten samples, manufactured by either single or double
forging, the distance between sharp tips is shorter than in case of HPM1850 or HP1800, or
tungsten doped with lanthanum-oxide [14–16]. Thus, as the rise of such sharp tips may be due
to a source of impurities when tungsten-based alloys is used as armour material of fusion device.
So the adding of Fe-Ni with small content might be adviseable.
“We have found that the succession of mild and harsh pulses on a sample impacts the
development of damages inside the sample – the samples that receive powerful pulses at the
beginning of the irradiation cycle deteriorate more, compared to the samples that receive
powerful pulses later on during the irradiation. The deterioration is observable by using
different methods that describe the damages in various depths i.e. measuring micro-hardness or
electrical conductivity or by analysing SEM images of cross-sections – the changes occur
according to the order of succession of plasma pulses with different characteristics. It is also
evident that the analysis of SEM imaging and micro-hardness measurements are insufficient,
as they cannot describe the material in such depth as electrical conductivity suggests the scope
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of damages need to extend to. Although, we have not yet obtained a direct correlation between
micro-hardness and electrical conductivity, the two methods need to be put to further testing in
future studies, as the conductivity might help to predict the further development of both visible
and invisible damages deep inside the bulk” [18].
4. DEVELOPMENT OF MULTIFRACTAL ANALYSIS TECHNIQUE FOR
QUANTITATIVE STUDY OF IRRADIATED PLASMA-FACING-COMPONENTS
SAMPLES
4.1. Description of the research
During the project the multifractal analysis of the SEM images has been developed for better
computer analysis. Comprehensive program has been developed for obtaining fractal
information from SEM pictures in Mathematica 10. For the elaboration of the method and
program, stainless steels BS.92B samples were irradiated with different number of deuterium
plasma pulses in harsh and mild regimes. To reach the aim of the study, the irradiated samples
were investigated with SEM at Tallinn University of Technology. In later stage of the research
tungsten alloy samples were analysed using the elaborated code.
To employ the multifractal formalism, the SEM picture of an irradiated sample is divided into
slabs of n blocks with the length of 𝑙 → 0. Thus, 𝑁 fragments of specific lengths ln →0,
n=1,2,…,Nk are obtained. Values of the probabilities of realization of each fragment allows to
determine the function forming a fractal, which in turn allows to estimate the probability P of
the occurrence of a defect on a certain place on the slab. The probability of realization of each
of the fragments is defined by
(1)

𝑃 =𝑙
where α is a random quantity (scaling parameter) with the distribution function 𝑓(𝛼) and

(2)

𝑃 =

Quantity m is the number of defects in corresponding slab and μ is the number of the defects in
a sample. Productive function of the fractal measure, which characterizes the loaded condition
of specific slab, is as follows:
𝑀 (𝑞) = ∑

(3)

𝑃

where n is the current parameter along all the divisions, q – the dimension of a fractal by means
of which the intense-deformed condition of an object assessed.
The developed multifractal formalism is based on partition function method
𝑀 (𝑞) = ∑

𝑃 ~𝑙

( )

(4)

where 𝑁 is the quantity of the fragments that are of the same length, 𝛼(𝑞) is a singularity
exponent (also called the Hödler exponent) with the distribution function 𝑓(𝛼), and 𝜏(𝑞)
corresponds to the mass exponent. The mass exponent is obtained via the least square method
of the measured data. Our purpose is to calculate the generalized dimension D(q):
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𝐷 =

( )

(5)

and the multifractal spectrum 𝑓(𝛼) vs 𝛼, which can give the information about frequent as well
as rare and also smooth defects, correlations and capacity dimension of multifractal structure.
Multifractal spectrum is calculated by the Legendre transform
𝑓 𝛼(𝑞) = 𝑞𝛼(𝑞) − 𝜏(𝑞)

(6)

where the singularity exponent 𝛼(𝑞) yields as
(7)

𝛼(𝑞) =
To apply the Legendre transform, the following requirement has to be fulfilled
>0

(8)

i.e. the mass exponent needs to be convex function.
4.2. Results and conclusion
4.2.1 Analysis of the irradiated stainless-steel samples
Elaborated code has enabled to calculate the mass exponents 𝜏(𝑞), generalized fractal
dimension 𝐷 and scaling parameter α(q) with its distribution function 𝑓(𝛼). This has been
done on the SEM images that have been converted from grayscale to black and white. In Fig.
14 four processed pictures of radiated stainless steel samples are shown, where the contrast and
brightness have been changed. These pictures were analysed by the compiled program in
Mathematica 10.
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c
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FIG. 14. (a) Processed image of sample 43 – distance from anode 3 cm, 2 deuterium plasma pulses
in harsh regime; (b) sample 40 – distance from anode 3 cm, 10 plasma pulses in harsh regime; (c)
sample 44 – distance from anode 9 cm, 2 plasma pulses in mild regime; (d) sample 45 – distance
from anode 9 cm, 10 plasma pulses in mild regime.

The dependence of how the defects amount varies on the sample, e.g. the calculated mass
exponent 𝜏(𝑞) vs q, is shown on Fig. 15(a). As is visible, the image (of backscattered electrons,
BE) of sample 43 differs significantly from other samples. The reason could be explained by
the fact that the defect’s structure on the sample 43 is characterized mostly by wavy molten
elements, whereas other samples are also covered with other types of defects (craters, pores
holes, etc). From Fig. 15(a), it can be also noticed that on the sample 40 a similar wavy structure
is represented, although the latter has some resemblance to the samples 44 and 45 as well. These
differences can be seen in the graphs on Fig. 15(a), where the mass exponent of the sample 40
(indicated with the dashed line) behaves similarly to the mass exponent of the sample 43 (the
solid line) in the region 𝑞 > 0. In contrary, at the parameter values 𝑞 < 0, the mass exponent
of the sample 40 takes the similar shape as samples 44 and 45. It is also remarkable, that the
mass exponent in other research areas (climate, geophysical samples, corrosion of metal, etc),
is generally monotonous (and nonlinear) function, but in case of our samples it gives one
minimum with minimal mass exponent value near 𝑞 = 0. The slope of 𝜏(𝑞) gives us the scaling
parameter 𝛼(𝑞) = ; therefore, it is evident that the slope in Fig. 15(a) is rapidly changing near
𝑞 ≈ 0; herewith 𝛼(𝑞) vs q has positive and negative values and specific disjunct shape on the
Fig. 15(b).

71

a

b

FIG. 15. Multifractal parameters of the analysed samples. (a) The mass exponent 𝜏(𝑞) vs q; (b)
scaling parameter 𝛼(𝑞) vs q. Sample 43 - solid line, sample 40 - dashed line, sample 44 - dotted
line, and sample 45 - dot-dashed line.

Analysis of the generalized multifractal dimension Dq shows (see Fig. 16(a)), that all four
surface structures can be described by multifractals (otherwise graphics need to be linear and
horizontal). Moreover, the generalized fractional dimensions of all samples show nonmonotonous increasing dependence. Distribution of singularity spectrum 𝑓(𝛼(𝑞)) vs 𝛼(𝑞) on
Fig. 16(b) shows a strong multifractal behavior in the case of all samples.

A

b

FIG. 16. Multifractal parameters of the analysed samples. (a) Generalized multifractal dimension Dq
vs q; (b) distribution function 𝑓(𝛼) of scaling parameter α(q). Sample 43 - solid line, sample 40 - dashed
line, sample 44 - dotted line, and sample 45 - dot-dashed line.

In conclusion, we have compiled a program, which calculates the multifractal measures of the
irradiated samples. Results also show, that irradiated samples can be described by multifractal
analysis; thus, the method has promising features indicating it could be used as a statistical tool
for comparing damaged surfaces of different samples (tungsten, steel, its alloys, etc). Moreover,
as can be seen from Figs 15–16, the shape of distribution function as well as the generalized
multifractal dimension, as function of dimension of fractal q, is different for sample 43 which
has distinguished melting traces (see Fig. 16(a)). In this way the shape of the generalized
multifractal dimensions vs parameter q allows to distinguish the character of different damages
on the sample.
4.2.2 Analysis of the irradiated tungsten alloy samples
We have also analysed HPM1800, HPM1810 and HPM1850 samples after irradiation with the
second series of plasma pulses, using SEM images (see Fig. 6).
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In Fig. 17(a) the dependence of the generalized dimension D(q) on parameter q is shown. As
the dependence is not linear and, in several cases, it is non-monotonic, the distribution of the
damages on the surface of the irradiated materials have definitely multifractal character. It can
be also seen, that the type of multifractal (increasing or decreasing sigmoid or non-monotonous
dependence of D(q) vs q) is different. The two distinct cases can be seen, that depend clearly
on evolvement of structures of surface and is related with irradiating regime. For example - the
dependence of D(q) on q is decreasing for samples irradiated in mild regime while increasing
for samples irradiated in medium regime. This may be caused due to the fact that several types
of damages – cracks, droplets, holes – may play significant role in the shaping of the surface.
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FIG. 17. Multifractal parameters of the analysed samples. (a) Generalized multifractal dimension
Dq vs q; (b) distribution function 𝑓(𝛼) of scaling parameter α(q). Blue – HPM1800-1b, yellow –
HPM1800-2b, green – HPM1810-3b, red – HPM1810-4b, lilac – HPM1850-5b, brown –
HPM1850-6b.

On Fig. 17(b) we can see the multifractal spectrum of different samples. Unfortunately, our
gained spectrums are unconventional and thus are difficult to interpret, as the whole spectrum
is needed for full interpretation, but the breaking parts on the right or left side are currently
uninterpretable. The breaking shape (abnormal) of calculated spectra is caused by the fact that
the mass exponent 𝜏(𝑞) is not convex function in every q, i.e. the requirement Eq. (8) is not
fulfilled at every q, which is also seen on Fig. 17(b). This can happen due to using numerical
methods with small numbers and/or the signal/measured data is non-stationary. Therefore, as
our samples’ mass exponent is in some parameters a concave function, it has to be recalculated
by some other method (e.g. generalized Legendre transformation) and reinterpreted to obtain
all spectral measures required.
In conclusion, we have compiled a program, which calculates the multifractal measures for
radiated samples. The mathematical tools need some further development to deal with complex
type multifractals. For thorough conclusions, more types of irradiated materials need to be
analysed using the multifractal formalism and the results then need to be compared with
conclusion made by means of qualitative analysis.
REFERENCES
[1] RIETH, M., DUDAREV, S.L., GONZALEZ DE VICENTE, S.M., et al., A brief summary of the
progress on the EFDA tungsten materials program, J. Nucl. Mater. 442 (2013).
[2] HIRAI, T., ESCOURBIAC, F., CARPENTIER-CHOUCHANA, S., et al., ITER tungsten divertor
design development and qualification program, Fusion Eng. Des. 88 (2013) 1798–180.
73

[3] PITTS, R., CARPENTIER, S., ESCOURBIAC, F., et al., Physics basis and design of the ITER
plasma-facing components, J. Nucl. Mater. 415 (2011).
[4] HIRAI, T., PINTSUK, G. Thermo-mechanical calculations on operation temperature limits of
tungsten as plasma facing material, Fusion Eng. Des. 82 (2007) 389-393.
[5] GAROZ, D., PARAMO, A.R., RIVERA, A., PERLADO, J.M., GONZALEZ-ARRABAL, R.,
Modelling the thermonuclear behaviour of the tungsten first wall in HiPER laser fusion scenarios,
Nucl. Fusion 56 (2016) 126014.
[6] Committee on the Prospects for Inertial Confinement Fusion Energy Systems; Board on Physics and
Astronomy; Board on Energy and Environmental Systems; Division on Engineering and Physical
Sciences; National Research Council, An Assessment of the Prospects for Inertial Fusion Energy,
The National Academic Press (2013).
[7] LATYSHEV, S.V., GRIBKOV, V.A., et al., Generation of Shock Waves in Materials Science
Experiments with Dense Plasma Focus Device, Inorganic Materials: Applied Research 6 (2015) 9195.
[8] MANKIN, R., LAAS, K., LAAS, T., REITER, E., Stochastic multiresonance and correlation-timecontrolled stability for a harmonic oscillator with fluctuating frequency, Phys. Rev. E78 (2008)
031120.
[9] LAAS, K., MANKIN, R., REKKER, A., Constructive influence of noise flatness and friction on the
resonant behavior of a harmonic oscillator with fluctuating frequency, Phys. Rev. E79 (2009)
051128.
[10] CIUPLYS, A., CIUPLYS, V., Investigation of dislocation structure by multifractal
parametrization, Metal 5 (2008) 1–6.
[11] KOLMAKOV, A.G., et al., Investigation of influence of pulsed deuterium plasma on surface of
chromium-manganese steel with use of multifractal parametrization, High Temperature Materials
and Processes 28 (2009) 83–88.
[12] МАСЛЯЕВ, C.A., Thermal effects during pulsed irradiation of materials in a plasma focus setup.
Promising materials 5 (2007) 47–55 (in Russian).
[13] KOLMAKOV A.G., ET. AL., Systematic description of nanomaterial structure. Inorganic
Materials: Applied Research 4 (2013) 313-321.
[14] SHIROKOVA, V., LAAS, T., AINSAAR, A., et al., Comparison of damages in tungsten and
tungsten doped with lanthanum-oxide exposed to dense deuterium plasma shots, J. Nucl. Mater. 435
(2013) 181-188.
[15] SHIROKOVA, V., LAAS, T., AINSAAR, A., et al., Armor materials´ behavior under repetitive
dense plasma shots, Phys. Scr. T161 (2014) 014045.
[16] VÄLI, B., LAAS, T., PAJU, J., et al., The experimental and theoretical investigations of damage
development and distribution in double-forged tungsten under plasma irradiation-initiated extreme
heat loads, Nukleonika 61 (2) (2016) 169–177.
[17] PAJU, J., VÄLI, B., LAAS, T., et al., Generation and development of damage in double forged
tungsten in different combined regimes of irradiation with extreme heat loads, J. Nucl. Mater. 495
(2017) 91–102.
[18] PAJU, J., LAAS, T., et al., On the effects of different regimes of plasma pulses affecting the
material due to their succession, Nucl. Mater. And Energy 18 (2019) 312–320.

74

SURFACE STRUCTURE TRANSFORMATION IN DOUBLE FORGED TUNGSTEN
UPON SINGLE AND SEQUENCED IRRADIATION USING DIFFERENT TYPES OF
RADIATION FACILITIES
E.V. DEMINA*, V.A. GRIBKOV*,**, V.N. PIMENOV*
* A.A. Baikov Institute of Metallurgy and Material Science, Russian Academy of Sciences,
Moscow, Russian Federation
Email: elenadyom@mail.ru
** The Institute of Plasma Physics and Laser Microfusion,
The International Centre for Dense Magnetized Plasmas,
Warsaw, Poland
Abstract
Structural changes in the surface layer of target samples made of double forged tungsten were
investigated after successive pulsed plasma irradiation thereof using different irradiation facilities such
as Plasma Focus (PF), Plasma Gun (PG), and Plasma Accelerator (PA). The irradiation modes simulated
hard conditions occurring under the action of thermonuclear plasma on the material in modern tokamaks
in such extreme situations as plasma disruption, vertical displacement, and edge localized mode effects
(ELMs). Hydrogen and deuterium were used as working gases. Double Forged Tungsten (DFW)
samples were irradiated using PF facilities (PF-6 and PF-1000U) with a subsequent irradiation using PG
or PA, as well as another sequence consisting in the initial irradiation using PA and a subsequent
irradiation using PF-6 at the final stage. The DFW samples in the experiments were positioned normal
to the incident energy flux. The following irradiation modes were used. The PF-1000U facility provides
a power density of the deuterium plasma flux onto the target surface qpl = 109–1010 W/cm2, pulse duration
τpl = 50– 100 ns, power density of the of fast ion beam (with energy Ei > 100 keV) qfi = 1011–1012 W/cm2,
pulse duration τfi = 10–50 ns. The PF-6 facility provides qpl = 109 – 1010 W/cm2, τpl = 50 ns, qfi = 1010–
1011 W/cm2, τfi = 10–50 ns. The PG facility provides energy density Q = 0.8 MJ/m2, density of hydrogen
plasma q ≈ 5 × 106 W/cm2, pulse duration τ = 15 μs. The PA facility provides Q = 0.75 MJ/m2, power
density of deuterium plasma q = 3.6 × 105 W/cm2, τ =0.25 ms. General features and peculiarities inherent
in tungsten damage and changes in the structural state thereof under the action of energy flows in the
hard mode of preliminary irradiation in PF facilities with subsequent radiation exposure in softer modes
implemented in PG and PA facilities are considered. It is shown that, in the irradiation modes under
investigation, the character of material degradation depends not only on the magnitude and duration of
the single energy pulses generated by a testing facility but also on the number of energy pulses. The
depth of the apparent damaged layer, wherein the crippling of the material occurs, is about 200 μm in
almost all the studied irradiation modes, the damage being of thermal and shock-wave nature.
Application of Capillary-Porous Systems (CPS) with liquid lithium as perspective alternative to
traditional structural materials (W, Be, CFC) is offered at creation of in-vessel elements contacting to
plasma of stationary thermonuclear reactors. The behaviour of CPS with liquid lithium under pulsed
stream of deuterium plasmas effect is considered. The basic processes determining high CPS stability
to damage are revealed and the critical parameters defining CPS resistance are certain. The behaviour
of tungsten-lithium CPS after its interaction with atmospheric gases is investigated in experiments on
plasma facility in A.F. Ioffe physical-technical institute. The irradiated CPS samples have been
investigated by methods of an optical and scanning electronic microscopy, local X ray spectral and X
ray diffraction analyses. Measurements of surface temperature by means of a bicoloured pyrometer have
been performed during deuterium plasma irradiation. The outcome of plasma effect on heavy oxidized
CPS surface essentially differs from outcome for a pure surface: there are damages of CPS structure.
The specific power of the plasma flow was 22 – 41 GW/m2, and the number of pulses per irradiated
target was 100.
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1. INTRODUCTION
Tungsten is considered as a promising material for use in the elements of the first wall in the
ITER project [1–3]. Therefore, a lot of studies have been devoted to the behavior of tungsten
under the conditions of an imitating impact in various types of irradiation devices. Different
radiation devices are used for these purposes: various accelerators, plasma focus devices,
plasma guns, tokamaks, etc. At present, data are obtained concerning the changes in the surface
structure of W samples under irradiation. The authors of [4–10] reported studies concerning
morphology, pore and crack formation, and other defects in the structure of the Surface Layer
(SL) over a wide range of energies and exposure times of interest to the ITER operating modes.
In order to improve the mechanical properties and stability of tungsten with respect to cracking,
a so-called double forging technology was proposed [11], along with introduction of special
alloying additives such as Ta, V, Ti, and oxides of yttrium and lanthanum [12–14].
The condition of the surface of the irradiated material plays an important role in the
manifestation of its physical and mechanical properties, including the ability to absorb and
retain gas impurities, as well as to withstand thermal shock loads [15, 16]. In this connection,
the studies of changes in the surface layer of tungsten under the action of high-energy ionplasma impact are of scientific and practical interest.
At the present time a special place is held by the studies of structural changes in tungsten caused
by a successive irradiation in two units, which allows one to reveal the features of structural
damage in passing from one type of energy source to another. At the same time, the temperature,
the density and the velocity of plasma flows, the presence or absence of fast ions in irradiating
energy jets, and the number of irradiation cycles, etc., are important characteristics that
distinguish one type of irradiation from another in different irradiation facilities. Such
experiments allow one to combine, for example, very powerful impact that cannot be performed
using a large number of cycles (plasma focus) with less powerful irradiation that can be
performed more than a hundred times per session (plasma gun).
Another important advantage of such an arrangement of testing the materials consists in the
possibility of combining successive target irradiation with powerful pulses of plasma and fast
ions having only a short pulse duration (plasma focus), followed (or preceded) by irradiation
with long pulses of plasma action, adequate to those that are realized in tokamaks under various
hard modes (using a plasma accelerator).
This work was aimed at investigation of structural changes in the surface layer of targets made
of Double Forged Tungsten (DFW) caused by a sequential irradiation of DFW samples using
different type irradiation facilities such as plasma focus, plasma gun, and plasma accelerator.
1.1. Material, experiments arrangement and analytical methods of investigations
The material for the studies was provided by the International Research Center of Julich
(Germany). The samples of sintered tungsten, PLANSEE double forged type, were made by
means of a powder metallurgy technique with a subsequent deformation according to a double
forging scheme. The samples were 12 × 12 mm2 in size with a thickness of 5 mm. The samples
were stamped Double Forged (DF) and had a numerical designation. In this study, such equally
prepared samples were irradiated in several experimental facilities using hydrogen isotopes as
working gases. At the same time, we used modes that simulate the impact of thermonuclear
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plasma in modern tokamaks under severe extreme conditions such as plasma disruption
instability, vertical displacements, and ELMs. Table 1 shows the names of experimental
facilities and modes used for the irradiation of tungsten targets.
TABLE 1. IRRADIATION MODES FOR SAMPLES IN PLASMA FOCUS PF-1000U AND
PF-6, PLASMA GUN, AND PLASMA ACCELERATOR QSPA KH-50 IRRADIATION
FACILITIES
Irradiation facility name

Parameters and operating modes used

Value

Plasma focus PF-1000U

Deuterium plasma density (working gas D2), npl, cm–

1018–1019

3

Plasma flow velocity, Vpl , cm/s

up to 3 × 107

Power density of plasma flow on the target surface,
qpl, W/cm2

109–1010

Duration of the plasma flow pulse, τpl, ns

50–100

Discharge current, I, MA ≤ 2.0

1011–1012

Sample position

Normal to the plasma flow

Distance from the anode surface, mm, i.е. the sample
was immersed

Plasma focus PF-6

inside the pinch (hot plasma column) having a length
of about ~100 mm
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Deuterium plasma density npl, cm-3

1018–1019

Plasma flow velocity, cm/s

up to 3 × 107

Power density of plasma flow on the target surface,
qpl, W/cm2

109–1010

Duration of the plasma flow pulse, τpl, ns

50

Power density of fast ion beam flux (Ei ≥ 100 keV)
on the target surface, qfi, W/cm2

1010–1011

Pulse duration of fast ion beam flux, τfi, ns

10–50

Distance from anode to sample, mm

34

Discharge current, I, kA

≤ 340
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TABLE 1. CONTINUED
Irradiation facility name

Parameters and operating modes used

Plasma gun

Hydrogen plasma

Value

Working gas

H2

Energy density, Q, MJ/m2

0.8

Pulse duration, τ, μs

15

Power density of plasma flow on the target
surface, q, W/cm2≈ 5 × 106
Plasma flow velocity, Vpl, cm/s~1.5 × 107
Sample position

Irradiated
surface is
perpendicular
to the plasma
flow

Plasma accelerator QSPA
Kh-50

Deuterium plasma density, npl, cm–3

1015–8 × 1016

Plasma flow velocity, Vpl, cm/s

4.2 × 107

Energy density, Q, MJ/m2

0.75

Pulse duration, τ, ms

0.25

Power density of plasma flow on the target
surface, q, W/cm2

3 × 105

Discharge current, I, kA

700

Sample position

Normal to
the plasma
flow

The experiments with plasma focus units (PF) “Vikhr” were done at IMET RAS (Moscow,
R.F.) whereas with PF-6 and PF-1000U were performed at the Institute of Plasma Physics and
Laser Microfusion (Warsaw, Poland). The experiments with a plasma gun (PG) unit were
conducted at the A.F. Ioffe Physical-Technical Institute (Russia). The experiments with a QSPA
Kh-50 plasma accelerator (PA) were carried out at the Kharkov Institute of Physics and
Technology (Ukraine). In contrast to earlier studies wherein one type of irradiation devices was
used, in this work, we studied the effect exerted on the material under the conditions created in
the course of a sequential irradiation of the material using two types of experimental units. In
other words, the irradiation of the target sample under study was carried out in two stages: at
the first stage, an experimental unit of one type was used, and at the second, final, stage, another
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unit with a different irradiation mode was used. According to such a scheme, the irradiation of
tungsten was performed using PF units (PF-6 or PF-1000U) and using PG or PA units. In
addition, the opposite situation was also implemented: at the first stage, the radiation treatment
of tungsten was carried out using PA facilities, whereas the subsequent final irradiation was
performed using a PF-6 unit (Table 2).
The irradiated samples were examined using a NEOFOT-2 optical microscope and a LEO 430
scanning electron microscope (Japan). The edge metallographic sections were prepared by
means of mechanical grinding and polishing with subsequent weak etching by a reagent having
the following composition: 1 g of NaOH, 3.5 g of K3Fe(CN)6, and 75 mL of water.
The X ray diffraction (XRD) analysis was performed using a Rubaky Ultima diffractometer
(Japan), in CuKα radiation.
TABLE 2. SCHEME OF EXPERIMENTS ON DF TUNGSTEN IRRADIATION AND
DATA ON VARIATION OF TUNGSTEN LATTICE PARAMETER AFTER THE FINAL
IMPACT
Experimental
facilities used
(number of
pulses, N)

Lattice
parameter of
irradiated
DFW
samples, a, Å,
sample

Change in the
lattice
parameter of
irradiated
compared to
unirradiated
sample, Δa, Å

Features of
structural
changes
according to
XRD data

Experiment
Number

Sample
Number

0 (200)

DF24 Without
irradiation

1

DF34

PF PF-6 (32)

3.1517

0.023

Initial texture
weakening
(200

2

DF38

PF PF-1000U
(8)

3.1682

0.006

Initial texture
weakening
(200)

3

DF30

PF PF-6 (8) +
PG (16)

3.1620

0.013

Initial texture
weakening
(200)

4

DF33

PF PF-6 (16)
+ PG (32)

3.1595

0.015

5

DF36

PF PF-1000U
(2) + PG
(250)

3.1662

0.008

Produced
texture along
line

3.1746

Initial texture
weakening
(200)
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TABLE 2. CONTINUED
Experiment
Number

Sample
Number

Experimental
facilities used
(number of
pulses, N)

Lattice
parameter of
irradiated
DFW
samples, a, Å,
sample

Change in the
lattice
parameter of
irradiated
compared to
unirradiated
sample, Δa, Å

6

DF15

PF PF-6 (4) +
PA QSPA
(10)

3.1657

0.009

7

DF40

PF PF-1000U
(4) + PA
QSPA (10)

3.1644

0.010

8

DF21

PA QSPA
(10) + PF PF6 (10)

3.1643

0.010

9

DF73

PA QSPA
(10) + PF PF6 (5)

3.1645

0.010

Features of
structural
changes
according to
XRD data

Initial texture
weakening
(200), more
pronounced
on the reverse
side

Initial texture
weakening
(200)

2. RESULTS AND DISCUSSION
2.1. Unirradiated Sample DF24
The SEM images of the microstructure inherent in the initial material of tungsten sample DF24
after polishing and weak etching is shown in Fig. 1.
At a large magnification, the grain structure of the material is distinctly seen. The images of the
surface made for the sample inclined at a certain angle show an edge face (a mechanical cut) of
the sample, wherein one can see bubbles of unknown origin. It can be assumed that the
formation thereof is associated with a release of gases from the material in the course of
machining at an elevated temperature. In the course of studying of a polished edge of
metallographic section, the surface layer of the DFW sample DF24 at a depth of 50–100 μm
exhibits some discontinuity flaws in the form of rolling laps located parallel to the further
irradiated plane of the sample and associated with the preparation of the material, as well as
some pores of an irregular shape up to 5 μm long (Fig. 2) are observed.
The XRD structural analysis of the surface of the sample has shown that the structure of the
initial DFW exhibits a pronounced texture along the (200) line, which is clearly seen in
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comparing the intensities inherent in this sample and the standard sample. The parameter of
tungsten bcc lattice determined for the DF24 sample was a = 3.1746 Å.
2.2. Irradiation with the Use of Plasma Focus Facilities PF-6 (DFW Sample DF34) and
PF-1000U (DFW Sample DF38)
The SEM images of the surface microstructure at different magnifications for tungsten samples
DF34 and DF38 irradiated using the PF-6 and PF-1000U facilities are shown in Figs. 3 and 4,
respectively. The structure of DFW sample DF34 after 32 cycles of irradiation (pulses) exhibits
a smoothed relief with the presence of a significant number of microcracks and frozen dropletlike structures. The structure of DFW sample DF38 represents a crest-wave structure with a
network of very fine cracks formed during the last solidification of tungsten in the final
irradiation cycle.
The analysis of the structure and depth of damage on the polished edge metallographic sections
showed that both samples exhibit the surface layer loosened to a depth of 200 μm or deeper, as
well as detachments, extended discontinuities, and pores formed therein.
On the basis of these studies, it can be assumed that the total thermal impact under the
conditions of DF34 sample irradiation was, to all appearances, much more significant than that
of DF38, which promoted a recrystallization process in the near-surface sublayer. However, the
shock-wave impact and temperature gradients in the DF38 sample were, to all appearances,
more significant, which led to the formation of intense shear processes, as well as to the
formation of microcracks and blisters (Fig. 4). In both cases, a defect zone was formed having
a depth (from the edge of the surface) amounting to about 200 μm or more. The XRD structural
analysis of DFW sample DF34 showed a considerable decrease in the tungsten lattice parameter
(Δa ~ 0.023 Å) in comparison with the unirradiated tungsten sample DF24, as well as
weakening texture owing to melting of the surface layer.
The XRD analysis of irradiated DFW sample DF38, in addition to a slight decrease in the
texture on the side of the irradiated surface, showed the presence of α-Fe and γ-Fe. The latter
circumstance indicates that, in the course of the irradiation, an intense evaporation of the
material occurred from the walls of the steel chamber, in which the irradiation was carried out,
as well as a subsequent precipitation both of individual components and of droplets containing
iron and other alloying components of the chamber material onto the tungsten surface. The
parameters of the tungsten lattice in sample DF38 changed little in comparison with the initial
DF24 sample (Δa ~ 0.006 Å), which could be related to a much smaller number of pulse effects
exerted on sample DF38 compared to sample DF34 (N = 8 and N = 32, respectively), as well
as to possible implantation of chamber components deposited on the irradiated sample into the
surface layer thereof.
2.3. Sequential Irradiation of DFW Samples (DF30, DF33, and DF36) Using PF-6 and PF1000U Plasma Focus and Plasma Gun Facilities
Table 2 shows the scheme of the experiment and the number of pulsed actions N carried out
upon irradiation of DFW samples in two stages: the first stage using a PF, and the second stage
using a PG. At the same time (as follows from Table 1), the energy load on the samples
increased in the series DF30, DF33, and DF36 owing to an increase in the number of pulses N
in the last sample. At a relatively small number of pulses (samples DF30, DF33), the structure
of the irradiated surface is fairly close to the surface structure observed in the case of a single81

stage irradiation method with the use of PF type facilities (Figs. 5, 6).One can see a wavy relief
and the presence of crests and coil structures. There are microcracks that appeared at the stage
of solidification of the molten surface microlayer. It needs to be noted that after beam-plasma
effects exerted on tungsten in PF facilities, the irradiated surface contains pores presented in
the initial state (Figs 1(a), 3(a)). The subsequent irradiation of DFW sample using a PG facility
results in a decrease in the number of pores (Figs 5(a)–(b), Figs 6(a)–(b)). An increase in the
number of pulses at the final stage of irradiation using the PG facility to N = 32 pulses somewhat
changes the nature of the surface roughness toward coarsening and roughening of its
characteristic fragments (bulges and droplet structures), and also it leads to an increase in the
number of microcracks and their development.
The analysis of the character and depth of damage on the polished edge metallographic sections
shows that the thickness of the damaged layer in all the samples amounts to about 200 μm (Figs
5(c)–(d), Figs 6(c)–(d)). In this case, loosening of the surface layer occurs there, as well as the
formation of discontinuities (voids) and regional shears. In addition, at a maximum load
performed in the case of sample DF36 (maximum number of plasma gun pulses N = 250), one
can observe a displacement of the regions at a depth of about 100 μm (see Figs 7(c)–(d)). All
the samples exhibit a decrease in tungsten lattice parameter a by Δa ~ 0.01 Å and a weakened
initial texture (200) in the molten surface layer, which is especially visible in the case of sample
DF30. The irradiated tungsten surface exhibits impurities of Ti sputtered in the course of its
evaporation from the functional material of the working chamber.
2.4. Sequential Irradiation of Samples DF15 and DF40 Using PF Facilities (PF-6 and PF1000U) and PA Facility QSPA Kh-50
At the first stage of irradiation, the DFW samples were treated with ion and plasma fluxes using
PF facilities (PF-6, 4 pulses and PF-1000U, 4 pulses), and at the subsequent final stage using a
PA facility (10 pulses per series) (see Table 2).
On the irradiated surface of samples DF15 and DF40, one can see a wavy structure more
pronounced in the case of DF15, accompanied by a network of microcracks. On the polished
edge metallographic sections, there are areas of the loosened surface layer, as well as shear
zones of crystalline regions at a depth of about 200 μm (Figs 8–10). Just as in the previous case
of tungsten irradiation using PF and PG facilities, after the final stage of tungsten irradiation
with the use of PA, the concentration of pores in the surface layer decreases in comparison with
their content after preliminary irradiation in a PF facility (Figs 8(a)–(b), Figs 10(a)–(b) in
comparison with Figs 9(a)–(b)).
On the XRD patterns of samples DF15 and DF40, along with tungsten lines, titanium reflections
are observed as a consequence of the deposition of this element onto irradiated tungsten from
the accelerator chamber. In the case of the irradiated tungsten surface, it needs to also be noted
that the initial texture (200) exhibits a decrease, which is approximately the same as in the case
of using PF and PG facilities
2.5. Sequential Irradiation of Samples DF-21 and DF-73 Using PF-6 and PA Facilities
In contrast to the above-mentioned two-stage tungsten irradiation, when at the first stage the
material was subjected to hard irradiation using a PF facility, whereas the subsequent radiation
impact was performed in a softer mode, in this case, the opposite situation was implemented:
at the first stage, a soft irradiation mode inherent in PA facilities was used, and at the final stage,
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a hard mode of tungsten radiation treatment by a PF facility was applied. The irradiation
conditions for samples DF21 and DF73 are given in Table 2. The microstructure of the
irradiated surface of these samples at different magnification shown in Figs 11 and 12 has on
the whole a similar character: the surface of both samples exhibits a wavy relief of a fused
microlayer with the presence of droplet structures and a network of microcracks. The polished
edge metallographic sections show that, in both samples, DF21 and DF73, there is the loosening
of the surface layer and the formation of discontinuities at a depth of more than 200 μm. Since
the final irradiation was carried out using a PF-6 facility at the same energy load, but at a
different number of pulse actions (N = 10 for DF21 and N = 5 for DF73), the number of thermal
reflow and solidification cycles in the first case was greater than that in the second one. This
led to some difference in the morphology of the irradiated surface of these samples. In the case
of the sample DF21, the movement of molten tungsten on the surface is pronounced to a
somewhat greater extent, the elements of the crystallized wavelike structure are coarser, and
the microcracks are more pronounced. There are loosening and crumbling zones therein too.
The XRD pattern of sample DF21 after the irradiation using the two irradiation facilities shows
an insignificant decrease in the lattice parameter in comparison with the standard by the value
of Δa = 0.01 Å, which is, to all appearances, connected with a degassing of the irradiated surface
layer of tungsten. The thickness of the outer recast layer is extremely insignificant (about 1
μm), whereas there are almost no signs of recrystallization of the irradiated sample on the XRD
patterns. A similar pattern is exhibited by sample DF73: the survey of the irradiated side shows
changes in the lattice parameter Δa = 0.01 Å and an almost complete absence of signs of
recrystallization of the sample.
It is known that the plasma-beam effect exerted on tungsten by PF facilities in hard modes of
pulsed irradiation (q = 109–1012 W/cm2, τ = 10–100 ns) analogous to those implemented in this
work is accompanied by nonequilibrium processes of evaporation, melting and crystallization
of the surface layer (SL), its damage, modification of the structural state, and the formation and
propagation of shock waves (SWs) in the bulk of the target sample [14–18]. In this case, as a
rule, considerable structural defects such as drop fragments, pores, and microcrack networks,
as well as micro- and macro stresses, occur in the surface layer. These structural changes are
usually accompanied by a change in the initial SL texture and, in most cases, in the lattice
parameter. It is also possible that the formation of microcracks parallel to the irradiation surface
in the depth of the SL (at a distance of ~100–200 μm from the surface) and the SL delamination
caused by shock waves occur [19].
All these signs of SL damage are observed, as noted above, in our experiments with a singlestage irradiation of DFW in PF facilities. The main differences in the character of tungsten
damageability under the action of pulsed plasma fluxes in milder irradiation modes (at q = 105–
106 W/cm2 in a microsecond and millisecond pulse duration range), in particular, using PG and
PA facilities are connected, to all appearances, with the absence of a fast-ion component in the
plasma flow, with the impossibility of shock wave formation in the material, and with the
absence (or insignificance) of evaporation process in the irradiated sample. In addition, the
increase in the duration of pulse actions in the case of PG and PA facilities in comparison with
PF facilities leads to an increase in the duration time of thermal impact of the energy pulse on
the target to the depth greater than the thickness of the molten layer, wherein a wavelike relief
of the irradiated sample and, to a greater extent, promotes the possibility of recrystallization
processes under the repeated irradiation and heating of the SL.
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Nevertheless, as the analysis has shown, a parallel single-stage pulsed irradiation of double
forged tungsten using separately PF, PG, and PA facilities results in the fact that the main
qualitative characteristics of irradiated SL damageability (surface morphology and types of
structural defects occurring in the SL) at a comparable number of pulses under comparable
conditions are close to each other. As far as the abovementioned two-stage irradiation of
tungsten with the use of these facilities is concerned, it is possible to distinguish the following
features of SL damageability. When tungsten preliminarily irradiated using PF is treated by
pulsed plasma fluxes generated in PG and PA facilities, a longer thermal impact duration of the
energy pulse is accompanied by an increase in the SL “lifetime” of the molten state in
comparison with the value corresponding to the sample irradiated using PF. This fact results in
the above-mentioned decrease in the concentration of pores contained in the SL of the initial
sample (Figs 1 (a)–(b)) and observed after irradiation using PF (Figs 5(a)–(b), Figs 6(a)–(b)).
One can assume that, during the existence of the liquid phase, the pores are “healed” via
collapsing, as well as via “floating” gas-bubbles occurring in the melt toward the heated surface
in the temperature gradient field under the action of surface tension forces.
A similar picture also occurs in the opposite situation, when the first stage involves tungsten
irradiation using a PA facility, and the second stage involves irradiation using a PF facility,
wherein a significant part of the pores is removed from the SL at the first stage of irradiation.
It needs to be noted that the pores can be stress concentrators and promote the nucleation and
formation of microcracks. However, the main factor in the formation of cracks in the SL is the
effect of thermomechanical stresses arising after the action of the energy pulse during the
crystallization stage of the liquid phase [20–22]. The magnitude of these stresses depends on
the thermal load and the cooling conditions of the target sample, as well as on the number of
pulsed energy impacts N on the material. In most cases, the increase in the thermal load and the
increase in N promote an increase in the damageability, enhanced crack formation, and
destruction of the irradiated SL. It needs to be noted that the shock-wave action on the material
performed using PF facilities, as noted above, affects the formation of cracks as well and can
lead to SL delamination [19].
The analysis has shown that, in our case, the nature of the microcracks observed in the tungsten
SL after its preliminary irradiation in PF facilities does not change much in the course of
subsequent irradiation in the PG and PA facilities: the network of surface microcracks formed
in experiments conducted using PF becomes somewhat more pronounced, but cracks located in
the depth of the SL parallel to the surface hardly develop. This fact, under the given irradiation
sequence, emphasizes the dominant role of shock waves in the formation of parallel crack
surfaces in those zones of the SL where an increased concentration of technological defects was
generated at the stage of preparation of W via double forging (at a depth of about 100–200 μm).
A similar picture was also described by the authors of [19]. It is interesting that, in the opposite
situation, that is, when the irradiation of tungsten is performed at the first stage using a PA
facility and at the final stage using a PF facility, a somewhat enhanced total formation of
microcracks parallel to the surface in the SL depth is observed (Fig. 11(c)).
This effect of development of microcracks under consideration is connected with the fact that,
in this case, the shock waves generated by each pulsed discharge do not act on a set of
technological defects, but on a set of microcracks parallel to the surface formed with the
participation of the mentioned defects in the course of the initial irradiation of tungsten using
PA facilities.
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We also note a number of aspects of change in the structure of the irradiated SL in comparison
with the initial state. The pulse action of powerful energy fluxes on tungsten in PF facilities
always leads to a weakening of the initial texture of the material and, as a rule, to a decrease in
the crystal lattice parameter of the SL (Table 2). The observed weakening of the texture is
associated with two factors: on one hand, with the formation of a thin molten layer and the
formation of a crystallization texture upon its solidification at a high rate and, on the other hand,
with the possibility of recrystallization in a deeper SL (intermediate between the melt and the
main matrix) in the course of heating thereof at each pulsed discharge in a PF facility. The
subsequent irradiation of tungsten using PG and PA facilities does not lead to any significant
change in the character of SL texture created by means of PF, although the duration of thermal
impact on the target sample increases. This situation hardly changes upon changing the
irradiation sequence. The XRD patterns f distinctly show the mentioned irradiation effects
exhibited by all the discussed DF samples. The observed decrease in the lattice parameter Δa
after the irradiation of DFW in the PF facilities is associated, as noted above, with an intense
evaporation of the material and the removal of gas impurities from the SL (oxygen, nitrogen,
carbon) contained therein. This process is somewhat enhanced with an increase in the number
of energy impacts N (Table 2), which could be caused by a diffusion of interstitial atoms to the
heated surface in the course of pulsed discharges with subsequent evaporation. However, the
irradiation of DFW at the second stage using PG and PA facilities, when the evaporation of the
material is insignificant, hardly affects the decrease in the lattice parameter.
3. CONCLUSIONS
The metallographic signs of damage in the irradiated double forged tungsten (DFW) show that,
under the conditions of a high-energy impact close to the plasma disruption mode and ELMs in
fusion reactors, in the case of studied irradiation modes, the character of material degradation
depends to a greater extent on the source of the energy load than on the type of generated plasma
(hydrogen plasma, deuterium plasma, or combined one with sequential irradiation). In the range
of energy loads used in this study (the power density of plasma flows and fast ion flux q = 106–
1012 W/cm2 for a pulse duration in the range of nano-, micro-, and milliseconds), the character
of material damage and destruction depends to a great extent not only on the magnitude and the
duration of separate energy pulses generated by a testing facility but also on the number of
energy pulses acting upon the material.
The depth of a noticeably damaged layer, wherein a disruption in the integrity of the material
occurs, is about 200 μm in almost all the studied irradiation modes.
In the case of pulsed irradiation of tungsten prepared using the double forging technique, the
main qualitative characteristics of the damaged irradiated SL obtained separately using PF, PG,
and PA facilities (wavelike morphology of the surface and the types of structural defects that
occur in the SL such as droplet fragments, pores, and microcracks) at a comparable number of
pulses and under comparable conditions are close to each other.
When DFW is sequentially irradiated with energy flows, first in a hard mode using a PF facility
and then in a softer mode using PG and PA facilities, one can observe a decrease in the
concentration of pores contained in the SL after irradiation using a PF facility, and the network
of surface microcracks occurring in tungsten after the PF experiments becomes somewhat more
pronounced; however, cracks parallel to the surface formed owing to shock waves in the SL at
a depth of ~200 μm hardly develop.
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The opposite situation, i.e., the irradiation of tungsten using a PA facility at the first stage and
irradiation using a PF facility at the final stage, results in some amplification of the effect of
formation of microcracks parallel to the surface in the depth of the SL. This is connected with
the fact that such microcracks occur at the preliminary stage of DFW radiation treatment by PA
in the zone of increased concentration of technological defects under the influence of thermal
stresses in the irradiated SL. The subsequent SW impact at the final stage of DFW irradiation
using PF facilities promotes the development of the microcracks under consideration.
In general, the nature of the material destruction is of shock-wave and thermal-fatigue character.
Microcracks appear in the irradiated layer and propagate both parallel to the irradiated surface
and at an angle to the surface. To all appearances, on the boundaries of the blocks, there is a
rupture of the material and the formation of microcracks parallel to the surface and wedgeshaped ones.
One needs to note a change in the initial texture of tungsten after the irradiation in the modes
under study associated with the melting and recrystallization processes occurring in the
irradiated SL. In this case, the character of the texture formed under the conditions of radiation
impact on DFW using PF facilities hardly changes when it is subsequently irradiated using PG
and PA facilities. However, the observed decrease in the lattice parameter after the radiation
treatment of tungsten is mainly caused by the removal of gas impurities from the SL, being
mainly determined by a harder irradiation mode inherent in PF facilities, which promotes a
more intense evaporation of the material in comparison with the experimental conditions
inherent in PG and PA facilities.

FIG. 1. SEM image of unirradiated surface microstructure for DFW sample DF24 shown at different
magnification levels; (c, d) the images for the sample inclined angularly that show a mechanically
treated edge side of the sample. One can see bubbles of unknown origin.
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FIG. 2. Surface areas of the polished edge metallographic section for unirradiated DFW sample
DF24. One can see pores and rolling laps present in the surface layer.

FIG. 3. (a, b) SEM image of the irradiated surface; (c, d) the character of damage in the edge
metallographic section of DFW sample DF34 irradiated using a PF-6 plasma focus facility (32
pulses).
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FIG. 4. (a, b) SEM image of the irradiated surface; (c, d) the character of damage in the edge
metallographic section of DFW sample DF38 irradiated using a PF-1000U plasma focus facility (8
pulses).

FIG. 5. (a, b) SEM image of the irradiated surface; (c, d) the character of damage in the edge
metallographic section of DFW sample DF30 irradiated sequentially using a PF-6 plasma focus
facility (8 pulses) and a plasma gun (16 pulses).
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FIG. 6. (a, b) SEM image of the irradiated surface; (c, d) the character of damage in the edge
metallographic section of DFW sample DF-33 irradiated sequentially using a PF-6 plasma focus
facility (16 pulses) and a plasma gun (32 pulses). The asterisks in (d) mark the impact zone depth
amounting to 150 μm.

FIG. 7. (a, b) SEM image of the irradiated surface; (c, d) the character of damage in the edge
metallographic section (c, d) of DFW sample DF36 irradiated sequentially using a PF-1000U plasma
focus facility (2 pulses) and a plasma gun (250 pulses).
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FIG. 8. (a, b) SEM image of the irradiated surface; (c, d) the character of damage in the edge
metallographic section (c, d) of sample DF15 irradiated sequentially using a PF-6 plasma focus
facility (4 pulses) and a QSPA Kh-50 plasma accelerator (10 pulses).

FIG. 9. SEM image of the irradiated surface of DFW sample DF15 after irradiation using only a PF-6
plasma focus facility (4 pulses).
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FIG. 10. (a, b) SEM image of the irradiated surface; (c, d) the character of damage in the edge
metallographic section of DFW sample DF40 irradiated sequentially using a PF-1000U plasma focus
facility (4 pulses) and a QSPA Kh-50 plasma accelerator (10 pulses).

FIG. 11. (a, b) SEM image of the irradiated surface; (c, d) the character of damage in the edge
metallographic section of DFW sample DF21 irradiated sequentially using a QSPA Kh-50 plasma
accelerator (10 pulses) and a PF-6 plasma focus facility (10 pulses).
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FIG. 12. (a, b) SEM image of the irradiated surface; (c, d) the character of damage in the edge
metallographic section (c, d) of DFW sample DF73 irradiated sequentially using a QSPA Kh-50
plasma accelerator (10 pulses) and a PF-6 plasma focus facility (5 pulses).
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1. INTRODUCTION
Currently it is shown that stationary operation of promising thermonuclear systems can be
provided with a use of a so-called "lithium technology" [1]. Liquid lithium held by capillary
forces within the porous matrix of steel, tungsten or other materials perceives high energy loads
coming on elements of tokamak constructions (first wall, divertor, limiter), and simultaneously
improves the performance plasma discharge, preventing entry into its heavy impurities. As
confirmed experimentally [2,3], the use of Capillary Porous Systems (CPS) with Liquid
Lithium is a promising alternative to traditional construction materials when creating a plasmacontacting intra-cameral element of stationary fusion reactors. The most important
requirements for the materials of these elements are a high degree of their resistance to erosion,
as well as the stability of the structure and properties with pulsed exposure to powerful plasma
flows. The characteristic parameters of plasma exposures expected in tokamak reactor are given
in Table 1 [4]. The advantage of CPS with lithium compared to traditional construction
materials is its high resistance to destruction due to thermal expansion compared to compact
solid materials [3]. According to the estimations for this type of CPS manufactured from
refractive materials maximum thermal power flux density to the surface, not leading to its
destruction, can reach 100 MW/m2 [5,6], which is much higher than the values for any compact
metal. In addition, the local destruction of the fibres does not lead to the destruction of the CRP
as a whole and does not violate its functional qualities. Porous systems with liquid lithium are
also more resistant to radiation exposure and swelling [7].
High relaxation ability fibrous CPS virtually eliminates the problems of compatibility with
them in contact with other structural elements (there are no mechanical stresses at the interface
of materials).
The ability of the CPS to form, continuously maintain and renew the protective film of liquid
lithium on the surfaces of various shapes and orientation in space, to stabilize it when exposed
to external forces because of the capillary effect leads to the fact that the plasma interacts only
with liquid lithium and does not affect the basis of the CPS. In turn, lithium protects the design
of intra-chamber elements by evaporation and does not contaminate plasma.
The purposes of this work are:
 To study the durability of lithium CPS under the influence of high-energy flows of
deuterium plasma;
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 Experimental verification of the stability of tungsten lithium CPS after interaction with
atmospheric gases, subjected to the effects of extreme high thermal plasma flows.
2. EXPERIMENTAL STUDY OF PERSISTENCE OF LITHIUM CPS
Stainless steel, molybdenum and tungsten meshes (mesh mats) were used as materials of the
basis of the CPS matrix. The meshes were soaked by lithium. The appearance of the CPS in the
initial state is presented in Fig. 1. The effective radius of the capillary pores reff of the mesh
mats were varied in limits 15–200 microns. Diameter of wire used in the CPS ranged 30–200
microns. Lithium impregnated targets were 1–2 mm thick. The design of the target also included
a heater to establish the initial temperature in the range 20–350 °C. Temperature was controlled
by a thermocouple.
Simulation of the processes of irradiation of the surface of the construction materials by highenergy plasma fluxes were carried out at the accelerator of deuterium plasma KSPU and MK200U (TRINITY, Moscow) and at the experimental stand of A.F. Ioffe PTI (St.-Petersburg).
Their operating parameters are given in Table 2. It can be seen that impacts of plasma disruption
instability and its various disturbances (Table 1) upon materials are sufficiently modelled on
these installations.
ТABLE 1. PARAMETERS OF PLASMA EFFECT ON DEMO REACTOR MATERIALS
Impact

Specific heat flux, MW/m²

duration of exposure, s

Regular plasma discharge
Peak load
Thermal failure
Plasma disturbances

0.5–10
20
33000
250–500

7200
10
1.5×10–3
1×10–3

In all cases, the deuterium plasma flow interacted with the surface of the same type targets. The
study of the interaction process of plasma streams with surfaces of targets made by steel and
molybdenum was carried out on plasma accelerators XSP and MK200UG by the methods of
optical X ray spectroscopy, laser interferometry and laser scattering, Langmuir probes and optic
bolometer of the type BMC-3.
TABLE 2. MODEL EXPERIMENT CONDITIONS
Parameter
Specific energy flow, Q, MJ/m2
Discharge duration, t, s
Plasma density, ne, cm–3
Specific power of plasma flow, P, GW/m2
Number of pulses per target

KSPU
4–5
5×10–4
(2–5)×1016
10
22

MK-200U
15
4×10–5
(2–5)1015
400
17

Joffe PTI stand
0.25–0.43
1.5×10–5
n/a
22–41
100

Structural surface state of the target material after plasma exposure was examined by optical
(NEOPHOT-32) and scanning electron (EVO 40 (Zeiss)) microscopy. In addition, the
quantitative estimation of erosion processes was performed by a gravimetry method (GNUKS). For experiments at the PTI stand, samples of a special-purpose tungsten grid impregnated
with lithium were used (Fig. 1(c)). Impact area of plasma action upon the sample was provided
by a mask made from a tungsten plate with a hole of 10 mm in diameter. First, the sample was
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heated with a halogen lamp up to 200 °C. After 100 μs next to the start of irradiation, the surface
temperature was measured using an original two-colour pyrometer, developed at the A.F. Ioffe
PTI, with integration time ~ 10 µs. The samples irradiated in this way were examined by
scanning electron microscopy using the setup LEO 430 i with an OXFORD Link for local X
ray spectral analysis, and by X ray diffraction analysis using a Rugaky (XRD) Ultima-IV
diffractometer (Japan).
As a result of studies of lithium CPS samples irradiated at plasma accelerators KSPU and
MK200UG, it was established [5–9] that two processes occur on the surface of the targets: drop
erosion of liquid lithium and formation of dense near-surface vapor layer.
It was shown (Fig. 2) that during the first 10 μs after the start of exposure of the target to plasma
flow in a QSPA (quasi-stationary plasma accelerator) at the target (lithium CPS) surface a dense
(n ~ 1017 cm–3) emitting layer of neutral lithium with a thickness of ~ 10 mm is formed, which
by the end of the pulse increases to 40 - 50 mm. Formation of such the protective layer leads to
a radical decrease in the flow of energy reaching the surface of the target Qsurf relative to the
incident flow plasma Qpl: Qsurf ~ 0.01 Qpl. In the study using atomic emission spectroscopy with
installation of the type of MGA-915 AD spectral lines of the CPS base materials (Fe, Cr, Ni) in
the experiments were not found.
A similar picture was observed in [10] on Pilot-PSI, with a CPS W-Sn target, when during
plasma irradiation was also not detected spectral lines of the CPS base material (W). It is a
characteristic feature that in all cases some periodic fluctuations in the density of vapor of lowmelting material and target surface temperature occur.
Gravimetric research results (Fig. 3) showed the ability of CPS to inhibit significantly the
erosion of liquid lithium compared to erosion of free surface. For comparison specific mass loss
Δm/S2 of free lithium for one pulse of plasma exposure at Q = 10 GW/m2 was 50…150 mg/cm2,
and for lithium CPS – 1…12 mg/cm2. Moreover, the value of the specific loss is proportional
to the radius of the pores of the CPS. Important factor affecting the amount of erosion of liquid
metal, is the angle α of the flow coming to the surface of the CPS target. With increasing of the
angle, the rate of erosion increases significantly. As shown by the results of laser scattering, the
liquid metal eroded in the form of droplets, scattered mainly in the target plane. The size of the
droplets did not exceed 1 mm, and their speed was 0.1…10 m/s.
Erosion of lithium from the CPS surface, depending on the initial phase state of lithium, is
presented in Fig. 4. If lithium was in liquid condition (250 °C), the magnitude of the erosion
does not depend on the number of plasma irradiation pulses. If lithium was in a solid initial
state (20 °C), then the amount of erosion increased with the number of pulses, which led to the
formation of wavy profile on the surface of the target that is characteristic for all solid metals.
From a series of experiments on lithium CPS samples with different values of wire diameter
(d) and pore size (reff) the limit of the resistance to erosion damage with the certain “critical”
values of these parameters was set.
When d > 200 μm and reff > 150 μm the surface of the CPS steel wires after 100 pulses of hightemperature plasma showed traces of melting, which indicated the absence of wetting them with
lithium and an increase in temperature of their surface up to more than 1500 °С (Fig. 5b). After
a similar exposure of the samples, having a reff < 15 μm, the effect of “draining” the surface of
the metal wire was not observed, and signs of violations of the basis of the CPS completely
96

absent (Fig. 5(a)). Important role in doing so is played by the lack of oxidation of the surface
of the original CPS.
It needs to be noted that the basic material of the CPS, not filled with lithium, subjected to
complete destruction when exposed to a single pulse of plasma. An important aspect of the
study was determination of the influence of products of lithium reaction with atmospheric gases
and water vapor for the performance of materials based on CPS with lithium, since such an
impact can occur during the operation of liquid metal devices based on lithium CPS, and in
technological processes of their preparation for work. In experiments with a pure lithium
surface or with targets, where the layer of reaction products of lithium with an atmosphere of
no more than 10 microns, the presence of these surface layers had no effect on the behavior of
CPS when learning in a plasma vapor. After the very first impact pulse, the CPS surface
acquired a metallic sheen, i.e. the reaction products were easily removed.
On the other hand, the behavior of highly oxidized lithium CPS (being about 10 hours under
normal conditions of temperature and pressure) was investigated in a series of experiments on
the stand in the A.F. Ioffe PTI. The thickness of the reaction products in the virgin surface layer
in these samples could exceed 300 microns. Results of plasma exposure of samples with
surface, pre-interacting with the atmosphere (Fig. 6), significantly differ from the result of
samples with a clean surface (when lithium did not interact with atmospheric gases, Fig. 1). In
Fig. 6, the melted elements of the CPS base (tungsten wire), the traces of melting and the cracks
of the lithium impregnation are visible. Measurement of the target surface temperature (Fig. 7)
and the melting of the W wire (Fig. 6) indicate that the surface temperature exceeded 3380 °C.
In addition, there was a degradation of thermal conductivity of the CPS with an increase in the
number of pulses of plasma exposure, which was expressed in a progressive decrease in a speed
of cooling of the target after pulse. The study of the surface of samples by X ray diffractometry
(Fig. 8) after 100 pulses showed the presence of reaction products of lithium with atmospheric
gases (Li2CO3, LiOH) and of tungsten.
3. DISCUSSION OF THE RESULTS
Based on the results, one can state that the CRP with lithium as a material of the intra-chamber
tokamak elements has higher resistance to impact of transitional processes in plasma with
reactor parameters compared to solid structural materials. The presence of the CPS reduces the
rate of erosion of the surface by tens of times and ensures its constant updating due to capillary
forces. Lithium retention by the CPS surface, based on the equation of balance of forces, is
described by the expression:
2  T  cos Q
 PEM  Ppl  Pev ,
reff





(1)

where σ (T) is the surface tension coefficient, Q – wetting angle, PEM — pressure pulse in liquid
metal, generated by electromagnetic forces, Ppl – plasma pressure, Pev – pressure of vapours of
liquid metal. Taking into consideration mechanisms acting at the conditions realized on the
tokamak surfaces, such as “bubble boiling”, "wind waves" and the instability of the liquid
surface of the type of Kelvin-Helmholtz it is possible to suggest that the capillary effect in the
CPS effectively suppresses the last two mechanisms. It is so in particular especially at angles
of the plasma stream incidence other than zero when these mechanisms are major. The critical
parameter in this case will be the effective pore size of the CPS reff = rcrit, when the inequality
(1) still holds. In that case, the mass loss of the liquid metal will be less compared with some
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critical value, which prevents a violation of heat sink and overheating of the constructions to a
temperature above the melting point. In this case, the CPS will not be destroyed.
Under the conditions of the considered experiments the critical value was the radius reff ~ 150
µ. With reff < rcrit, the “bubble boiling” is the main mechanism of erosion. In this case, the loss
of heat dissipation in the outer layer of the CPS can be achieved under the condition when the
diameter of the wire of the matrix of CPS will be greater than the thickness h of the erosion
layer, the value of which is determined by the equation [3]:
 k 
C 
 p
Q pl

1/ 2

1/ 2
Tmelt
Ptb

h~

,

(2)

where k is the Boltzmann constant, Cp is the heat capacity of the CPS, P is the vapor pressure
of the liquid metal, tb is the duration of the plasma exposure process, Tmelt – the melting point
of the base (matrix) material of CPS, Qpl – heat flux from plasma.
From here it follows that the critical parameter for the CPS is also the diameter dcrit = h. For
CPS based on stainless steel the critical value was a wire diameter d ~ 200 µm, which is in good
agreement with the critical value estimated from equation (2). For more refractory metals the
critical value of d increases substantially.
The most important factor providing the stability of the CPS is the formation of a near-surface
radiating layer of liquid metal vapor. When a lithium surface is heated, a dense layer of vapor
is formed, in which the energy of the particles is efficiently reemitted due to the excitation of
lithium atoms. Based on the analysis of the balance of heat flows, it was found that only 1% of
the energy flux from the plasma reaches the surface, and 99% is dissipated by radiation.
Reduction flow to the surface leads to a drop in temperature and, as a consequence, to a decrease
in the thickness and density of the vapor layer. So, the proportion of plasma energy reaching
the surface increases again. The cycle is repeated. This effect may explain observed in Fig. 2
cyclic change of vapor density above the target surface during irradiation.
The absence or strong limitation of evaporation prevents the formation of a protective layer in
the case of a highly oxidized surface of the target, which is probably the reason for the
experimentally observed significant heating of the surface up to the melting of the CPS base
metal with tungsten. The low thermal conductivity of lithium compounds causes high
temperature gradients in the structure of the surface layers of the oxidized CPS, and,
consequently, high thermal stresses. Taking into consideration the fragility of lithium products,
it can be assumed that progressing with increasing number of pulses the cracking and
destruction of the layer (oxidized over the depth) is reflected in a decrease in its thermal
conductivity and, as a consequence, in an increase in the cooling time of the surface after
exposure to plasma.
4. CONCLUSIONS
High resistance of lithium CPS to erosion damage when exposed to plasma flows with high
specific energy density of the order of hundreds of GW/m2, is provided by suppressing the
mechanisms of droplet ablation by capillary forces and by the formation of a near-surface
radiating layer of liquid metal vapor. The ability of the CPS to restore the liquid surface of
lithium due to capillary forces and the high temperature resistance of the fibrous structure of
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the CPS base ensure high stability of the properties and the absence of degradation of this
material. It has been experimentally shown that significant thickness (more than 10 microns)
layers of lithium reaction products with residual gases can significantly reduce the resistance
of CPS to exposure to plasma flows. The technology of the lithium CPS usage needs to not
allow situations contributing to the formation of the above-mentioned specified products.

a

b

c

FIG. 1. The surface of CPS with lithium. (a) Stainless steel mesh with reff = 15 µm; (b) molybdenum
mesh with reff = 75 µm; (c) mesh from tungsten with reff = 25 µm.
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FIG. 2. Space-time distribution of lithium vapor density at the target surface [6].
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FIG. 3. Dependence of lithium erosion on the radius of CPS pores at different angles α of the flux drop
on the target: 1 — α = 45°; 2 — α = 0°. The initial target temperature is 350 °C. Q = 10 GW/m2 [1,
2].

100

(a)
(b)
FIG. 4. (a) Laser interferogram of the emission of lithium droplets from the surface of the CPS (reff =
75 µm) at 20 °C; (b) at 250 °C [4, 5].

(a)

(b)

FIG. 5. (a) Surface of the СPS based on 18/8 type steel reff = 15 μm ; d = 30 μm; (b) reff = 150 μm; d
= 200 μm [1, 2].
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FIG. 6. Surface of W – Li СPS sample after 100 pulses of deuterium plasma with a power of 22
GW/m2. Tungsten wire fragments (1) and oxidation products (2) are visible.

FIG. 7. Evolution of the temperature of a СPS surface during and after plasma action: 1–7, 2–29, 3–
52, 4–70 pulses respectively.
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FIG. 8. X ray diffraction pattern of the W – Li surface of CPS after 100 pulses of the plasma flow at 22
GW/m2.
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Abstract
This research was carried out in order to contribute to predict, to understand and to solve some of
the bottle necks for fusion to become a reality. The most part of the work was devoted to the development
of materials with improved properties to be used for plasma facing application, permeation and corrosion
barriers. Focusing on Plasma Facing Materials (PFM) we have modelled the thermomechanical
behaviour of the tungsten First Wall (FW) in the three foreseen HiPER laser fusion scenarios
(Experimental, Prototype and Demo). We have identified that the lifetime of the FW is limited by fatigue
loading and we have estimated it for the different scenarios. Moreover, we have calculated the minimum
thickness of a W FW to fulfil its protection task. We have also studied the role of grain boundaries on
the radiation-induced damage and on the light species in W. We have studied the thermal stability of
nanostructured W by carrying out isothermal annealing and by subjecting the samples to large thermal
loads in a plasma focus facility. Finally, we have analysed the capabilities of the ESS-Bilbao (Spanish
ion/neutron source inside the frame of the European Spallation Source system in Lund) facility to study
the materials behavior under thermal loads in the presence of ions simultaneously. We conclude that this
facility is suitable to test PFM under inertial fusion conditions. Concerning the development of
permeation barriers, we have studied the influence of the sputtering parameters and of the surface
finishing of the substrate on the adhesion of SiC coatings to Ni substrates. We have performed
permeation experiments on homogeneous and SiC coatings well adhered to the substrates, finding out a
PRF value lower than that previously reported for coatings deposited on steel. Regarding the
development of corrosion protection coatings, we have studied two different materials: SiC and
nanostructured W. For this purpose, coatings were deposited on EUROFER substrate. We have
optimized the adhesion of the coatings to the substrate. So far, accelerated corrosion tests indicate that
nanostructured W coating may work as a suitable corrosion protection layer at temperatures in the range
350–550ºC. We have also worked on rector technology. In this subject we have developed a conceptual
design of HiPER final lenses and of a ceramic breeding blanket with tritium breeding ratio tuning
capabilities. By combining experiments and computer simulations, we have studied the different
processes involved in the permanent modification of silica formed by ion-induced high electronic
excitation. Results allows us defining the threshold energy density for track formation and describe the
different processes which leads to permanent modification. The proposed model can be used to
described ion-induced modifications in different materials. We have studied the capabilities of the ESSBilbao to study of materials neutron irradiation under nuclear fusion conditions, focusing on structural,
silica-based optical and ceramics materials as well as, on electronic components. We have also analysed
the use of lasers for neutron production.

1. INTRODUCTION
The development of materials able to withstand the severe reactor environment (large radiation
fluxes and thermal loads) is one of the main challenges to make fusion energy a reality.
Nowadays, a lot of efforts are being carried out to develop materials with improved properties
able to withstand the harsh conditions taking place in these reactors. In particular, as described
in detail bellow, to move towards the construction of an inertial fusion reactor is important to
develop: (i) plasma facing materials able to promote the outgassing of light species such as He
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and H to delay the appearance of blistering and exfoliation; (ii) tritium permeation barriers to
avoid the tritium permeation through structural materials; and (iii) corrosion resistant materials
compatible with lithium-lead eutectic alloy or pure lithium at high temperatures, among others.
For the development of these materials is important to combine experiments with computer
simulations which allows us to understand so much from the fundamental point of view the
phenomena that occur in the materials under the predicted working conditions as well as, to
predict their behavior. Moreover, the combination of experiments and computer simulation also
contribute to define operational windows.
Another important task when talking about materials for inertial confinement nuclear fusion
applications is their qualification. Because of that different facilities have been build all around
the world to mimic real operation conditions and to test materials. As an example, different
facilities have been constructed to perform lithium and lithium lead corrosion test [1,2].
However, the qualification of plasma facing materials (PFM) in inertial fusion is stills a matter
of concern. It is already known that the materials damage induced by synergistic effect
(simultaneous ion irradiation, He+H, C+He+H, and/or simultaneous ion irradiation plus
thermal loads notably differ from those originated in the material when subjected to sequential
threats e.g. first He and then H [3]. On this basis the magnetic fusion community has developed
different facilities to test PFM under realistic operation conditions to account for the synergistic
effects [4]. However, because of the different in ion energy (eV range when talking about
magnetic fusion and MeV when talking in inertial fusion), neither the facilities built for the
qualification of PFM by the magnetic fusion community can be used for the qualification of
PFM by the inertial fusion community, nor the results obtained from these tests can be
extrapolated to predict the damage originated in the materials when irradiated under inertial
fusion conditions. Therefore, the search for new facilities able to simulate the synergistic effects
that the PFM of an inertial fusion reactor have to withstand is crucial in the search and
development of new materials. For this reason, in the framework of this CRP, we have studied
the possibility of using the ESS-Bilbao for this purpose.
2. REACTOR TECHNOLOGIES
2.1. Conceptual design of HiPER final lenses
We have studied the performance of silica final lenses in laser fusion facilities under realistic
irradiation conditions for HiPER and LIFE2 [5]. We have calculated the radiation fluxes, the
radiation-induced temperature enhancement, stress generation and the formation of colour
centres. We have evaluated the thermo-mechanical and optical behavior. We have also studied
the evolution of colour centres during reactor start up. From these data we have concluded that
for a proper work, ions need to be mitigated. We have analysed how ion mitigation could be
introduced using electrostatic and magnetic fields [6].
Even when assuming that ions are mitigated, in the present reactor configuration neutrons are
going to reach the final lenses. We have studied how the neutron irradiation promotes the
creation of colour centres that absorb laser and promotes aberration which leads to defocussing.
We have estimated how the colour centres can be annealed out at high temperatures [13]. On
these bases, we have developed a temperature control system that allows keeping the lenses at
temperatures high enough to favour colour centre annealing [7]. The temperature control system
is based on a heat-transfer fluid which allows keeping constant the temperature during the whole
operation of the reactor, even during the start-up. This system allows us to keep a good
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illumination uniformity (σ<1%) and a high efficiency (η~90%) by adjusting the fluid
temperature. We have studied the performance of several fluids and CO2 is the best solution.
Finally, we have determined the minimum distance that needs to be kept between the final
lenses and the target for a proper performance in the different HiPER scenarios. It is 8 m for
the experimental facility and ~16 m for a full-scale reactor (DEMO) [6].
The main limitations of the proposed solution are the requirement of high temperature operation
(>800 K) and the necessity to place the lenses at 16 m from the target, which results in large
facility dimensions. Other solutions could overcome these limitations at the cost of introducing
other potential problems.
2.2. Conceptual design of a ceramic breeding blanket with tritium breeding ratio tuning
capabilities
Blanket concepts rely on designs that do not make possible to modify the tritium breeding ratio
(TBR), despite the authors of such designs admit that the calculated TBR is prone to
uncertainties and that unavoidably TBR will change over time during operation. In other words,
concept designs of blanket rarely consider correction procedures to modify the TBR. Regarding
dynamic ways to modify TBR during operation, to the best of our knowledge there is only one
paper reporting the use of liquid blankets with different enrichment [8]. We have developed a
concept design that addresses this question. It is based on lithium ceramics and it allows
operators to easily change the TBR during operation from a tritium production that leads to an
inventory with tritium deficit to a high tritium production that leads to an inventory with excess
tritium. This flexibility will make possible to compensate uncertainties in the design, natural
changes during operation and to keep a good tritium inventory [9].
3. PLASMA FACING MATERIALS
3.1. Modelling the thermomechanical behavior of the tungsten first wall in HiPER laser
fusion scenarios
We have studied the behavior of a tungsten first wall under the irradiation conditions foreseen
for the three different operational scenarios of the European laser fusion project HiPER. The
scenarios correspond to different stages in the development of a nuclear fusion reactor
(Experimental, Prototype and Demo). Results have been published in Ref. [10].
In this publication, firstly we have calculated the radiation fluxes assuming the geometrical
configurations reported so far for HiPER. Then, by means of the finite element solver Code
Aster, the irradiation-induced evolution of first wall temperature and the thermomechanical
response of the material were calculated. The system used for the calculations assumes that the
irradiation pulse reaches the chamber, which is protected by a W FW. Heat is transferred
through the substrate to the substrate/coolant interface. The heat is finally removed by the LiPb
coolant (for HIPER Prototype and Demo) or by the borated concrete shielding (for HIPER
Experimental). The FW is made of pure W with a thickness of 1 mm. For pure W, isotropic
behavior is implemented using the material properties reported in the ITER material handbook.
The substrate is assumed to be an ODS-RAFM steel with a thickness of 1 cm. The coolant is
supposed to be eutectic LiPb (Pb 17 at. %), working between 600-800 K. Moreover, for the
calculations we have also implemented the temperature-dependent properties of the different
materials.
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Results indicate that the energy carried by X rays and ions is deposited in the first 100 μm of
W during times of ~4 μs. During irradiation three temperature peaks appear, corresponding to
pulses of X rays, burn ions and debris ions generated with every target implosion and ignition.
As a result, the FW expands until the irradiation ceases and the material cools down, leading to
a tensile state due to the appearance of a plastic region. The plastic region affects the first
microns of the FW. Fatigue appears due to the cyclic nature of the irradiation and it limits the
lifetime of the FW in the different HiPER scenarios. We found out that Experimental facility
could operate with a W FW, thanks to the employed low energy targets and the limited demand
of shots. However, in Demo, damage will appear in the FW limiting its lifetime to 28 hours.
Here, we meet several problems: the peak temperature during each pulse is near the melting
temperature, the energy fluence is above reported threshold damage values and cracks would
appear and propagate shortly after the beginning of operation. Regarding the thickness of the
W FW, the main limiting factor is crack propagation. We estimate that a W FW with a thickness
of at least ~200 μm is required to fulfil its protection role.
3.2. Study of the capabilities and limitations of nanostructured W as Plasma Facing
Material
3.2.1. Experimental and multiscale computer simulation studies of the influence of grain
boundaries on radiation-induced damage and on hydrogen behaviour in W
Due to its properties tungsten is considered nowadays the best candidate for Plasma Facing
Materials (PFM) applications, in both magnetic and inertial “confinement nuclear fusion
reactors. However, some difficulties have been identified in coarse grained W (CGW) which
have to be overcome” [11]. One of the main problems is related to the light species retention.
Light species in CGW tend to nucleate in defects resulting in detrimental effects, unacceptable
for a PFM. In this context, the development of new materials is needed.
In the last years, we focused our attention on the study of the capabilities and limitations of
nanostructured W as PFM. For this purpose, we carried out different experiments and multiscale
computer simulations (OKMC, DFT) to find out the role of grain boundaries (GBs) on the H
behaviour [1,12,13,14]. Recently, we went a step further correlating radiation-induced damage
and H behaviour on nanostructured samples [15]. For this purpose, we study the H behaviour
at room temperature in three diversities of tungsten with different GB densities: nanostructured
tungsten (NW), coarse-grained tungsten (CGW) and monocrystalline tungsten (MW), with no
GBs at all. The experiments were performed in three set of samples each of them consisting of
one NW sample with a columnar structure with an average diameter of ~100 nm [16] and a
commercial CGW sample. A top view and a cross-sectional images of a typical nanostructured
W sample is shown in Fig. 1. The first set of samples was implanted only with H. The second
set was “sequentially implanted first with C and then with H. The third set was simultaneously
implanted (co-implanted) with C and H. To mimic IC energies in HiPER, the implantation
energies were selected to be 170 and 665 keV for H and for C, respectively. The implantation
fluence, for both H and C, was 5×1020 m-2” [11]. All implantations were performed at room
temperature at the Helmholtz Zentrum Rossendorf Dresden (HZRD). The sample morphology
and microstructure were characterized prior to and after implantation by high resolution
scanning electron microscopy (FEG-SEM) and X ray diffraction (XRD), respectively. The H
depth profiles were measured by resonance nuclear reaction analysis (RNRA) using the
H(15N,He)12C nuclear reaction. RNRA measurements were carried out in HZRD. In order to
account for experimental results, object kinetic Mont Carlo (OKMC) simulations were
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performed by using the Open Source code MMonCa [17]. The parameterization is precisely
described in Ref. 15.
From these results we conclude that at room temperature where the vacancies are immobile the
vacancy density for nanostructured W is larger than for pure W. Thus, self-healing in W would
happen at temperatures in which the mobility of Vs is activated. We also found that GBs behave
as effective diffusion channels for H indeed, we observe that the H retained fraction for samples
without GBs is very large, meaning that almost all implanted H atoms remain in the sample due
to their low probability to reach the sample surface without being trapped by vacancies.
Concerning to the location of H within the sample, we conclude that retained H atoms mostly
remain in monovacancies located within the grains.

FIG. 1. Top view (a) and cross-sectional (b) images of a typical nanostructured W sample.

3.2.2. Prelaminar studies of the behaviour of nanostructured and coarse-grained tungsten
under pulsed irradiation in a plasma focus device
When talking about Plasma Facing Materials, the other main concern is related to their
capability to withstand large thermal loads. In particular, the knowledge of the thermal load
resistant of the material in combination with its radiation-resistant would help to define proper
operational windows.
In this CRP we have been closely collaborating with plasma group from the Comision Chilena
de la Energía Nuclear leader by Prof. Soto to properly calculate the Heat flux parameter (H),
delivered by a plasma focus. For this purpose, we have carried out different irradiation
campaigns in Chile and Professor Soto has visited sometimes Madrid. Moreover, part of this
work has been also oriented to the training of students. Indeed, a PhD from the IFN has spent
three months in Chile to learn about the plasma focus science and technology.
Within this collaboration, we have investigated the behavior of nanostructured and coarsegrained tungsten under pulsed irradiation in a plasma focus device. These studies are very
relevant in particular when dealing with nanostructured materials because of their metastability.
We have studied the influence of the irradiation conditions (heat flux parameter and number of
pulses) in the microstructure and light specie behavior. Currently, we are analysing obtained
results.
Simultaneously, we have studied the thermal stability of NW coatings isothermally annealed in
vacuum at temperatures from 298 to 1473 K. Results evidence that for T < 1000 K
nanostructured are conserved and temperature promotes a small drop in the internal stress of
the films, whereas for T > 1000 K, nanostructures start to grow in a bimodal way. A more
detailed description of the thermal stability of the isothermally annealed nanostructured
tungsten coatings can be found in Ref. 18.
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3.3.Analysis of the capabilities of the ESS Bilbao for the qualification of PFM
The ESS-Bilbao is conceived as a multipurpose facility, that has very high fluxes of protons
with energies of tens of MeV which makes it very attractive for the testing of PFM, since the
number of facilities all around the world with such large fluxes is small and their access is very
limited. Moreover, the proton fluxes expected at ESS Bilbao are capable of reproducing the
conditions expected in a laser fusion reactor in terms of chemical species, flow, energy, pulse
length and repeatability. One of the drawbacks of using this facility for materials testing is that
it does not allow us to study synergistic effect. However, this fact does not overthrow the
possibilities of the proton laboratory either to address scientific issues related to the irradiation
of new materials or to contribute to the qualification (pre-selection) of materials for the first
wall. Finally, it is important to mention that from the point of view of radiation-matter
interaction studies, the study of the effect of high ionic fluxes in materials is an unexplored field
with great scientific and technological interest [19].
4. DEVELOPMENT OF SIC COATINGS WITH IMPROVED DEUTERIUM/TRITIUM
PERMEATION RESISTANCE
The tritium permeation is a key issue to be considered when designing a fusion power plant.
The development of a proper Tritium Permeation Barrier (TPB) is crucial to avoid the tritium
permeation through structural materials. Currently, because of its properties (wide band gap,
high thermal conductivity, high breakdown electric field, large saturation velocity, exceptional
mechanical property, and high radiation resistance) silicon carbide (SiC) is considered to be
one of the best candidates for TPB applications.
Nowadays, SiC coatings have been deposited by different methods such as: chemical vapor
deposition, ion implantation, ion beam assisted deposition, and magnetron sputtering. Among
these techniques and because of its properties, principally because its easy scalability to the
industrial scale, we have selected magnetron sputtering for the deposition of the SiC coatings.
The aim of the study was to develop SiC coatings well adhered to the substrate and with reduced
deuterium permeation. For this purpose, first we have investigated the influence of different
parameters on the adhesion of the SiC coatings, then for those coatings showing good adhesion
we have investigated its permeation behavior. Part of this work has been also oriented to the
training of students. Indeed, this work was part of the Master thesis work of one of our students
on this subject [20].
4.1. Deposition of SiC coatings with reduced permeation
SiC coatings were deposited on a commercial nickel substrate with a thickness of 100 µm by
RF sputtering. As previously mentioned, sputtering has been demonstrated to be one of the best
techniques to produce coatings for industrial purposes. However, the large compressive stress,
related to the atomic peening mechanism, commonly observed in sputtering layers, leads to
adhesion failure of the coatings. Therefore, the first part of the work was devoted to improving
the adhesion of the coatings to the nickel substrate by following different approaches: (i)
changing sputtering parameters (RF power, gas pressure); (ii) changing temperature of the
substrate; (iii) surface finishing of the substrate (mean square roughness); and (iv) plasma
cleaning of the substrate. The adhesion of the different deposited coatings was studied by means
of SEM.
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We found out that the limiting factor to achieve good adhesion was the surface finishing of the
substrate. Indeed, under the studied deposition conditions, we obtained only well adhered
coatings when the substrate was mirror polished and plasma cleaned. For polishing the
substrates, we used a napless synthetic cloth. Two polishing steps were performed using 0.5 μm
and 0.03 μm colloidal alumina. Then, all substrates were washed with ultra-pure water soap
solution and bathed in acetone for five minutes finally, they were dried by blowing with
nitrogen gas. The plasma cleaning treatment lasted 25 minutes, an Ar+ discharge was
established, using a DC-pulsed bias voltage of -600 V and a frequency of 150 kHz. The Ar
pressure during the discharge was 6.5 × 10−3 mbar.
Fig 2 shows a set of SiC coatings deposited at different temperatures (RT≤T≤600ºC) on a
commercial nickel substrate with a rms of ~ 80 nm (as received without plasma cleaning). The
large colour contrast observed in all the images evidence that the totally of the coatings are
delaminated. In this figure grey colour regions correspond to parts of the sample where SiC is
still present (hardly sticking) while black regions correspond to bare Si surface after the
detachment of SiC.

FIG. 2. Top view SEM images of SiC coatings deposited on a commercial nickel substrate (rms ~ 80
nm) at different temperatures. (a) RT; (b) 200ºC; (c) 400ºC; (d) 600ºC.

For comparison Fig. 3 shows a top view and a cross-sectional SEM image of a SiC coating
deposited at room temperature at a RF power of 300 W and at an Ar pressure of 8×10-3 mbar
on a plasma cleaned and polished nickel substrate (rms ≤ 2 nm). In this image we observe a
good adhered and homogeneous coating with a sharp substrate-coating interface.
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FIG. 3. Top view and cross-sectional (zoom) SEM images of SiC coatings deposited on a polished
commercial nickel substrate (rms ≤ 2 nm) at RT.

4.2. Permeation experiments
Permeation experiments were performed on homogeneous and well adhered to the substrates
SiC coatings (no cracks neither peeling off) with a thickness ranging between 1 and 2 µm.
Permeation measurements were carried out in a home-made, specially designed and dedicated
setup located at the IFN /UPM. A picture of the used setup is shown in Fig. 4. The basic
principle that governs the architecture of this setup is to have two clearly differentiated zones
of high and low pressure separated by the sample, through which a gas (test gas) needs to
circulate. Then, the quantity of the gas that has been able to cross the sample is detected and
quantified using a Quadrupole Mass Analyzer (QMS). The sample acting as a separation
membrane between the two-pressure region is directly fixed by the knifes of the ultra-high
vacuum junction. This junction is located within an oven which allows to control the
temperature of the sample during the experiments. The temperature of the sample is monitored
in-situ by placing a thermocouple in direct contact with the sample surface.
Prior to the experiments, the system, including the sample to be analysed was degassed for 72
hours at a temperature of 450ºC in order to avoid any contamination related to degassing.

FIG. 4. Homemade specially designed and dedicated permeation setup located at the IFN/UPM.
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Permeation was measured at temperatures of 200ºC, 250ºC, 300ºC, 350ºC and 400ºC.
Moreover, for each temperature different measurements were taken as a function of pressure
(8, 6, 4, 2, 1 and 0.5 mbar). The permeation reduced factor (PRF) was defined as the ratio
between the permeation fluxes of the substrate with and without coating.
Results show that the presence of the SiC coating strongly reduced the D permeation of the
naked nickel. In all cases the PRF was observed to slightly decease with rising temperature,
which may indicate that weather the coating or its adhesion to the substrate deteriorates
somehow at high temperatures. The obtained PRF value was lower than that reported in
literature for similar coatings deposited on steel [21]. The reason for such difference is still
under study, but it clearly shows that there may be some room to improve the quality of the
deposited coatings, in particular the adhesion which seems to limit somehow the achievement
of larger PRF values.
5. DEVELOPMENT OF CORROSION RESISTANT COATINGS
Lithium-lead eutectic alloy (Pb-17 Li) or pure Lithium are foreseen as possible candidates to
be used in breeder blankets of nuclear fusion reactors. However, the compatibility of breeder
and structural materials (reduced activation ferritic/martensitic (RAFM) steels) strongly limit
the operation conditions of the plant. Previous studies have shown that the direct contact
between the liquid-metal and the steel promotes severe corrosion, especially when working at
relevant blanket operation temperatures (450–550ºC) [22]. In this context, the development of
corrosion resistant coatings to protect the structural material is a major concern in the design of
liquid-metal cooling systems for fusion blanket applications. Moreover, the choice of the
corrosion resistant coatings is also oriented to increase the working temperature of the Pb-17
Li or Li self-cooled liquid breeder which, improves the efficiency of the power generation cycle.
Because of tritium sustainability and safety, it is also desirable that the coating that protects the
structural materials act as tritium permeation barrier.
The objective of this study was to develop corrosion-resistant coatings at the liquid-metalstructural-material interface. For this purpose, we have deposited SiC and nanostructured W
coatings. Some details about the deposition procedure, morphology, microstructure and
adhesion to the substrate of the deposited coatings are described in the following.
5.1. Deposition and characterization of SiC coatings for corrosion protection
SiC coatings with a thickness of ~ 1 µm were deposited on Eurofer substrates by RF sputtering
in a high vacuum chamber with a base pressure in the 10−6 mbar range, located at the IFN/UPM.
Prior to deposition, the substrates were mechanically polished, and plasma cleaned as already
described in section 4.1.
In order to improve the adhesion of the SiC coating to the steel substrate, a thin layer of titanium
with a thickness of ~ 2nm was deposited on the Eurofer substrate prior to the deposition of the
SiC coating. Both, the deposition of Ti and of SiC were performed in the same chamber one
after the other. The Ti interlayer was deposited by direct current magnetron sputtering (DCMS)
using a plasma current of 0.19 A, a cathode voltage 250 V and an Ar gas pressure was 8×10−3
mbar. SiC was deposited at room temperature at a RF power of 300 W and at an Ar pressure of
8×10-3 mbar.
The morphology of the sputtered coatings was investigated by SEM. SEM images show that
the SiC coating has a homogeneous and smooth surface without cracks, delamination or
pinholes. The adhesion of the coatings was measured by nano-scratch in collaboration with Dr.
M. Monclus from IMDEA Materials [23]. The critical loads were ~ 90 mN.
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In collaboration with the people from the National Laboratory for Magnetic Fusion
CIEMAT2[24] we have checked the thermal stability of the coatings and the integrity of the
adhesion to the substrate. To do that, some of the samples were thermal cycled in an argon
atmosphere ten times. During each cycle the temperature of the samples was increased from
RT up to 450ºC and then down to RT. The morphology and the adhesion of the thermal cycled
coatings were investigated by SEM. Top view SEM images of an as-deposited and thermal
cycled coating are shown in Fig. 5.

FIG. 5. Photography of a SiC coating deposited on an EUROFER substrate. Top view SEM images of
SiC coatings deposited on a EUROFER substrate. (a) As deposited; (b) after being thermally cycled 10
times between 450 and RT.

Here we do not observe significant change in the morphology of the heated sample. Thus,
heating within this temperature range does not lead to cracking and or peeling off of the coating.
No significant change in the adhesion of the coatings (critical load values) is observed when
comparing as deposited and thermal cycled coating, meaning that the adhesion of the coatings
to the substrate is pretty good.
5.2. Deposition and characterization of nanostructured W coatings for corrosion
protection
Nanostructured tungsten (NW) coatings with a thickness of ~ 2 μm were deposited on Eurofer
substrates by sputtering in a high vacuum chamber with a base pressure in the 10-8 mbar range,
located at the IFN/UPM. Prior to deposition, the substrates were mechanically polished, and
plasma cleaned as already described in Section 4.1.
In order to improve the adhesion of the coatings to the substrate NW coatings were deposited
by combining high power impulse magnetron sputtering (HiPIMS) and direct current
magnetron sputtering (DCMS). HiPIMS was used to deposit a compliant layer with a thickness
of few hundreds of nanometers directly on the Eurofer Substrate. HiPIMS was performed in a
pure argon atmosphere at a pressure of 9.5 × 10−3 mbar and at room temperature. HiPIMS
parameters were: pulse width of 100 μs, frequency 150 kHz, plasma current 16 A, and peak
voltage of 450 V. Then, the system was immediately set to a DCMS mode. In this mode, the
plasma current was 0.19 A, the voltage 250 V and the Ar gas pressure was 8 × 10−3 mbar.
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The microstructure and the morphology of the sputtered coatings were characterized by X ray
diffraction (XRD) and SEM, respectively. XRD data show that NW coatings exhibit four Bragg
peaks (α-[110], α-[200],α-[211] and α-[220]) corresponding to the e thermodynamically stable
body-centred cubic (bcc) α–W phase. Top view SEM images illustrate that the coatings have a
smooth and homogeneous surface which does not exhibit whether cracks or pinholes. Cross
sectional SEM imagines evidence that NW coatings are made of nanocolumns that grow
perpendicular to the substrate. A more detailed description about the deposition procedure and
the coatings characteristic can be found in Ref. 18.
5.3. Corrosion tests
Accelerated corrosion tests were performed on Eurofer samples coated with NW. Tests were
performed at the CIEMAT [24]. They were carried out in a special cylindrical chamber with a
modular design manufactured at CIEMAT in which up to three breeders can be tested
simultaneously [25]. The effect of two different ceramic pebbles, lithium orthosilicate (K-S)
prepared in KIT by the KALOS method and lithium metatitanate obtained by the emulsion
method in JAEA (J-T) were studied. Test were performed at 800ºC for 730 hours, and for two
different purge gas compositions: He/H2 (98/2 %vol) and He/H2O (99.8/0.2 %vol).
The morphology and the elemental composition of the corrosion layer formed after the tests
was characterised by SEM and EDX, respectively. Results show that nanostructured W coating
is expected to work as a suitable corrosion protection layer at temperatures in the range from
350ºC to 550ºC. A more detailed description of the obtained results can be found in Ref. 26.
Corrosion test of Eurofer coated with SiC are still underway.
6. STUDY OF HIGH ELECTRONIC EXCITATION ON SILICA
The development of materials with improved properties for the final optics is crucial since the
ignition process itself depends on them. Special precautions need to be taken about the final
lenses because they need to face the target explosions. Nowadays, because of its properties,
silica is proposed to be the best candidate for final lenses. However, previous works evidence
that radiation generates different kind of defects in silica which ultimately leads to undesired
laser absorption and scattering and therefore, to defocusing of the laser [6]. Even when
engineering system can be designed for temperature control [7], previous work report [5] that
ion irradiation needs to be mitigated to preserve the lenses. However, ion mitigation strategies
are not easy to be implemented, especially when dealing with swift heavy ions from target
debris. Therefore, the study of permanent changes in the physical, chemical and structural
properties in silica, produced by ion-induced high electronic excitation is a matter of concern.
In this CRP, by combining computer simulations and experimental results we have studied the
different processes involved in the permanent modification of silica: collective atomic motion,
bond breaking, pressure-driven atom rearrangement and ultra-fast cooling. The experiments
provided information on the ion track radius, changes in the dielectric constant and defect
formation, whereas the simulations allow studying the evolution of the material upon ion
irradiation. Results evidence that incoming ions leads to a sudden lattice energy enhancement
in the track region which promotes massive disorder of the material and bond breaking. As a
results of the mass transport, tracks have a low density core and a high density halo. We
obtained a threshold energy density for track formation around 0.6–1.0 eV/atom. Based on this
model we are able to explain and predict the nanotracks size, the velocity and thresholding
effects for track formation, the colour centre yield per incoming ion and the colour centre
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saturation density. More detailed information about the permanent modifications in silica
produced by ion-induced high electronic excitation can be found in Ref. [27].
7. STUDY OF NEUTRON SOURCES FROM SPALLATION MEDIUM TERM
FACILITIES AND LASER PLASMA
The very old proposal, never realized, of having a neutron source adequate to realistically
answer the key question of the neutron damage of namely structural materials in nuclear fusion
environments, but others, which finally conduct to know the lifetime of components in the
DEMO and Commercial Reactors, is now becoming to a reality if IFMIF-DONES is finally
approved inside the Broader approach of European-Japanese collaboration. The use of D-Li
stripping reactions to generate the good level of neutron fluxes and final fluences on time is
not/has not been the unique proposal for neutron source. A very long time ago, in the beginning
of 80’s a panel of proposals were presented and defended for this goal. Those solutions were
from D-Li, Spallation reaction, Reverse-Field Pinch facilities and more recently for neutrons
generated by Laser-Fusion. Projects like EURAC [28] using Spallation demonstrated clearly
the possibility to attain the necessary very high neutron fluxes even in excess with accelerated
time to final get the desired lifetime fluences; critics to the potential radioactive impurities
generated in the nuclear direct spallation reaction itself, and not the wrong prediction related to
the queue of the neutron spectrum, lacked the continuation of this idea, with a decision for DLi stripping reactions. Neutrons from spallation could be perfectly useful in laser fusion
research considering the pulse flexibility and under adequate small-medium moderated neutron
fluxes reproducing the conditions in some components such as optics or dielectrics in laserfusion systems.
But having the medium size facility of ESS-Bilbao with stripping reactions by using 75 mA
protons of 50 MeV with pulses of 0.1–1.5 ms and up to 20-50 Hz generating neutrons we study
its use for materials irradiation under nuclear fusion conditions [29] to qualify the facility we
first use the neutron and PKA spectra and the dose rate (in dpa/s and light species production
in different materials. We have seen that the spectra in ESS-Bilbao mimic quite well the fusion
spectra. We observe that the PKA spectra of ESS-Bilbao and IFMIF has a very much similar
shape and are suitable to better fit the radiation-induced damage in fusion reactors than those
fast reactors or spallation sources. However, the average neutron flux expected in a recent
Inertial Fusion design such as “HiPER chamber (6.5 m radius) is 1018 m-2 s-1, almost two orders
of magnitude higher than the average neutron flux that can be achieved in ESS-Bilbao” [29].
Damage rates in ESS-Bilbao are low to qualify structural materials (up to tens of dpa). For that
purpose, facilities like IFIMF will be needed. However, when dealing with structural materials,
medium sized neutron source such as the ESS Bilbao could help to study the initial stages of
damage. A different situation happens when dealing with silica-based optical materials. Silica
or silica-based materials are expected to be present in future fusion power plants in mirrors,
lenses, windows…. In laser fusion reactors optical components will be subjected to severe
irradiation conditions, in particular to neutron irradiation, which leads to the generation of
colour centres. “In HiPER the optical final lenses will receive an average neutron flux of
_2×1017 m-2∙s-1, and the average neutron flux that can be achieved in ESS-Bilbao is 2–4×1016
m-2∙s-1. The latter is only a factor 5 lower than the neutron flux expected” [29] in optics or other
dielectric components. By using the model developed by Marshall et al. [30] and reviewed by
Latkowsky et al. [31], we have estimated the colour the colour centre concentrations and
absorption coefficient in HiPER Demo and ESS-Bilbao at different temperatures. From this
comparison, we conclude that the ESS-Bilbao is very well suitable not only to validate materials
but also to improve available radiation-induced damage models in optical materials. Finally, it
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is important to mention that in addition to silica, other materials relevant for the fusion
community such lithium ceramics, ceramic insulators or electronic components could also be
studied.
Using Lasers, we can obtain neutrons namely through laser-induced ion beams, laser-implosion
and photo-induced nuclear reactions [32]. Photo-Induced nuclear reactions generating very
highly accelerated electrons because of very high intensity lasers that produce gammas during
their deceleration is the less applicable in our case because the efficiency is less than 10 % of
others.
Laser implosion has been extensively used as a response in Laser Nuclear Fusion facilities in
single pulses with results given in the next figure [33, 34].

FIG. 6. Neutron yield per pulse as a function of the laser pulse energy from Large High Aspect Ratio
Targets (LHART) [red Square], Exploding pusher [Black Square], Indirect driven NIF target [red
circle], cluster coulomb explosion [Black circle] are represented arriving to 1015 n/pulse in single
shot.

In Fig. 6, the consideration of 10–20 Hz (if available) with the present power of lasers will
conduct to very interesting testing for materials. It is also envisioned that attaining ignition it is
possible to get up 1018 n/pulse.
“There are different laser driven processes to accelerate ions from solid targets: laser breakout
afterburner, directed Coulomb explosion, the radiation pressure acceleration (RPA) and the
Target Normal Sheath Acceleration, TNSA, mechanism. The TNSA is one of the most
employed mechanisms by the laser neutron community for ion acceleration due to its more
relaxed experimental requirements. In these facilities we obtain at present a neutron production
per laser shot range from 105−6 in a table top system up to 1010 in large laser facilities. Typically,
the high neutron fluxes have been observed by deploying light ions (protons and deuterium)
accelerated by the TNSA mechanism in either d-d or p-Li reactions” [11]. Very recent
experiments of “an experimental campaign at the PHELIX laser at GSI in Darmstadt where

117

protons and deuterons were accelerated from thin deuterated plastic foils with thicknesses in
the μm and sub-μm range indicates that neutrons were generated inside a sandwich-type
beryllium converter, leading to reproducible neutron numbers around 1011 neutrons per shot.
The angular distribution was measured with a high level of detail using up to 30 bubble
detectors simultaneously. It shows a laser forward directed component of up to 1.42×1010
neutrons per steradian, corresponding to a dose of 43 mrem scaled to a distance of 1 m from the
converter” [35].
8. CONCLUSIONS
Within these three years we have worked to predict, to understand and to solve some of the
bottle necks for inertial fusion to become a reality. Part of the work was devoted to the
development of materials with improved properties to be used for plasma facing application,
permeation and corrosion barriers. Concerning to plasma facing materials by means of
computer simulations we have defined the lifetime of W as PFM in the three different predicted
HiPER scenarios, identifying the main threats in each of them. By combining experimental and
multi-scale computer simulations results we have seen that grain boundaries act as preferential
diffusion channels for H, delaying the blistering and cracking of the coarse grained W. We have
also studied the thermal stability of pure nanostructured W, and we have seen that it is stable
bellow 900ºC. Thus, nanostructured materials, with a large density of grain boundaries, would
exhibit a radiation resistant larger than that of coarse grained W, but technological solutions
need to be found in order to overcome metastability problems (gain growth). We have seen that
the ESS Bilbao is very well suitable to study PFM under inertial fusion conditions, but it does
not completely fulfil the requirements needed for PFM qualifications since it does not allow to
study the synergistic effect related to the arrival of several ions (e. g. He and H) simultaneously.
Still work has to be done to find out experimental facilities which allow us a realistic
qualification of PFM under inertial fusion conditions.
Regarding to the development of coating with improved deuterium/tritium permeation
resistance, we have worked in the optimization of the adhesion of the SiC deposited by RF
sputtering to Ni substrates. We got homogenous coatings well adhered to the substrates. We
have carried out permeation experiments to test the permeation resistance of these coatings, we
have obtained a PRF value lower than expected which evidence that there still room for
improving the coating performance.
Concerning to the development of corrosion resistant coatings, we have produced two different
kind of coatings: SiC and Nanostructured W. We have optimized the adhesion of the coatings
to the Eurofer. Accelerated corrosion test performed so far indicate that nanostructured W
works as a suitable corrosion protection layer at temperatures in the range from 350ºC to 550ºC.
Corrosion test of SiC coatings are still under way.
Relating to reactor technologies, we have developed a conceptual design of a HiPER final
lenses and of a ceramic breeding blanket with tritium breeding ratio tuning capabilities. We
have identified some limitations and define operational windows for these components. We
have also suggested some possible solutions to overcome current limitations.
By combining computer simulations and experimental results we have studied the different
processes involved in the permanent modification of silica produced when irradiated with swift
heavy ions. We have developed a model to account for radiation-induced damage which can be
easily applicable to any other insulating material.
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We have studied the capabilities of medium sized neutron source, such as the ESS-Bilbao to
study of materials neutron irradiation under nuclear fusion conditions, concluding that it is
suitable to account only for the initial stage of the damage in structural materials, but it is very
well suitable to account for the damage generated in silica-based optical materials, in ceramic
breeders and in electronic components.
Apart from the scientific results, this CRP has allowed us to keep in touch with other groups
working in the same or in similar subjects. Because of this interaction, we have been able to
carry out common experiments with the people from the plasma group at the Comision Chilena
de Energia Nuclear where we have performed diverse experimental campaign in order to study
the behavior of different materials (NW and DLC) under pulsed irradiation. This common work
has also contributed to teaching of students. Indeed, it is part of the PhD thesis of two students
(A.R. Paramo and M. Panizo-Laiz). Moreover, the CRP has also allowed us to identify common
research interest with other groups and has opened is to possibility to join them to ask together
for European projects.
Finally, we conclude that even when a lot of work has been done, still a strong effort is
necessary to make the inertial fusion a reality. In addition, we intensely think that it is important
to work together, in collaboration with other groups, to promote progress avoiding duplication
of work and saving costs.
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Abstract
During the first year of CRP F1.30.16 project under the research contract no. 20888 the changes
in the structural, morphological, compositional and hardness properties of tungsten (W) irradiated by
Dense Plasma Focus (DPF) device was studied. The W samples were irradiated: (i) at different positive
(above the anode top) and negative (inside the hollow anode) axial distances from the anode top using
single and three plasma focus shots respectively; and (ii) at fixed distance using different number of
focus shots. The X ray diffraction results show that there was no new phase formation in the irradiated
W samples. Damages and modifications on the surface of the W samples were found at a greater positive
distance above the top of the anode and at a smaller distance negative below the top of the anode. During
the second year of the research contract the experiment performed include: (i) processing of bulk
tungsten substrate by RF nitrogen plasma; (ii) DPF device based micron-thick carbon thin films
deposition on tungsten (carbon@W); and (iii) deposition of 100 nm thick tungsten thin films on tungsten
(W@W) using pulsed laser deposition. All these samples were exposed to DPF shots at fixed distance
of 7 cm from anode top. The best strategy to protect the W substrate was concluded to be the surface
nanostructurization by RF nitrogen plasma treatment. Finally, during the third of the project several
experiments were conducted to improve the ability of PLANSEE tungsten substrates to withstand the
thermal, radiation load. Exposure of tungsten substrates to nitrogen plasma in a capacitively coupled RF
plasma system in a nitrogen environment to completely nanostructurise the surface of the tungsten
substrate. The RF plasma treated samples, which showed the highest surface hardness, showed the
maximum resistance to surface damage after exposure to fusion conditions in deuterium plasma.

1. INTRODUCTION
Candidate materials “for plasma facing component (PFC) in fusion reactors need to have the
capacity to withstand a multitudes of extreme thermal and radiation loading conditions.
Transient heat loads lead to the material degradation like thermal shock and thermal fatigue
related cracks, recrystallization and melting. The exposure to the energetic fusion neutrons
cause the material degradation affecting the lifetime of wall components. Energetic plasma
species lead to the chemical changes as well as physical sputtering of materials, which cause
the erosion and re-deposition processes of mixed layers. For high atomic number (Z) materials,
the maximum acceptable impurity concentration in the plasma is very small as it would lead to
very high bremsstrahlung radiation energy loss and result in the cooling of plasma. There is a
limited selection of the suitable PFC materials that can be used under extreme fusion
environment such as the one expected in International Thermonuclear Experimental Reactor
(ITER), the biggest Tokamak device currently in construction phase and expected to be
operational in later half of next decade [1]. The candidate materials and their compounds for
the deuterium/tritium operation phase of ITER device include beryllium, tungsten and carbon
fibre composite. Tungsten is one of the most important material for first wall of fusion reactor
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[2–4] in the divertor and bafﬂe regions. The divertor is the component in the Tokamak machines
with most intense plasma contact which covers the bottom part of the plasma-facing surface
(expected to be 210 m2 for ITER). The plasma-facing material of the divertor needs to be
bonded to a high thermal conductivity heat sink material as they contact with high heat flux
plasma up to 20 MW/m2. The excellent properties of tungsten which makes it to be a main
candidate as PFC material, are its high melting point (3422°C), high atomic number, high
sputtering resistance to energetic particles, high thermal conductivity (173 W∙m-1∙K-1 at room
temperature and 100 W∙m-1∙K-1 at 1527 °C ), low tritium retention and better thermo mechanical
properties [5]. Since the PFC materials are prone to damage due to its direct contact with
extreme radiation and heat load conditions, the researchers have concentrated their work on the
evaluation of radiation induced damage on fusion reactor materials [6-11]. Results of tungsten
material performance and brittle crack formation under transient heat loads and its dependence
on base tungsten temperature and absorbed power density can be found in literature”3 [12–15].
Dense Plasma focus (DPF) devices [10-11, 16] have “been utilized as a tool to experimentally
study the effects of radiations on different materials proposed for different parts of nuclear
fusion devices”3. The DPF device can generate the maximum power density of heat loads in
the order of 108 MW∙m-2 on target surface in the time duration of a few to several tens of
microseconds [17]. On the other hand, heat loads with maximum power density on first wall
material and component in divertor region in tokamak devices are about 1 MW∙m-2 and about
20 MW∙m-2, respectively. Also, the current pulse duration in tokamak devices is in the range of
10 s to 10 ms but the rise time of disruptive phenomena, like edge localized modes, is only
few s [18]. Hence, the DPF is a suitable device to emulate conditions in fusion devices with
compatibility in their technological necessities. The “significance of PF devices as a suitable
laboratory tool for testing of candidate materials for fusion reactor is evident by participation
of large number of PF device groups in IAEA organized dedicated Coordinated Research
Projects: (i) F13012 (2008–2011) on “Integrated approach to Dense Magnetized Plasma
applications in nuclear fusion technology” [19]; (ii) F13013 (2011–2015) on “Investigations of
Materials under High Repetition and Intense Fusion-relevant Pulses” [17]; and (iii) CRP
F13016 (2016-2019) on ‘Pathways to Energy from Inertial Fusion: Materials beyond
Ignition’”3.
The “major application of PF devices that has emerged very strongly in last two decade is its
application for material synthesis and processing. More than 100 journal papers have been
published in this field and this field is growing very fast due to several intrinsic key features of
DPF devices that are not available in other plasma devices used for material synthesis and
processing. Excellent review of application of PF devices for materials science and technology
is provided in few review papers published recently [20-21]. The instability accelerated ions in
PF devices have wide range of energies from tens of keV to few MeV [23, 24]. Bostick et al.
[25] studied the effect of deuterium ion irradiation on the plates of Al, Cu and Si using a PF
device. They observed the formation of surface defects such as holes, pores and blisters on the
plates. Bhuyan et al [10] used a low energy PF device to investigate the proton induced damages
on tungsten samples. They reported the development of compressive stress on tungsten surface
and a reduction in hardness values of the treated sample. Pimenov et al. [26] used two different
types plasma focus devices (PF-1000 (Mather type) and PF-60 (Filippov type)) to demonstrate
phase-structural transitions, elemental composition changes and features of damage in
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austenitic and ferritic steels irradiated by pulsed ions and high temperature hydrogen and
deuterium plasma, respectively. Dutta et al. [27] studied the irradiation effect of helium ions on
tungsten sample using PF device to show the different types of crystalline defects, a shift of the
major peaks towards the higher Bragg angles and a marginal reduction in hardness value of
irradiated sample. Niranjan et al. [28] investigated the surface modification of different
materials with fusion grade plasma by using an 11.5 kJ plasma focus device. They reported the
formation of cracks, blisters, craters and erosions after irradiations and the changes in the
structural phase transformation in surface layers of the samples”3.
In this report, we present the work done during the three years of the project, from December
2015 to November 2018, under CRP research contract 20388, a using a mid-energy DPF device.
During the first year, the changes in the structural, morphological, compositional and hardness
properties of tungsten (W) irradiated by Dense Plasma Focus (DPF) device was studied. The
W samples were irradiated (i) at different positive (above the anode top) and negative (inside
the hollow anode) axial distances from the anode top using single and three plasma focus shots
respectively and (ii) at fixed distance using different number of focus shots. During of the
second year of the project we studied the effect of deuterium ions and neutrons irradiations on
different physical properties of different types of tungsten samples such as carbon thin film
coated tungsten substrate (carbon@W), tungsten thin film coated tungsten substrates (W@W),
and nitrogen plasma treated tungsten substrate. Finally, during the last and the third year of the
project several other experiments were conducted which include: (i) exposure of tungsten
substrates to nitrogen plasma in a capacitively coupled RF plasma system in a nitrogen
environment to completely nanostructurize the surface of the tungsten substrate, (ii) surface
hardening of the untreated and nanostructurized tungsten substrates using the high energy
density nitrogen plasma produced by the dense plasma focus device, (iii) deposition of <100
nm thick layer of tungsten on the surface of the tungsten substrates using tungsten anode
ablation in dense plasma focus device and also by magnetron sputtering and (iv) deposition of
<100 nm layer of hardened tungsten on the surface of tungsten substrates by operating the dense
plasma focus with a tungsten anode tip in nitrogen environment.
2. EXPERIMENTAL SETUP
Several experimental plasma facilities were used during this project which include: (i) DPF
device; (ii) pulse laser deposition (PLD) facility; and (iii) RF nitrogen plasma system. The DPF
device was used for multiple purpose of irradiation of tungsten substrate sample to high thermal
and radiation load, deposition of tungsten thin films and nitriding of nanostructured tungsten
surface. The PLD was deposit W thin films and RF nitrogen plasma facility was used for
nanostructurization and nitriding of W substrate surface. In addition to this several
characterization facilities were used to characterize the various samples used in this study.
Details of these devices and characterization tools in this investigation are described below.
2.1. Dense Plasma Focus Device
The dense plasma focus device can be used for a variety of surface modifications based on the
operating parameters. Since the device can produce hot dense decaying plasma after the pinch
phase with very high energies in keV together with instability accelerated keV to MeV range
ions of filling gas species, it can be used for different surface treatments based on the operating
conditions. The schematic of the dense plasma focus device is shown in Fig. 1. The device used
in this study was the 3 kJ UNU-ICTP dense plasma focus device. The anode and cathode are
arranged in a coaxial manner with the anode at the centre. The anode is connected to the HV
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30 µF capacitor through swinging cascade spark-gap switch operated in air which can be
triggered using a suitable triggering electrons. When the switch is triggered, the discharge
begins at the closed end of the coaxial electrode assembly along the glass sleeve insulator
(shown in Fig. 1). The magnetic field produced by the discharge current applies a Lorentz force
on the plasma created which pushes the plasma in the upward direction. The symmetric
geometry of the anode - cathode assembly makes sure that the plasma is created symmetrically.
This plasma column collapses at the top of the anode because of the same Lorentz force
compresses the plasma forming a pinch column with high energy density. During the pinch
phase, the plasma temperature increases from several tens eV to a few hundreds of eV to keV.
The design of the UNU-ICTP DPF device is such that if the working pressure is appropriate,
the pinch column is formed when the plasma current is maximum. This will ensure that the
compression force is maximum and thus the plasma temperature and density can achieve
highest possible values of ~1–2 keV and ~1025–1026 m-3.

FIG. 1. Schematic of Dense Plasma Focus device showing different parts and the sample for
treatment.

The plasma temperature and density can be controlled by controlling the pinching efficiency of
the DPF device which is essentially controlled by operating gas pressure and by moving away
from the optimal pinch conditions. When the pressure is such that the current maximum
coincides with the pinch formation, the plasma temperature is highest. This mode of operation
of the dense plasma focus device is called the ‘focused mode operation’. Since the plasma
temperature is the highest in this mode and moreover the m=0 instabilities are commonly
formed leading to generation of relativistic electron beam which move toward the anode and
can be used to efficiently ablate the material placed at the anode tip and thus can be used for
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deposition. Since the high energy ions are also generated which move towards the top of the
chamber, this mode of operation may also damage the surface of the sample if the sample is
placed too close to the anode tip. If the operating pressure is such that the current maximum
does not coincide with the pinch, this mode of operation is called ‘off-focus mode operation’.
Even though the compression of the pinch plasma column isn’t optimal, compression still
happens, and the plasma temperature is still in the 100s of eV range. In this mode of operation,
the plasma energy can be controlled, and instability accelerated ions/electrons can be removed
and hence the damage to the sample can be considerably reduced. This plasma can thus be used
for surface treatment of the tungsten samples. The energy of the plasma produced in this case
is still much higher than the 8–10 eV produced in the case of the RF plasma system.
2.2. Pulsed Laser Deposition Facility
Pulsed Laser Deposition (PLD) is a thin film deposition (Physical Vapor Deposition (PVD))
technique where a high power pulsed laser is focused inside a vacuum chamber to strike a target
of the material that is to be deposited. The ejected species expand into the surrounding vacuum
in the form of a plume containing many energetic species including atoms, molecules, electrons,
ions and clusters before depositing on the typically hot substrate. PLD was used to create
nanostructures on the tungsten substrates we also attempted to deposit the tungsten thin film ~
100 nm on tungsten substrate (1 cm  1 cm) using pulse laser depositions. The schematic of the
pulse laser deposition setup used in the experiment is given in Fig. 2.

FIG. 2. Schematic of Pulsed Laser Deposition (PLD) used for the deposition of tungsten thin film on
tungsten surface.

2.3. Radio Frequency Nitrogen Plasma Facility
We attempted to make the nanostructures of tungsten on the surface of tungsten substrates by
nitrogen Radio Frequency (RF) plasma treatment. The experimental setup is as shown in Fig.
4. The tungsten substrates were kept in quartz tube with 40 mm internal diameter. Before
exposure, the quartz tube was evacuated for 30 min using rotary pump to achieve a pressure of
10-3 mbar. Thereafter, nitrogen gas was allowed to pass through the quartz tube and the pressure
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was maintained at 5  10-1 mbar using the needle valve. Two cooper ring electrodes were placed
90 mm apart on the quartz tube to generate the capacitively coupled RF plasma discharge.
Advance Energy RF source with Navio automatic impedance matching network was used to
apply required of power for plasma generation.

FIG. 3. Experimental set up used for the nanostructurization of the tungsten surface using N2 RF
plasma.

2.4. Characterization Techniques
The SIEMENS D5000 X ray diffractometer (XRD) equipped with a CuK (𝜆 = 0.15418 nm)
source was used to investigate the change in preferred orientation of the W crystal structure.
The JEOL JSM-6700F field emission scanning electron microscope (SEM) was used to
determine the changes in the surface morphology, in terms of the cracks formed, droplets and
other surface modifications, based on the experimental parameters used. The VG ESCALab
220i-XL Imaging X ray photoelectron spectroscopy (XPS) was used to analyse the changes in
the compositional properties which include the present elements and their electronic and
bonding states. The Pace Technologies HV-1000Z micro-hardness tester (using a Vickers
diamond pyramid indenter) was used to show the changes in the mechanical properties of the
W samples.
Following sections (3, 4 and 5) provide the experiments performed and corresponding results
and discussion during each year of the project.
3. W IRRADIATION STUDIES IN DPF DEVICE DURING FIRST YEAR OF RESEARCH
CONTRACT
The schematic of UNU/ICTP DPF with special configuration to irradiate the PLANSEE W
substrate above and the below the anode tip (referred as positive and negative distance of
exposures) is shown in Fig. 4. The anode attachment in Fig. 4 serves the purpose for the W
samples to be placed below the top of the anode; to the best of our knowledge this is first
irradiation experiment in DPF where the samples were also mounted inside the anode, below
the anode top in negative z-direction. This procedure is the first of its kind to be carried out – it
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will allow the investigation of the effects on W samples when irradiated to relativistic electron
exposure. Before each irradiation shot was made, the plasma focus vacuum chamber would be
evacuated using a rotary vacuum pump to a base pressure of ≈ 4 × 10 mbar. Once the base
pressure is reached, argon gas will be pumped into the chamber to reach a pressure of ≈
1.5 mbar. An electrical discharge was carried out at capacitor charging voltage of ≈ 14 kV to
perform the irradiation exposure. The various distances (positive and negative) of exposure of
W samples and their corresponding sample numbers are listed in Table 1.

FIG.4. Schematic of UNU/ICTP DPF device with special anode attachment to expose W samples
below the anode tip at negative distances.
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TABLE 1. EXPERIMENTAL PARAMETERS FOR W SAMPLES S7 TO S25
Sample
Number

Number of shots,
n

Exposure distance, z
(mm)

S7 (Control)

-

-

S8

1

10

S9

1

20

S10

1

30

S11

1

40

S12

1

50

S13 (Control)

-

-

S14

1

50

S15

2

50

S16

3

50

S17

4

50

S18

5

50

S19 (Control)

-

-

S20

3

0

S21

3

−8

S22

3

−16

S23

3

−24

S24

3

−32

S25

3

−40

The XRD patterns of all the W samples are shown in Figs 5(a)–(c). For the control samples, the
diffraction peaks ( ) are observed at 2𝜃 values shown in Table 2 which are in reasonable
agreement with the Standard X ray Diffraction Powder Patterns of W [29].
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TABLE 2. 2Θ VALUES OF DIFFRACTION PEAKS FOR SAMPLES S7, S13 AND S19
Standard 𝟐𝜽 (degree)

(h k l)

S7

S13

S19

40.265

(1 1 0)

40.26

40.26

40.24

58.276

(2 0 0)

58.26

58.22

58.22

73.197

(2 1 1)

73.10

73.12

73.14

87.024

(2 2 0)

86.94

86.94

86.88

100.651

(3 1 0)

100.56

100.54

100.50

114.928

(2 2 2)

114.12

114.60

114.62

131.184

(3 2 1)

131.02

131.02

131.02

153.602

(4 0 0)

153.42

153.22

153.28

For the irradiated W samples, the diffraction peaks are still observed at almost the same 2𝜃
values as for control sample, mentioned in Table 2. On top of that, there were also no additional
diffraction peaks indicating no new phase formation. To evaluate the preferred orientation of
the W samples, the texture coefficient was calculated using the following equation:
Tc (hkl)=

I(hkl)
I0 (hkl)
I(hkl)
N-1 ∑ (hkl)
I0

, where Tc (hkl) is the texture coefficient of the (hkl) plane, 𝐼(ℎ𝑘𝑙) is the

measured intensity of the (hkl) plane, 𝐼 (ℎ𝑘𝑙) is the standard intensity of the (hkl) plane from
standard database and 𝑁 is the number of diffraction peaks. From the above equation, 𝑇 is
approximately 1 for a randomly selected distributed powder sample, while 𝑇 is greater than 1
when the (hkl) plane is the preferred orientation [30]. The estimated texture coefficients are
calculated and listed in Tables 3, 4 and 5. It may be noticed that the 𝑇 is the highest for the (1
1 0) peak for samples S7 to S25 indicating no change in the preferred orientations.
Figure 6 shows the surface morphology obtained by SEM of W sample S7 (Control), and
samples irradiated at different positive distances above anode such as S8 (𝑧 = 10 mm), S10
(𝑧 = 30 mm) and S12 (𝑧 = 50 mm). From these images, we can see that the number of cracks
on the surface of the W samples decreases as they are exposed to argon ion irradiation at a
greater distance from the top of the anode. It can be observed in Fig. 6(b) where nanostructures
could be found on sample S8 as compared to the surfaces of samples S10 and S12 which still
retain some parts of the polished surface observed on the surface of sample S7. Some white
spots were also observed. This can be explained by the sputtering and redepositing of W
particles due to the heavy ion bombardment. The surface of the W sample was melted due to
the high temperature and some sputtered W particles could be redeposited on the surface of the
sample. More white spots were seen on the surface of samples S10, which was placed at an
exposure height of 𝑧 = 30 mm from the top of the anode. The increase in irradiation distance
led to less number of cracks with some parts of samples showing polished markings, which
indicates the decrease in processing efficiency.
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Figure 7 shows the surface morphology obtained by SEM of W sample S13 (Control), and
samples exposed at fixed distance of 5 cm but using different number of DPF shots; S14 (n=1),
S16 (n=3) and S18 (n=5). From these images, we can see that the amount of damage on the
surface of the W samples increases as they are exposed to more ion irradiation shots at a fixed
exposure distance of 𝑧 = 50 mm above the top of the anode. Due to the exposure distance of
the samples, nanodust could also be observed on their surfaces.

(a)

(b)

(c)
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FIG.5. XRD patterns of W samples irradiated: (a) at different positive distances above anode;
(b) using different number of DPF shots above anode; (c) at different negative distances inside
anode.
TABLE 3. TEXTURE COEFFICIENTS OF ALL DIFFRACTION PEAKS FOR SAMPLES
IRRADIATED AT DIFFERENT POSITIVE DISTANCES ABOVE ANODE
Standard
2Theta
(degree)

Standard
Relative
Intensity

(h k l)

S7

S8

S9

S10

S11

S12

40.265

100

(1 1 0)

2.34

3.08

2.73

3.45

3.07

2.60

58.276

15

(2 0 0)

0.77

0.67

0.70

0.45

0.60

0.68

73.197

23

(2 1 1)

0.71

0.63

0.64

0.77

0.74

0.95

87.024

8

(2 2 0)

2.19

2.15

2.34

2.33

2.20

2.03

100.651

11

(3 1 0)

0.53

0.36

0.44

0.30

0.36

0.42

114.928

4

(2 2 2)

0.11

0.03

0.04

0.04

0.11

0.11

131.184

18

(3 2 1)

0.61

0.48

0.48

0.28

0.51

0.61

153.602

2

(4 0 0)

0.74

0.60

0.63

0.38

0.40

0.61
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TABLE 4. TEXTURE COEFFICIENTS OF ALL DIFFRACTION PEAKS FOR SAMPLES
IRRADIATED WITH DIFFERENT NUMBER OF DPF SHOTS ABOVE ANODE
Standard
2Theta
(degree)

Standard
Relative
Intensity

(h k l)

S13

S14

S15

S16

S17

S18

40.265

100

(1 1 0)

2.19

2.69

1.31

3.36

3.32

3.03

58.276

15

(2 0 0)

0.80

0.59

0.99

0.37

0.49

0.55

73.197

23

(2 1 1)

0.86

0.76

0.89

0.51

0.60

0.70

87.024

8

(2 2 0)

2.17

2.23

1.10

2.45

2.45

2.18

100.651

11

(3 1 0)

0.51

0.43

0.95

0.35

0.35

0.40

114.928

4

(2 2 2)

0.17

0.11

0.64

0.06

0.03

0.05

131.184

18

(3 2 1)

0.66

0.59

0.91

0.46

0.46

0.53

153.602

2

(4 0 0)

0.64

0.61

1.21

0.43

0.29

0.56
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TABLE 5. TEXTURE COEFFICIENTS OF ALL DIFFRACTION PEAKS FOR SAMPLES
IRRADIATED AT DIFFERENT NEGATIVE DISTANCES INSIDE ANODE
Standard
2Theta
(degree)

Standard
Relative
Intensity

(h k l)

S19

S20

S21

S22

S23

S24

S25

40.265

100

(1 1 0)

2.49

2.96

2.93

3.23

3.08

2.92

3.15

58.276

15

(2 0 0)

0.76

0.51

0.59

0.56

0.67

0.61

0.64

73.197

23

(2 1 1)

0.69

0.58

0.66

0.42

0.57

0.73

0.57

87.024

8

(2 2 0)

2.25

2.68

2.41

2.58

2.39

2.31

2.31

100.651

11

(3 1 0)

0.51

0.31

0.37

0.31

0.32

0.33

0.31

114.928

4

(2 2 2)

0.17

0.03

0.04

0.03

0.03

0.05

0.04

131.184

18

(3 2 1)

0.55

0.44

0.46

0.35

0.48

0.53

0.48

153.602

2

(4 0 0)

0.59

0.48

0.55

0.51

0.45

0.53

0.50
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FIG.6. SEM images of samples irradiated at different positive distances above anode. The micron bar
in all SEM images is 1µm.

FIG.7. SEM images of samples irradiated using different number of DPF shots above anode. The micron
bar in all SEM images is 1µm.

On top of that, the surface of sample S14 in Fig. 7(a) is similar to that seen in sample S12 in
Fig. 6(a) because they were treated to ion irradiation in the same manner. However, after 5 DPF
shots are fired on the W sample S18, it can be seen in Fig. 7(b) that more cracks and droplets
are formed on its surface. These craters could be created by a process where the surface of the
W sample melts and sputters due to the heavy bombardment of energetic ions. This leaves a
crater at the point of impact which can be seen as the black circular shapes in Fig. 7(b). There
was also some blistering on the surface of the W sample along the crack lines as seen in Fig.
7(b). This could be due to the uneven expansion of the W surface along the cracks as its
temperature increases by a huge amount due to the bombardment by energetic ions and the hot
dense decaying plasma in the DPF. Therefore, we can consider that the morphological structure
of the W sample surface suffers greater damage as the number of shots of ion irradiation
increases.
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Fig. 8 shows the surface morphology of W sample S19 (Control) and samples exposed inside
the hollow anode at negative distances below the anode top; S21 (z=-8 mm), S23 (z=-24 mm)
and S25 (z=-40 mm). From these images, we can see that cracks are observed on the surface of
W samples S21, S23 and S25. The depth of the cracks increases as the W samples are exposed
to electron irradiation at a greater negative distance below the top of the anode. This can be
seen in Fig. 8(a) where the contrast between the surface and the cracks is greater in sample S25
as compared to the sample S21. This implies that the penetration strength of the relativistic
electrons is greater at a further distance below the top of the anode.

FIG. 8. SEM images of samples irradiated at different negative distances inside anode. In (a), the micron
bar in all SEM images is 1µm. In (b), the micron bar in SEM image is 10µm.

On top of that, all W samples still retain some parts of the polished surface observed on the
surface of sample S19. This can be deduced by the white lines observed in all SEM images of
samples S21, S23 and S25. This suggests that the impact of electron bombardment is weaker
as compared to that of ion bombardment seen in previous paragraphs. Furthermore, there are
no white spots and cavities on the surface of these samples. This could mean that electron
bombardment is not strong enough to cause the sputtering and melting of W. However, as the
exposure distance of the W sample below the top of the anode increases, more hairline cracks
could be seen along the deep cracks. This is observed in sample S25 Fig. 7(b) which has an
exposure height of z=-40 mm below the top of the anode. Even though the impact of electron
bombardment is weaker than that of ion bombardment, we can consider that it gets relatively
stronger and has more penetration damage as the exposure height below the top of the anode
increases. Figure 9 shows the XPS results for W sample S12. The XPS results for W samples
S18 and S25 were also similar to that of sample S12.
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FIG. 9. XPS results of W sample irradiated at 50 𝑚𝑚 above anode.

From Fig. 9(a), we can observe that some copper can be found on the surface of the irradiated
W samples exposed at positive and negative distances. The copper could be deposited on the
sample surface due to the ablation of the copper anode. However, there were no copper
crystallites found in the XRD results. One of the possible reasons to account for this would be
that the detected copper may be in its amorphous phase and also in very small amount and hence
it could not be detected during the XRD analysis. On top of that, the XRD analysis has a
penetration depth of ≈ 1 μm while the XPS analysis has a penetration depth of only ≈ 10 nm.
Hence, we can deduce that the deposited copper content is very little and has no signatures in
the XRD results. Fig. 8(b) shows that some W oxide was found on the surface of the W samples.
This could be explained by the oxidation of the samples when they were exposed to the
atmosphere after removing them from the DPF.
Table 6 shows the average micro-hardness values of the W samples S7 (Control), S8
(z=10 mm), S12 (z=50 mm), S20 (z=0 mm) and S25 (z=-40 mm). The micro-hardness of
samples was measured at multiple points on the surface and the average was taken as a
representation of the entire sample.
TABLE 6. MICRO-HARDNESS OF W SAMPLES S7, S8, S12, S20 AND S25
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Sample Number

Micro-hardness (HV) ± Standard Error

S7

930±19

S8

840±31

S12

871±19

S20

786±29

S25

889±32

From Table 6, we can see that the micro-hardness of the control sample S7 was the highest as
compared to the other samples. The change in the micro-hardness values could be explained by
the exposure to the argon plasma which will create defects on the surface of the irradiated
samples. This will reduce the hardness of the sample surface as compared to exposing the
samples to carbon or nitrogen plasma, which will react with the surface to form carbides and
nitrides respectively and increase the hardness values instead. The presence of copper, as seen
in Fig. 7, will also reduce the hardness of the surface since copper has a lower hardness value
as compared to W.
We can also observe that W samples S12 and S25, which have a greater exposure distance from
the top of the anode, had a smaller reduction in their micro-hardness values as compared to
samples S8 and S20 which have a smaller exposure distance from the top of the anode. This
can be attributed to lesser structural defects as the ion/electron energy flux will reduce at greater
distance of exposure due to beam divergence as well as due to lesser amount of copper
deposition at greater distance of exposure, both above and below the anode top.
4. W PROCESSING USING RF NITROGEN PLASMA, DEPOSITION OF CARBON@W
AND W@W AND THEIR IRRADIATION STUDIES IN DPF
The experiments performed during second year include preparation of four (4) samples of
tungsten coated with about 100 nm tungsten thin films (W@W) by using pulsed laser deposition
facility, three (3) samples of tungsten coated with about micron thin carbon thin films
(carbon@W) and 2 samples of tungsten treated with RF nitrogen plasma for 15 minutes and 30
minutes at RF discharge plasma power of 200 W. All these were exposed to D2 Plasma by
using UNU-ICTP DPF device.
In order to deposit the thin film of tungsten using PLD, the PLD deposition chamber was
evacuated up to 4.5 × 10-7 Torr. Thereafter, 532 nm Nd:YAG laser at 10 Hz repletion rate and
4.73 J∙cm-2 energy fluence was shined on the 0.1 mm thick tungsten foil which is used as a
tungsten target. The distance between the tungsten substrate and tungsten target was kept at 5
cm during the entire deposition. PLD deposition was carried out for 20 minutes which is
equivalent to 12,000 shots. The carbon deposition on the tungsten substrate was done using the
typical 3 kJ UNU-ICTP DPF device that uses 19 mm diameter anode. The 19 mm diameter
copper anode was fitted with a graphite top. The anode length was about 160 mm was used and
the cathode-anode gap was 32 mm. The DPF was operated in methane at a pressure of 2 mbar.
The methane was used as an additional source of carbon precursor needed for carbon thin film
deposition. The tungsten samples were placed at a distance of 15 cm from the anode tip and
five consecutive shots were fired for the carbon deposition. For each shot, a fresh gas fill was
used to replenish carbon precursor. A total of 4 samples of carbon@W were prepared at the
same condition. The RF plasma treatment of four tungsten samples was performed using 200
W nitrogen plasma, two for a duration of 15 min and two for 30 min.
For irradiation experiments, the DPF was operated at 4 mbar of pressure of deuterium and we
were able to get a very sharp and focus pinch, as shown by the signal in Fig. 10. The neutron
yield obtained from this DPF expected to be about 1 × 108 neutrons per shot.
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FIG. 10. Voltage and di/dt waveform in the dense plasma focus device operated in deuterium plasma.

4.1. Effect of nitrogen RF plasma treatment on W substrates
4.1.1. Structural studies
In order to understand the phase and the crystallite size of the RF nitrogen plasma treated
tungsten samples, X ray diffraction was carried out using Siemens X ray Diffractogram in
detector scan mode. The diffraction spectra were refined using Rietveld refinements in TOPAS
software. The Rietveld-refined spectra show reasonably good fit between the experimental
XRD data and fitted XRD data as shown in Figs 11(a)–(b). Figs 11(a)–(b) show the XRD
spectra of tungsten film exposed to RF plasma for 15 min at 200 Watt and 30 min at 200 Watt
respectively. Sharp diffraction peaks observed at 40.25˚, 58.23˚, 73.16˚, 86.96˚, 100.59˚ and
114.87˚ correspond to (011), (002), (211), (022), (031) and (222) planes respectively. The
diffraction spectra were indexed to Im-3m (space group number 229) with lattice parameter, a
= 3.166 Å. Average crystallite size was calculated using Scherrer formula which showed
average particle size of 9.7 nm.
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FIG. 11. (a) X ray diffraction of nitrogen RF plasma exposed tungsten film for 15 minutes at 200 Wat;
(b) Nitrogen RF plasma exposed tungsten film for 30 minutes at 200 Watt. The spectra in black shows
the experimental data recorded using detector scan keeping the X ray tune angle at 1. The spectrum
in red represents the Rietveld-refined X ray diffraction fitted with space group Im-3m (space group
number 229). The spectrum in blue shows the difference between the experimental data and
theoretically fitted data

4.1.2. Morphological studies
In order to understand the effect of the nitrogen RF plasma on the surface of tungsten, scanning
electron microscopy (SEM- JEOL) was carried performed. Figs 12(i)(a–c) shows the SEM
images at different magnifications of the RF treated samples for 15 min at 200 W. It can be
seen clearly that the nanostructurisation process on the surface of the tungsten had just reached
its initial stages. The tungsten before plasma treatment were manually/mechanically polished
using emery papers of different grades. The linear line marks of manually polished samples can
still be seen in sample treated with 15 minutes RF nitrogen plasma. The tungsten sample treated
with 15 minutes of nitrogen plasma shows less surface feature. Even at the magnification of
50000 the nanostructurization marks are barely visible. However, as the exposure time is
increased from 15 min to 30 min, we could clearly observe some changes on the tungsten
surface as shown in Figs 12(ii)(a–c). First of all, the density of rough features on the 30 minute
irradiation sample increases significantly as can be noticed from comparison of Fig. 11(i)(a)
and Fig. 12(ii)(a) and secondly at higher magnification of 50000 marks a clear appearance of
nano-sized features can be observed.
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(i) (a)

(i) (b)

(i) (c)

(ii) (a)

(ii) (b)

(ii) (c)

FIG. 12. SEM of Nitrogen RF plasma exposed samples. (i) 15 minutes exposure; (ii) 30 minutes
exposure.

4.1.3. Effect of DPF Irradiation on Nitrogen RF Plasma treated Tungsten:
Both RF nitrogen plasma processed samples were treated to two DPF shots operated in
deuterium to exposure sample to hot dense decaying plasma, plasma jet stream, instability
accelerated ions and neutrons. Tungsten exposed with 15 minutes nitrogen RF plasma shows
melting and solidification of the sample surface with large number of crack formation seen
particularly well in Figs 13(i)(b–c). However, for the 30 minutes exposed nitrogen RF sample
almost no cracks were observed. The surface morphology interestingly is very different from
the 15 min treated sample as shown in Figs 13(ii)(a–c). This may be attributed to the RF
nitrogen plasma created nano-structurized tungsten surface due to prolonged 30 min treatment.
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(i) (a)

(i) (b)

(i) (c)

(ii) (a)

(ii) (b)

(ii) (c)

FIG. 13. SEM of 2 shots Deuterium plasma exposed RF plasma treated samples. (i) 15 minutes
exposure; (ii) 30 minutes exposure.

This is a remarkable result verifying the hypothesis the substantial nanostructurization of the
tungsten surface may help in mitigation of surface damage by DPF plasma and radiation
exposure. Since we have not yet conducted XPS measurements the extent and type of nitrogen
functionalization/doping is not yet established. We did the EDX (energy dispersive X ray)
measurement during SEM, but since the sensitivity towards nitrogen is very low, the nitrogen
was not detected. The XRD measurements (not included) did not show any tungsten nitride
phase formation. Hence, the nitrogen, if any, is in probably in amorphous form or the nitride
phase is in scattered nano-crystalline form.
4.2. Effect of Carbon Thin Film Deposition using DPF on Tungsten substrates
The effect of deposition of a thick layer of carbon on tungsten on exposure to deuterium
operated UNU-ICTP DPF device was also studied. A graphite top anode was used for the
deposition with methane as the operating gas. The pressure within the chamber was set at 2
mbar and the deposition distance was 15 cm from the anode tip. The deposition was done using
5 DPF focus after conditioning. The distance was set such that the high energy ions flux would
reduce substantially on the sample surface so as to create no damage to the tungsten samples.
Since the anode and the operating gas contains carbon, a thick layer of carbon is expected on
the sample surface. Four (4) such tungsten samples were prepared so as to study the effect of
exposure of the deuterium plasma.
4.2.1. Structural studies
The carbon@W samples were subjected to X ray diffraction measurement to investigate the
structural studies. The diffraction pattern (Fig. 14) did not show any change in the structure
after exposing the carbon deposited tungsten confirming that no extra phase of W-C is formed
after plasma exposure.
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FIG. 14. X ray diffraction of carbon deposited tungsten exposed with D2 plasma. (a) Unexposed; (b) 1
shot; (c) 2 shots; (d) 4 shots.

4.2.2. Morphological Studies
To measure the thickness of the carbon layer deposited on tungsten, a glass substrate was also
exposed to the DPF plasma (at the same time as the tungsten samples). The thickness
measurements were conducted by doing the cross-sectional SEM images of carbon thin films
deposited on silicon samples; and are shown in Fig. 15. It can be seen that a very thick layer of
carbon of ~ 2 µm was deposited on the surface of the sample. The deposition was more or less
uniform for all the 4 samples.
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(a)

(b)

(c)

FIG. 15. Cross sectional SEM images of the glass substrate exposed to DPF plasma for carbon
deposition

To understand the distribution of the carbon layer on the surface of the tungsten, SEM analysis
was also conducted on the top surface of the tungsten samples where the deposition was done.
Fig. 16 shows the surface of an untested sample at different magnifications. It can be seen that
the deposition on the surface of tungsten has uniform background with many carbon clusters
scattered at different places. There are no visible polishing marks of the tungsten substrate and
very few cracks visible on the surface. At the higher magnifications, Figs 16 (b–c), flakes of
the carbon deposition can be seen. The layers seem to be adhering to one another and are bound
to the tungsten substrate. There seem to be a thick layer of carbon deposited on tungsten surface
similar to the observations from the cross-sectional SEM.

(a)

(b)

(c)

FIG. 16. SEM images of the surface of the carbon deposited tungsten samples. (a) 1000×; (b) 5000×;
(c) 50000×.

From Fig. 16 and the morphological studies, it can be concluded that a good thick layer of
carbon deposition was achieved on the surface of the tungsten samples. The layer seems to be
evenly distributed across the sample surface and there seemed to be no region without any
carbon on the surface of the tungsten sample. The Raman spectroscopy was also performed on
carbon@W samples before and after DPF irradiation which are discussed separately later.
4.2.3. Effect of DPF Shots Irradiation on carbon@W samples
To study the effect of D2 plasma on the surface of the carbon coated tungsten samples, different
samples were exposed to different number of DPF shots in a deuterium environment. The
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morphology of the samples seem to change with exposure to D2 plasma. Figs 17 (i–iii) shows
the change in morphology of the carbon coated tungsten samples with 1, 2 and 4 shots of D2
Plasma using DPF. The polishing marks of the surface of the tungsten seem to have reappeared
after the first shot as shown in Fig. 17(i)(a) which means that most of the carbon deposited on
the surface seemed to have been etched out. At higher magnifications, flakes could be found on
the surface of the sample which could mean that some carbon still exist on the surface of
tungsten. For the sample exposed to 2 shots of D2 plasma, the surface seems to be modified by
the plasma. Nanostructures seemed to be forming on the surface of the tungsten as shown in
Figs 17(ii). This effect was amplified in the samples exposed to 4 plasma shots shown in Figs
17(iii). The sample surface has been completely modified in this case and the surface shows the
formation of nanostructures better than the exposure to Nitrogen RF plasma for 30 minutes.
The carbon seems to be completely removed from the sample surface. Thus, a carbon overcoat
for the protection of the tungsten samples would not be effective in the presence of D2 plasma.

(i) (a)

(i) (b)

(i) (c)

(ii) (a)

(ii) (b)

(ii) (c)

(iii) (a)

(iii) (b)

(iii) (c)

FIG. 17. SEM images of the top surface of tungsten samples with carbon deposition. (i)1 shot
exposure of D2 plasma at 1000×; (ii) 2 shots exposure of D2 plasma at 5000×; (iii) 4 shots exposure of
D2 plasma at 50,000×.
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4.2.4. Raman Spectroscopy of carbon coated tungsten samples:
To ascertain the presence of carbon on the surface of the tungsten and to analyse the type of
carbon deposition Raman spectroscopy was used. Raman spectra of all the tungsten coated with
carbon were studied before and after exposure to D2 plasma using the Renishaw Raman
spectrometer with 632 nm. Fig. 17(a) shows the Raman spectra of all the as synthesized
carbon@W samples. It can be seen that all the carbon deposited samples show the characteristic
D and G peak of graphite at 1338 cm-1 and 1586 cm-1 respectively. There is also a 2D peak
around 2900 cm-1. Thus, the deposited layer seen in the cross sectional SEM of the glass
substrate and the surface SEM of the tungsten substrate is made of carbon. The presence of
large D and 2D peaks signify the amorphous nature of the deposited carbon. From the shift in
the G peak and the ratio of I(D)/I(G), it can be estimated that the deposited carbon is graphitic
with very less sp3 content. Thus, the deposited layer may not have very good mechanical
properties. This was verified earlier the carbon films was remove after DPF exposures.
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FIG. 18. (a) Raman Spectra of the untested samples; (b) carbon coated tungsten samples exposed to 1,
2 and 4 shots of D2 Plasma.

Fig. 18(b) shows the Raman spectra of samples exposed to different shots of D2 Plasma. For
the samples exposed to D2 plasma, it was difficult to obtain a good spot to conduct the Raman
Spectroscopy. The spectra seemed to shift with exposure to DPF plasma. After 2 shots, the
I(D)/I(G) seemed to be decreasing which would indicate the increase in sp3 content on the
surface. After 4 shots, there seems to be carbon peak on the sample surface. Thus, the carbon
coated on the surface has been completely etched out by the D2 plasma. This corroborates with
the evidence from the morphological studies.
4.3. Tungsten thin film on tungsten (W@W) substrate and their DPF irradiation
4.3.1. Structural Studies
Figure 19(a) shows the XRD spectra of tungsten film deposited on the tungsten substrates using
the PLD technique. The detail of deposition parameters and conditions are given in the Section
2.2. XRD pattern obtain for the tungsten thin film shows the sharp reflections corresponding
to (011), (002), (211), (022), (031) and (222) planes respectively, clearly indicating the
formation of body centred cubic structure of tungsten as shown in Fig. 19(a). The diffraction
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spectra were indexed to Im-3m (space group number 229) with lattice parameter, a = 3.166 Å.
Tungsten thin film was annealed at 800 C, for 1 hour and subjected to X ray diffraction
measurement. The X ray diffraction pattern of the 800 C samples shows the presence of mix
phase of tungsten and tungsten oxide. The peak corresponds to the tungsten oxide phase has
been indexed as shown in Fig. 19(b).

(a)

(b)

FIG. 19. (a) X ray diffraction pattern of tungsten thin film deposited on tungsten substrate; (b) 800 C
annealed samples.

4.3.2. Morphological studies
Figures 20(i–ii) shows the morphology of the tungsten deposited on tungsten substrate by using
pulsed laser deposition. Figs 20(i)(a-c) shows the SEM image of the un-annealed thin film while
Figs 19(ii)(a-c) shows the SEM image of 800 C annealed samples. As observed from the SEM
image, nanostructures of tungsten are being formed on the surface even after deposition. When
the sample was annealed at 800 C, for 1 hour, a clear change in the morphology and the particle
size is observed. However, after annealed we also observed the white contrast in SEM image
which may attribute to formation of tungsten oxides phase as confirmed by XRD measurement.
From these figures we can observe the effect of annealing on the morphology of the tungsten
samples.
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(i) (a)

(i) (b)

(i) (c)

(ii) (a)

(ii) (b)

(f)

FIG. 20. Scanning electron micrograph of tungsten thin film deposited using pulse laser deposition
technique. (i) As deposited; (ii) 800 C annealed.

PLD grown thin films were also subjected to deuterium plasma using the dense plasma focus.
The thin films were exposed with 1, 2, and 4 DPF shots. The SEM images are recorded after
deuterium plasma and show in Fig. 21 for all shots. Fig. 21(i) (a-c) shows the SEM image of 1
shot and reveals the formation of nanostructures on the surface of tungsten. However, SEM
images recorded for 2 shots and 4 shots of deuterium plasma do not show nanostructures as
observed for 1 shot. This may be due to local heating effect on the surface from transfer of the
high plasma energy to the surface as shown in Fig. 21(ii). The large localize temperature on the
surface may lead to the densification of the nanostructures due to Ostwald ripping. Moreover,
SEM image of 4 plasma shots shows the cracks on the surface of the tungsten as shown in Fig.
20(iii).
Figs 22(i–ii) shows the SEM images of the surface of the tungsten deposited on tungsten
samples after annealing before and after exposure to 2 shots of D2 plasma. Compared to the
tungsten samples without annealing, the surface seems to be modified with nanostructures after
annealing as shown in Fig. 22(i). Nanoparticles of tungsten oxide of size ~ 50 nm are present
on the surface of the sample after annealing (see Fig. 22(i)–(c)). The presence of these
nanostructures could help in mitigating the damage due irradiation by hot dense plasma,
energetic ions and neutrons in DPF device. However, it was noticed from Fig. 22(ii) that the
nanostructured tungsten coating in this case did not survive, it was rather melted and solidified
as seen in Fig 22(ii)(c) which blisters formation and large cracks can be noticed. This is in
contrast with the nanostructured tungsten surface that was created by nitrogen RF plasma
processing which was able to withstand the DPF plasma exposure quite well.
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(i) (a)
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(ii) (c)

(iii) (a)

(iii) (b)

(iii) (c)

FIG. 21. Scanning electron micrograph of dense deuterium plasma exposed PLD grown W@W
samples. (i) One shot; (ii) two shots; (iii) 4 shots irradiation.
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(i) (a)

(i) (b)

(i) (c)

(ii) (a)

(ii) (b)

(f)

FIG. 22. SEM images of the tungsten deposited on tungsten using PLD after annealed in the presence
of oxygen. (i) Before exposure; (ii) after exposure to 2 shots of D2 Plasma.

5. W SUBSTRATE NITRIDING USING RF AND DPF PLASMA AND WN COATINGS
AND THEIR DPF IRRADIATION STUDIES
5.1. Experiment Methods
From the experiments conducted during the previous years of the CRP project, it was seen that
the most effective strategy to improve the performance of tungsten under plasma conditions
were to create nanostructures on the surface of the tungsten substrate. This idea has been
expanded further during the third year of project and extensively analysed. In this particular
study during the third of the project, 4 different surface treatments were used to improve the
performance of the samples as listed below:
(a)
(b)
(c)
(d)

Creating nanostructures on the surface using RF plasma;
Surface nitriding of the tungsten substrates using N2 DPF plasma;
Surface nitriding of tungsten substrates with surface nanostructures;
Sub-100 nm tungsten thin film deposition using tungsten anode top ablation in argon
operated dense plasma focus;
(e) Deposition of sub-100 nm thin film of tungsten on tungsten substrates in a nitrogen
environment using N2 DPF plasma.
The 10 × 10 × 1 mm tungsten substrates used for this study were purchased from PLANSEE,
Austria. Before any surface treatment, the surface roughness of the samples was quite high as
can be seen by clear criss-cross marks/lines on as received samples. The sample surface was
made uniform with features sizes ~1 µm by polishing the samples using a Struers LaboPol
grinding/polishing machine. The sample was then cleaned using an ultrasonicator in acetone,
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propan-2-ol and deionised water before they were exposed to any plasmas or used for
deposition. The surface of the samples before and after polishing under 5× magnification under
an optical microscope is shown in Fig. 23.

(a)

(b)

FIG. 23. (a) Surface of the tungsten substrate before polishing; (b) after polishing.

5.1.1. RF Plasma Treatment of W Samples
The surface of the tungsten samples was treated with Radio Frequency (RF) plasma in a
nitrogen environment to create nanostructures on the surface of the tungsten samples. The set
up used for the RF plasma treatment is the same as shown in Fig. 4. The tungsten substrates
were placed on a ceramic boat in a quartz tube reactor tube of diameter 50 mm and the tube was
evacuated to achieve a base pressure of ~ 3×10-2 mbar using a rotary pump. The nitrogen gas
was introduced using a mass flow controller connected to the tube and the operating pressure
was varied from 0.1 to 1 mbar of nitrogen. The capacitively coupled RF plasma was created by
placing two copper electrodes separated by a distance of 10 cm. An Advanced Energy make
CESAR RF power supply with a maximum output power of 2 kW at operating frequency of
13.56 MHz was used for creating the capacitively coupled RF plasma. The RF source was
connected to the copper electrodes through a matching network to make sure that the power
transfer to the plasma load is maximum. The exposure conditions for the RF plasma treatment
were optimized by varying the operating power from 600 to 1200 W and varying the exposure
time from 15 minutes to 1 hour.
The RF plasma generated in the quartz tube was quantified using 2 methods- optical emission
spectroscopy and a Langmuir probe. The optical spectra of the N2 RF plasma at 1000 W and
0.7 m bar pressure is shown in Fig. 24. As seen in Fig. 23, there are three major regions in the
emission spectrum of nitrogen plasma, representing different nitrogen species i.e. nitrogen in
molecular, atomic and ionic form. Among these, N2+ molecular ions represented by emission
peaks in 350 to 450 nm range play an essential role in achieving the nitrogen doping as well as
enhancing the roughness and nanostructured morphology of the treated tungsten surface. N2+
ions can deliver an excitation energy of ~18.7 eV, which may lead to W-N bonding with an
activated state. The increase in RF power was affecting the intensities of OES peaks.
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The V-I curve of a compensated single probe Langmuir probe measured in the RF plasma is
given in Fig. 25(a). The electron temperature was calculated at different powers and different
operating pressures in a nitrogen environment and is as shown in Fig. 25(b). The optimal
operating pressure was estimated from the plasma characterization techniques. It can be seen
that at low flow rates, the electron temperature is highest when the operating power is low.
There seems to be an optimal operating power for each flow rate for maximising the plasma
electron temperature. The electron density was calculated from the OES spectra using the
electron temperature obtained from the Langmuir probe measurements. For most effective
synthesis of nanostructures on the surface, it is not only important to have high plasma
temperature but also the high plasma density. Thus, the operating pressure was chosen to be 0.7
mbar which had a moderately high electron temperature and high electron density. The
optimization for the best operating power and time duration was later done using SEM analysis
of the sample surface after treatment.

FIG. 24. Emission spectra of nitrogen plasma at 1000 W, 0.7 mbar pressure.

(a)

(b)

FIG. 25. (a) Applied voltage vs probe current in a single probe Langmuir probe measured for the
capacitively coupled RF plasma; (b) the plasma temperatures measured at different operational power
for different operating gas pressures of nitrogen from 0.1 to 0.9 mbar.
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5.1.2. DPF plasma-based surface modifications
The dense plasma focus device can be used for a variety of surface modifications based on the
operating parameters. Since the device can produce hot dense decaying plasma after the pinch
phase with very high energies in keV together with instability accelerated keV to MeV range
ions of filling gas species, it can be used for different surface treatments based on the operating
conditions. In this study, three different approaches are pursued for improving the surface
hardness of the tungsten substrates. The basic idea stems from the fact that the hardness of
tungsten nitride is in the range of 30 GPa while that of tungsten is around 8 GPa. Thus, the DPF
plasma exposure of the samples is expected to improve its hardness considerably if nitriding of
the sample can be done. The schematic of the DPF device is shown in Fig. 1. The design of the
UNU-ICTP DPF device is such that if the working pressure is appropriate, the pinch column is
formed when the plasma current is maximum. This will ensure that the compression force is
maximum and thus the plasma temperature and density can achieve highest possible values of
~1-2 keV and ~1025-26 m-3.
The plasma temperature and density can be controlled by controlling the pinching efficiency of
the DPF device which is essentially controlled by operating gas pressure and by moving away
from the optimal pinch conditions. When the pressure is such that the current maximum
coincides with the pinch formation, the plasma temperature is highest. This mode of operation
of the dense plasma focus device is called the ‘focused mode operation’. Since the plasma
temperature is the highest in this mode and moreover the m=0 instabilities are commonly
formed leading to generation of relativistic electron beam which move toward the anode and
can be used to efficiently ablate the material placed at the anode tip and thus can be used for
deposition. Since the high energy ions are also generated which move towards the top of the
chamber, this mode of operation may also damage the surface of the sample if the sample is
placed too close to the anode tip. If the operating pressure is such that the current maximum
does not coincide with the pinch, this mode of operation is called ‘off-focus mode operation’.
Even though the compression of the pinch plasma column isn’t optimal, compression still
happens, and the plasma temperature is still in the 100 s of eV range. In this mode of operation,
the plasma energy can be controlled, and instability accelerated ions/electrons can be removed
and hence the damage to the sample can be considerably reduced. This plasma can thus be used
for surface treatment of the tungsten samples. The energy of the plasma produced in this case
is still much higher than the 8–10 eV produced in the case of the RF plasma system.
5.1.2.1. Nitriding the surface of the W samples
The dense plasma focus was operated in the non-focus mode in a nitrogen environment for
nitriding the surface of the tungsten samples. The operating pressure was modulated such that
the pinch did not occur at the maximum current. The pinch condition was ascertained from the
voltage probe signal, for example the voltage probe signal shown in Fig. 26 depicts the efficient
focusing mode as a very sharp and intense voltage peak is obtained at about 3-4 s. Since the
dense plasma focus device can be modelled as a RLC circuit with very small resistance, the
current in the circuit is 90o out of phase with respect to voltage. Thus, the current maximum
occurs at the zero crossing of the voltage signal. The operating pressure was set such that the
pinch occurred after the zero crossing of the voltage signal. For the non-focus mode operation,
the voltage probe peak is either very weak or non-existent.
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FIG. 26. Electrical characterization of DPF device operating in nitrogen environment for surface
nitriding,

In order to avoid additional deposition of impurities due to anode ablation, a hollow copper
anode was used for this study. The voltage characteristics mentioned in Fig. 25 was obtained
when the operating gas pressure was 2 mbar (efficient focusing mode). Reducing the pressure
even further would reduce the energy of the plasma substantially but this might hamper the
surface nitriding of the samples. So, the pressure of 2 mbar was fixed for the nitriding of the
tungsten samples using DPF. As the DPF device is operated in the focused mode, the energy of
the plasma can be high enough to destroy the surface of the sample if the sample is placed too
close to the anode tip. The plasma exposure distance was optimised by placing a 40 nm tungsten
thin film coated on a silicon substrate (deposited using magnetron sputtering) at different
distances of 10 cm, 16 cm and 23 cm for 5 shots and the surface damage was studied using
SEM. The minimum distance where the same showed minimal damage was used for the
exposure of the tungsten substrates. It was seen that exposure at 23 cm showed no apparent
damage to the surface of the sample. Thus, the exposure distance was fixed to 23 cm from the
anode tip. The tungsten substrates which were to be nitrided were exposed to 5 shots of DPF
plasma in a N2 environment at 2 mbar operating pressure at a distance of 23 cm from the anode
tip.
5.1.2.2. W and WN thin film deposition using DPF
The DPF device was also used to deposit a sub-100 nm thick tungsten and tungsten nitride thin
film on the surface of the tungsten substrate by operating it in the focus mode using copper
anode with a tungsten tip. The DPF device was operated in an inert Argon environment for the
tungsten deposition where as in nitrogen environment for tungsten nitride to make sure that
there are no other impurities occurring while depositing the tungsten thin films. The operating
pressure in this case was fixed to 1.5 mbar argon for tungsten deposition and 2 mbar nitrogen
for tungsten nitride which was close to the optimal focus so that anode ablation occurs, and
material deposition happens. The operating pressure was selected such that the peak voltage
observed during the pinch for both N2 and Ar gases were similar. The distance of deposition is
also important for getting the optimal thickness. Exposing the tungsten substrates close to anode
tip can result in thicker films but the plasma temperature in this region can damage the surface
of the sample. Thus, the exposure distance needs to be optimised for getting the required thin
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film thickness and uniformity. To study the thickness and uniformity of the films deposited, the
deposition was done at different distances onto a silicon substrate and the thickness and
roughness of the deposited films were studied.
5.1.3. Deuterium operated DPF with neutron and energetic deuterium plasma
For studying the effect of surface hardened tungsten samples to fusion conditions, the dense
plasma focus device was operated in the focused mode in D2 environment such that nuclear
fusion occurred with neutron production. The optimal pressure for operation was ascertained to
be 4 mbar where the best pinch was observed at the current peak for the electrode configuration
with a hollow copper anode in the UNU-ICTP DPF device. The samples were placed at 8 cm
from the anode tip so that exposure can be done with temperatures close to fusion conditions.
The samples with different surface conditions were exposed to 2 and 4 shots of DPF plasma
and the changes to the surface morphology were studied after the exposure. We have earlier
estimated the deuteron and neutron fluence in UNU-ICTP device at different distance from
anode top [31]. “According to Faraday cup measurements done by Jiaji et al [32] for 3.0 kJ
UNU/ICPT PFF, the ranges of the energies of the hydrogen ions were found to be from about
35 keV to about 1.5 MeV with the ion fluence of about 2.63×1014 ions cm−2 at sample position
of 5 cm. The dense plasma focus devices exhibit universality in ion emission characteristics
[21], i.e. ion energies and fluxes are not changed with the change in the operating gas. The
estimated deuteron fluence is estimated to be about 1.03×1014 deuterons cm−2 at sample distance
of 8 cm for UNU/ICTP PFF. The yield of 2.45 MeV neutron in this device has been measured
to be about 108 neutrons per shot in entire 4 radian [33]; yielding the neutron fluence to be
about 1.2×105”3 neutrons cm−2 at the distances of 8 cm used in present work.
5.2. Results and discussion
This section is divided into 2 sections: (i) optimization of the different tungsten substrate surface
hardening techniques; and (ii) exposure of the processed or tungsten coated tungsten substrate
surfaces to D2 plasma and studying the changes in surface conditions after the plasma/neutron
exposure. The optimization was done using different characterization techniques to get the
optimal samples for with the appropriate surface structure which were later exposed to D2
plasma to study the effectiveness of these techniques.
5.2.1. Surface nanostructurization and nitriding of W substrates using nitrogen RF plasma
In this study, different tungsten substrates after polishing and cleaning with a surface roughness
of ~ 1 µm were exposed to a capacitively coupled RF plasma. The nanostructurization was done
in the N2 environment along with the formation of tungsten nitride phase on the surface if the
plasma conditions are conducive for the same but the primary objective in this case was to
create nanostructures on the entire surface. It is well known that recrystallization in W materials
starts to occur at temperatures much less than the melting point temperature which leads to the
formation of new random grain boundaries. The grain boundaries are planar defect where the
atoms at grain boundary region are in strained position leading them to be at relatively much
higher energy compared the grain bulk. Hence, grain boundaries are very susceptible to
cracking and are prone to fracture which is commonly referred as embrittlement or in this case
as recrystallization embrittlement as new grain boundaries are formed due to thermal load
related recrystallization of plasma facing material. The formation of random grain boundaries
is attributed to two main factors: (i) strong covalence of atomic bonding in W; and (ii)
segregation and precipitation of oxygen and nitrogen gaseous interstitial atoms which are
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insoluble in the W matrix. The recrystallization embrittlement of W is expected to be mitigated:
(i) by replacing the weak cohesion at random grain boundaries with a strong interatomic bond;
and (ii) by reducing the amount of insoluble interstitial impurities of oxygen and nitrogen to a
negligible level. The radiation exposure induced embrittlement is caused mainly by increase in
yield strength due to accumulation of radiation induced defects (radiation hardening).
Accumulation of radiation induced defects can be suppressed by introducing a high density of
sinks, such as grain boundaries and dispersions, for the defects. It has been found that
nanostructured materials suffer suitable structural changes under radiation environments
leading to significant increase in ductility compared with that in the unirradiated sample. This
desirable phenomenon is referred as radiation induced ductilization (RIDU). RIDU can occur
provided the beneficial effects of strengthening of the random grain boundaries due to radiationenhanced and/or –induced segregation and precipitation of the constituent elements exceed the
detrimental effects of radiation hardening. Hence, we first wanted to induce nanostructures on
W substrate surface to investigate it impact on the hardness of the treated sample. From previous
experience, it was seen that isolated nanostructures could be produced while operating at an RF
power of 300 W. With this insight, the operating RF power and duration was varied so that
nanostructures were observed on the surface of the tungsten substrates. Scanning electron
microscopy was primarily used for the characterization of the samples for this optimization.
The surface of the samples after exposure to 30 minutes of RF plasma at 600 W, 800 W, 1000
W and 1200 W at different magnifications are shown in Fig. 26. It can be seen that at the lower
power levels of 600 W and 800 W isolated nanostructures are visible on the surface of the
sample. But there are regions on the surface of the sample which did not contain any
nanostructures. Additionally, the size of nanostructures seems to vary a lot with most features
about 20-30 nm but with many having feature size greater than 100 nm. At 1000 W, the entire
surface was covered with well defined spherical nanostructures which were visible even at the
lower magnifications. The size of the nanostructures were ~ 20 nm and looked uniform. When
the power level was increased to 1200 W, even though the nanostructures were visible on the
surface of the substrate, the shape of the structures was irregular. This indicated that at 1200 W,
the RF plasma was too energetic leading to excessive etching of the nanostructures produced
and thus the structures were irregular in shape. From this study, it was concluded that the
optimal RF power required to produce nanostructures on the surface of the tungsten substrates
were 1000 W while working in a 0.7 mbar N2 environment.
The optimal exposure time for the RF power of 1000 W was also studied by exposing the
samples to the RF plasma for other processing durations of 15, 45, and 60 minutes and the
surface morphology was studied using SEM. The SEM images, at different magnifications of
20000×, 50000× and 100000×, showing the changes in surface morphology after exposure to
different time durations at 1000 W are shown in Fig. 27. It can be seen that very few
nanostructures are observed in the samples exposed to 15 minutes which indicates that the
exposure time is not enough for the production of significant number of nanostructures on the
tungsten substrate surface. The samples exposed for 45 minutes showed extensive
nanostructures on the entire surface, but the nanostructures were not as well defined compared
to Fig. 28(iii) and the samples exposed to 60 minutes showed isolated nanostructures on the
surface. Hence, the optimal exposure time for the synthesis of nanostructures on the surface of
the samples were found to be 30 minutes. Below 30 minutes, there was not enough
nanostructures were produced while when the exposure was more than 30 minutes, the
nanostructures produced were destroyed by the RF plasma and thus the structures on the surface
were less well defined and completely disappeared after 45 minutes and 60 minutes of RF
plasma exposure respectively.
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FIG. 27. SEM images of the surface of the samples exposed to the capacitively coupled RF plasma. (i)
600W; (ii) 800 W; (iii) 1000 W; (iv) 1200 W for 30 minutes with an operating pressure of 0.7 mbar N2.
It may be noted that SEM images in (a), (b) and (c) for different RF plasma power are at 20,000×,
50,000× and 100,000× with the size of micro bar as 1 m, 100 nm and 100 nm respectively.

From the studies conducted to optimize the exposure of RF plasma to nanostructurize the
surface of the tungsten substrates, it was found that optimal nanostructures were produced when
the substrates were exposed to 1000 W RF plasma for 30 minutes. Three different samples were
exposed to RF plasma under these conditions to prepare the nanostructured tungsten surface
and later exposed to 2 and 4 shots of D2 plasma. Further characterization of these samples and
changes in surface morphology after exposure to D2 plasma will be explained in section 5.2.3.
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FIG. 28. SEM images of the surface of the tungsten substrates exposed to 1000 W RF plasma. (i) 15
min; (ii) 45 min; (iii) 60 min in 0.7 mbar N2 environment. It may be noted that SEM images in (a),
(b) and (c) for different RF plasma power are at 20,000×, 50,000× and 100,000× with the size of
micro bar as 1 m, 100 nm and 100 nm respectively.

5.2.2. Structural analysis
To investigate the effect of the RF nitrogen plasma on the surface of the tungsten substrate,
XRD measurement was performed using the locked couple mode and also as a function of
grazing angle 0.2–10. The observed XRD pattern is given in the Fig. 29. As clearly
observed from the figure, lock coupled scan clearly shows the presence reflections
corresponding to pure tungsten. However, when the angle of incident X ray is reduced, to the
10, the observed XRD pattern is similar to the lock-coupled pattern. The XRD pattern
remain similar till 5 X ray incident angle. When the incident angle reduced below 5, clearly
two distinct peaks are observed corresponding to the both tungsten and tungsten nitrides. As
we further reduced to the incident angle to 0.2, we clearly observed the peak corresponding
to the W2N phase, which indicates the RF plasma assisted formation of W2N phase at 1000
W.
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FIG. 29. (a) X ray diffraction (XRD) of the tungsten substrates exposed to 1000 W RF plasma for 30
min in 0.7 mbar N2 environment; (b) enlarged view of the (100) reflection to present the observed shift
form W to W2N in the XRD pattern.

5.3.3. Chemical analysis
The best optimized RF plasma treated sample was chosen for the XPS measurements (Fig. 30).
The XPS measurements were performed with Kratos AXIS Supra XPS that is equipped with
an automated dual anode (Al/Ag Kα) X ray monochromatic source. The combination of high
transmission hemispherical and spherical mirror analysers along with the use of delay-line
detector enables outstanding spectroscopy. The XPS technique was used for the identification
of different oxidation states with respect to their structures. The core level spectra of C (1s), O
(1s), W (4f), and N (1s) were recorded. All the experimentally observed core level spectra were
calibrated with the binding energy of C1s (284.6 eV). Core level W (4f) core level spectra
shown in the Fig. 29 clearly reveals the presence of metallic tungsten and oxygen rich tungsten
WOx. The binding energies of the W4f7/2 and W4f5/2 electrons are centred at 31.5 and 33.7 eV,
respectively. The energy peak separation is 2.2 eV. The positions of binding energies for WOx
4f7/2 and WOx 4f5/2 electrons are centred at 35.5 and 37.8 eV, respectively. The W sub-oxide
(WOx) located at 35.0 eV could be due to the native tungsten oxide layer on the surface of the
tungsten surface. However, after exposure of substrate surface to the nitrogen plasma, the W
sub-oxide suppress as observed from the relative intensity of the W4f5/2/WOx 4f5/2 and
W4f7/2/WOx 4f7/2. In order to confirm the effect of the nitrogen plasma, and possibility of the
tungsten oxynitrides, core level spectra of N (1s) and O(1s) was recorded for bare and 1000 W
N2 plasma exposed tungsten. 1000 W N2 exposed tungsten surface clearly reveals the formation
of tungsten nitride, as confirmed by the shift in the N (1s) core level binding energy from 400.1
eV to 396.9 eV on the surface of the tungsten. The core level spectra of O (1s) shows that after
nitrogen plasma exposure the surface oxygen of the tungsten is removed and only the oxygen
from the oxy-nitrides is observed. Hence, the 1000 W, RF plasma exposure on the tungsten
results in the formation of tungsten oxy-nitrides.
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FIG. 30. X ray photoelectron spectroscopy (XPS) of polished tungsten substrates and tungsten
substrates exposed to 1000 W RF plasma for 30 min in 0.7 mbar N2 environment.

5.3.4. Sub-100 nm W and WN thin film deposition using DPF
The deposition of tungsten and tungsten nitride thin films was also done using the dense plasma
focus device. The optimization in this case was done for the uniformity and the thickness of the
film deposited using the DPF exposures. The surface roughness and thickness of the deposition
were measured using AFM and it was seen that for 5 DPF shots, films of thickness 80-100 nm
could be deposited. The optimization of film thickness was done using a silicon substrate (as
PLANSEE tungsten substrates are very expensive). The thickness was measured using the step
method wherein a portion of the sample was masked while deposition which was later washed
away using acetone and the AFM was done at the same location to measure the change in height.
Figure 31 shows the thickness measurement using AFM of the tungsten and tungsten nitride
layer deposited on a silicon substrate using the dense plasma focus device. It was seen that the
thickness of tungsten film was 60.9 nm while the thickness of the tungsten nitride film was 100
nm. The surface roughness of the thin films deposited were also studied using AFM as can be
seen in Fig. 32. The roughness of the tungsten layer deposited on the silicone substrate was
found to be 1.2 nm while the roughness of the tungsten nitride layer deposited was found to be
2 nm indicating highly uniform thin film deposition using DPF. From the thickness and
roughness measurements, it was concluded that the thin films deposited onto the surface of the
silicon substrate were of appropriate thickness and of high quality. Finally, three different
tungsten substrates were coated with tungsten and tungsten nitride thin films; which were later
exposed to 2 and 4 shots of deuterium operated DPF device to investigate the effect of neutron
and radiation irradiation of coated samples.
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FIG. 31. (i) Thickness of tungsten layer; (ii) tungsten nitride layer deposited using AFM on the silicon
substrates.
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FIG. 32. AFM surface scan of (a) W and (b) WN thin film deposited using the dense plasma focus
device.

5.4. Characterization of surface treated W samples
The material and mechanical characterization of the surface treated tungsten samples were done
before and after exposure to deuterium operated DPF device (for neutron, energetic plasma and
radiation irradiation studies). The surface morphology was studied using SEM while the
chemical changes during the surface treatment was studied using XPS. In this section the
material characterization before the D2 plasma exposure is presented. The study includes 5
different sample types: (i) unexposed virgin tungsten substrate sample; (ii) W substrates with
nanostructured surface by nitrogen RF plasma treatment; (iii) W substrate with surface
containing tungsten nitride by nitrogen operated DPF device treatment; (iv) sub-100 nm
tungsten coated tungsten (prepared in argon operated DPF device); and (v) sub-100 nm tungsten
nitride coated tungsten (prepared in argon operated DPF device).
5.4.1. Characterization of surface treated tungsten samples before exposure to fusion conditions
in DPF device
5.4.1.1. Morphological and chemical analysis
The surface morphology of all the sample types before deuterium plasma exposure were studied
using scanning electron microscopy and whose results are shown in Fig. 33. The polished and
cleaned unexposed samples (Fig. 33(i)) showed very fewer scratch marks and non-uniformity
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even at 50,000× SEM magnification. Thus, the surface of the samples were flat with very good
surface uniformity. Any changes in surface morphology after exposure to low-temperature,
low-density but long-duration RF plasma and high-temperature, high-density but short-duration
DPF plasma and energetic ions. Figure 33(ii) shows the surface of the sample after nitrogen RF
plasma exposure were investigated. Nanostructures were synthesized on the surface of the
sample caused by the nitrogen plasma etching on tungsten. Fig. 33(iii) shows the surface of the
sample after exposure to 5 shots of DPF device at 2 mbar nitrogen. The exposure to 5 DPF
focusing shots have resulting in smoothening of surface features on irradiated tungsten surface,
showing that the high energy N2 plasma exposure might have resulted in surface restructuring
due to surface melting followed by rapid solidification during intense transient thermal load
from intense instability accelerated ions of filling gas species. The sample is also processed by
highly transient forward moving shock front and ionization wave front that is produced during
efficient focus phase of DPF device and by a significantly long duration (100s of s) hot dense
decaying plasma; which can result in sample surface restructuring. Figures 33(iv) and (v) show
the surface of the tungsten samples after tungsten and tungsten nitride deposition after exposure
to 5 shots of DPF operation in Ar and nitrogen environment. The surface shows the deposition
of the tungsten and tungsten nitride on the surface of the tungsten substrate.
Figure 34 shows the XPS the core level XPS spectra of W (4f), N (1s), and O (1s). All the
experimentally observed core level spectra were calibrated with the binding energy of C1s
(284.6 eV). Core level W (4f) core level spectra shown in the Fig. 34 shows the presence of
metallic tungsten and oxygen rich tungsten WOx in the unexposed tungsten. The binding
energies corresponding to the present peaks have been explained in Fig. 12. The XPS spectra
was also recorded for the tungsten exposed to 5 shots of high energy dense nitrogen plasma in
dense plasma focus device. The XPS spectra interestingly shows the absence of W 4f5/2 and
W 4f7/2 peaks corresponds to pure metallic tungsten and shows the peaks corresponding to
tungsten oxy-nitrides. In order to confirm the formation of tungsten oxynitrides, we perform
the core level spectra of N (1s) and O(1s) for N2 plasma exposed tungsten. Nitrogen dense
plasma exposed tungsten surface clearly reveals the formation of tungsten nitride, as confirmed
by the shift in the N (1s) core level binding energy from 400.4 eV to 397.4 eV on the surface
of the tungsten. The depth of the tungsten oxy-nitrides is much higher than that of RF plasma
as we cannot observed the peak corresponding to metallic tungsten with zero oxidation states.
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FIG. 33. (i) Surface morphology of the surface treated tungsten substrates using SEM unexposed
sample; (ii) after 1000 W RF exposure for 30 minutes; (iii) after 5 shots of N2 plasma using DPF; (iv)
tungsten thin film deposited using DPF and (v) tungsten nitride thin films deposited. SEM images in
(a), (b) and (c) for (i) to (v) are at 5,000×, 30,000× and 50,000× with the size of micro bar as 1 m,
100 nm and 100 nm respectively.
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FIG. 34. X ray photoelectron spectroscopy (XPS) of polished tungsten substrates and tungsten
substrates exposed to N2 dense plasma focus.

The surface of the tungsten samples was exposed to (i) 5 nitrogen plasma DPF shots with hollow
copper anode (lower trace in Fig. 35), and (ii) 5 shots of tungsten fitted DPF in argon for
tungsten deposition (middle trace in Fig. 34) and in nitrogen for tungsten nitride deposition
(upper trace). XRD pattern observed for the tungsten shows the presence of pure tungsten phase
along with tungsten nitride (WN) which is different from the W2N phase as explained in the
Fig. 29. In order to investigate the surface after deposition of tungsten and tungsten nitride,
grazing angle XRD were performed at X ray incident angle of 5. XRD pattern clearly shows
the deposition of tungsten on tungsten and tungsten nitride on tungsten, as attributed from the
reflection corresponding to tungsten and tungsten nitride (WN), shown in the Fig. 34. The
boarding the in WN peak corresponding to (200) clearly reveal the formation of WN nano
structures on the surface of tungsten. Hence, DPF was successfully able to modify the surface
of the tungsten to tungsten nitride on the surface of the tungsten substrate.
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FIG. 35. XRD pattern of tungsten substrate (lock coupled) and tungsten and tungsten nitride deposited
on the tungsten substrates. XRD pattern for tungsten on tungsten and tungsten on tungsten nitride was
recorded at 0.5 grazing angle to observe the XRD pattern from the surface.
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5.4.1.2. Surface hardness using nano-indentation
The load displacement curves and the surface hardness of the treated and untreated samples
before D2 plasma exposure is shown in Fig. 36. The load vs displacement curve provides a
mechanical fingerprint of the material and can be used to calculate mechanical parameters like
indentation hardness, Young’s modulus and elasticity. The absence of pop outs and elbows in
any of the load displacement graphs show that the loading rate was optimal for the tungsten
samples. The hardness measurements were done for at least 5 points on each other samples and
the mean value and standard deviation are given in Fig. 36(b). It can be seen that the hardness
of the WN thin film on W samples deposited by nitrogen operated plasma focus device are the
highest followed by the nanostructurized and nitride tungsten samples synthesized using RF
plasma. The tungsten thin film deposited on tungsten and the untreated tungsten substrates had
similar surface hardness. Thus, it is expected that the RF plasma treated nanostructurized
samples and the tungsten nitride thin film deposited on tungsten would have a higher resistance
to damage by the D2 operated DPF devices compared to other sample types. It is interesting to
note that the compared to the bulk tungsten nitride (about 28 GPa), the thin film deposited had
much lesser hardness and this was comparable to the hardness of the surface nanostructurized
and nitride tungsten synthesized with RF plasma.

(a)

(b)

FIG. 36. (a) Load vs displacement graph of different surface hardened tungsten samples; (b) the
hardness of the untreated and treated tungsten samples

5.4.2. Characterization of surface treated tungsten samples after exposure to fusion
conditions
The SEM analysis was conducted to study the surface of the samples after exposure to 2 and 4
shots of D2 plasma to understand the changes in the surface morphology because of the fusion
conditions (neutron, high thermal loads and radiations) produced in the dense plasma focus
device. Fig. 37 shows the SEM images of the surface of the: (i) untreated; (ii) nanostructurized
and nitride tungsten by RF nitrogen plasma, (iii) DPF nitrogen plasma treated, (iv) DPF
tungsten thin film deposited and (v) DPF tungsten nitride thin film deposited on a tungsten
substrate (a) before, (b) after 2 shots and (c) after 4 shots of D2 operated dense plasma focus
device at the distance of 8 cm from the anode top. It can be seen that the untreated tungsten
substrate showed extensive surface damage after exposure to the deuterium operated DPF
device, which is due to closer distance of exposure of 8 cm. White patches can be seen on the
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surface of the sample and nanoparticles were observed on the surface of the samples after
exposure to fusion conditions. The different samples after the surface treatment showed varying
resistance to the damage or processing by deuterium operated DPF device. The tungsten thin
film coated on tungsten performed poorly and the thin film was easily etched after 4 shots of
deuterium operated DPF device as shown in Fig. 37(iv). For the samples treated with N2 plasma
with DPF, nanoparticles and droplets were formed on the surface of the sample after exposure
to 2 and 4 shots of D2 plasma as shown in Fig. 37(iii). The performance of these samples were
better than the untreated samples and the samples with tungsten thin film coating. The samples
coated with sub-100 nm tungsten nitride layer showed the next best performance. The surface
of the thin film was partially intact after the exposure to 2 shots of D2 plasma as shown in Figs
37(v)–(b). Even though the top surface of the thin film has been damaged after 4 shots of the
D2 plasma as seen in Figs 37(v)–(c), the tungsten nitride thin film still existed on the surface of
the sample unlike the tungsten coated samples. The best performance was found in the samples
which were nanostructurized using RF plasma. As seen in Fig 37(ii)(c), the surface was intact
even after 4 shots of deuterium plasma. The damage to the surface of the sample was minimal
as can be seen from the dark patches on the surface of the sample. The results obtained here
follows the hardness profile in Fig. 36(b). The best performance was observed for the tungsten
nitride coated tungsten samples and the nanostructurized samples which had the highest
hardness as per the nanoindentation data. Thus, these strategies would be fruitful in improving
the resistance to the thermal and radiation load present in fusion conditions.
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FIG. 36. (a) Changes in surface morphology of the surface treated tungsten substrates using SEM
before D2 exposure; (b) after 2 shots of D2 exposure; (c) after 4 shots of D2 exposure. (i) Unexposed
sample; (ii) after 1000 W RF exposure for 30 minutes; (iii) after 5 shots of N2 plasma using DPF; (iv)
tungsten thin film deposited using DPF; (v) tungsten nitride thin films deposited. All SEM images are
at 5,000× magnification with the size of micro bar as 1 m.
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6. CONCLUSIONS
The research work done during the three years of IAEA research contract 20388 was
systematically presented for first, second and third year. The first year of work reported the
changes in the structural and morphological properties of Plansee W substrate exposed to DPF
shots. The XRD patterns show all the diffraction peaks of irradiated W samples have a preferred
orientation along the (1 1 0) plane, indicating no change in the preferred orientation as compared
to the control samples. The SEM results show that the W samples have better morphological
properties when exposed to ion irradiation at a greater exposure distance above the top of the
anode and electron irradiation at a smaller exposure distance below the top of the anode. There
were some changes in the compositional properties of the surface of the samples due to the
ablation of the copper anode used in the DPF. The micro-hardness results show that the
mechanical property (hardness) of W samples was significantly degraded when they were
irradiated at a smaller distance from the top of the anode due to intense ion and heat loads.
Overall, it would be preferred for the exposure distance to be 5 cm (S8 to S12) above the top
of the anode and ≤-24 mm (S23 to S25) below the top of the anode, and the number of DPF
shots of ion irradiation to be 3 (S16 to S18) for significant changes on the irradiated W sample
surface.
The key conclusions of various studies that were performed during the second year were:
 For nitrogen RF plasma treated W samples, the W sample treated with 15 min of nitrogen
RF plasma was not able to have substantial amount of nanostructurization and showed crack
formations on DPF shot irradiation. The 30 min nitrogen RF plasma exposure, however,
was able to nanostructurize the tungsten sample surface which was able to perform very
well under DPF irradiation as the sample surface did not show any crack formation. The
XRD did not show WN phase formation and EDX measurement also did not show nitrogen,
indicating that low amount of nitrogen was introduced ever after half an hour nitrogen
plasma treatment.
 For carbon@W samples, these samples were fabricated by carbon thin film deposition on
W samples using DPF device operated with graphite fitted anode with methane gas
operation. More than one-micrometre thick carbon films were successfully deposited using
5 focus shots. However, the carbon thin films were found to removed mostly by DPF shot
irradiation. Hence, it can be concluded that deposition of carbon coating on W to reduce the
surface damage of W surface is not an effective strategy.
 For PLD deposited W@W samples, the 100 nm thick W thin films were deposited by PLD.
The samples did survive single DPF shot exposure with nanostructure formation on top thin
film. This kind of effects were previously observed in studies performed earlier in our group
for FePt thin film irradiation. The exposure to two and more shots results in agglomeration
of nanostructures, though 4 shots exposure results in crack formation. However, it can be
concluded that the W@W sample did provided better W surface protection as compared to
carbon@W sample. The annealed W@W sample which has nanoparticles formation on
sample surface did show melting and coalescing of nanostructures on sample surface with
formation of surface cracks. Hence, the best W surface was demonstrated for nitrogen RF
plasma treated W samples.
Most of the experiment that were done during the second year were repeated and refined. In
this project, different strategies like nanostructurization, nitriding and thin film deposition are
employed to improve the performance of tungsten substrates to fusion conditions. Different
material characterization techniques are employed to study the changes to the surface of the
168

samples due to the exposure to the fusion conditions. It was seen that tungsten samples with
nitrided nanostructures on the surface by nitrogen RF plasma and those with tungsten nitride
thin film deposited using nitrogen operated DPF device with tungsten anode top performed
better than other samples owing to their superior hardness. These materials were able to survive
the harsh thermal loads created by 4 shots of the focused mode operation of the dense plasma
focus device in deuterium environment which was used to simulate the fusion conditions. Thus,
these strategies can be used to improve the performance of the tungsten substrates to be used
for the plasma facing materials in fusion reactors.
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Abstract
The research reports on the effects of medium/high-intensity laser fluxes on the selected materials
with potential applications in inertial fusion technology. The investigated materials are: refractory
metals – titanium (Ti) and tungsten (W), as well as ODS, AISI 316L and ASP 30 steels. In the course
of this work, two experimental apparatus were also designed and built – chamber with the accompanying
equipment for irradiations in vacuum and gas ambiences, and LIBS (Laser Induced Breakdown
Spectroscopy) apparatus based on nanosecond laser for surface analysis of the targets. Aside from the
laser intensity, ambience strongly affects the level of modification in surface morphology and chemical
content. Besides vacuum and helium (He), which are relevant for fusion problematics, air environment
was also analysed. In main, damage in vacuum was more prominent than in helium and air due to better
laser-target coupling. Focusing on the employment of high laser intensities (1014–1015 W∙cm-2
femtosecond laser) in vacuum, which is a realistic situation in the IF reactor, Ti as well as W showed
similar morphological behaviour, but due to other superior properties, e.g. affinity to H-isotopes, W is
a more desirable material. AISI 316L steel exhibited lower damage/crater depth compared to ODS steel,
and due to this fact, it is somewhat more favourable. Also, contrary to ODS steel, AISI 316L showed no
presence of oxygen in the irradiated areas. Plasma in front of the target was registered in all ambiences
at these laser intensities, emitting in Vis, UV to X ray region. Plasma in He and air it is less
volumetrically rich compared to vacuum. Unlike in vacuum (presence of plasma plume), in He and air
environment the additional breakdown plasma exists.

1. INTRODUCTION AND BACKGROUND
In the Inertial Fusion Technology (IFT), there are still many unknowns when it comes to the
choice of materials, and many disparate material options that are being studied around the world
[1]. Much further work is needed to define optimum solutions and development pathways for
materials within each individual sub-system and their integration into a working IF energy
power plant. The overall objective of the CRP was to provide an assessment of the material
requirements and characteristic behaviours in pulsed, repetitively cycled inertial fusion energy
system. The capabilities of different pulsed plasma sources, lasers and laser accelerated protons
for mimicking inertial fusion conditions were tested [1].
The main objective of this research was consideration of the behaviour of selected materials
relevant for IF reactor under the conditions of high temperatures and high energy fluxes, with
these conditions being provided by the action of medium/high intensity laser radiation. The
proposed approach is scarcely reported in the literature. Materials under consideration for
application as construction materials include primarily refractory metals and high quality steels.
The research was specifically focused on the following targets: tungsten, titanium, oxide
dispersion strengthened (ODS) steel, etc. For these purposes, short (nanosecond) and ultrashort
(femtosecond) laser systems were used. This research was expected to give valuable data
concerning the parameters causing different modifications of the particular material.
Morphology, as well as chemical changes at the sample surface were studied. Various features
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such as periodic surface structures, craters, nanoparticles, etc. were analysed. Since these
interactions are accompanied with generation of plasma it was studied as well.
The outputs expected from this research could be classified as: (i) new knowledges regarding
laser-materials interaction, especially materials which can be of interest for fusion technology;
(ii) complete apparatus for laser-material irradiation in gas/vacuum atmosphere; and (iii)
educative mission in this specific and relatively new area.
1.1. Scientific Background
Studies of the laser-materials interaction, including metals, non-metals, etc. have attracted great
attention especially in the last decade. As the materials of interest for IF need to withstand
unique conditions such as high temperature and high fluxes, the studies of high-intensity lasers
interaction with different targets can provide relevant knowledge on the subject. Materials
under consideration for these applications, as already mentioned, include refractory metals and
alloys, high quality steels, and high-temperature composites. Primarily, this research needs to
enable better understanding on the morphological features, chemical changes, minimum
conditions for the material damage/failure, processes in generated plasma, etc.
Lasers which were applied have pulse lengths from nano- to femtosecond time domain giving
different pulse energies, i.e. power densities 109–1015 W∙cm-2. Duration of the laser pulse and
pulse intensity affect several aspects of surface modification: material ablation threshold,
damage diameter, presence or absence of thermal effect, maximum ablation depth. These
unique changes at the materials surface induced by laser action nowadays are applied in wide
range, from biomedicine and industry to specific purposes such as the one in nuclear complex.
More information on this can be found in works given in Bibliography section.
1.2. Objectives
Objectives of the research were:(a) designing and completion of two experimental apparatus –
one for irradiation of the materials/targets in controlled ambiences (under high laser intensities),
and the second one employing LIBS technique for monitoring of the material/target surface
content;(b) irradiation of Ti target by nano- (TEA CO2) and femtosecond (Ti:sapphire) laser in
vacuum and gas ambiences;(c) irradiation of W, as well as ASP 30, ODS and AISI 316 L steels
by fs-laser in vacuum and gas atmosphere (air, helium).
Based on morphological analysis damage and ablation thresholds, ablation efficiency, damage
parameters (shape, depth, cross-section) were established depending on laser parameters - pulse
duration, energy density, number of accumulated pulses, etc. Chemical changes on the target
surface due to laser irradiation were also monitored. Consideration of plasma formation in front
of the target was also predicted, especially emission in UV and Vis spectral regions.
2. EXPERIMENTAL…. MAYBE EXPERIMENTS OR EXPERIMENTAL RESULTS
Materials which were examined comprised refractory metals (titanium (Ti) and tungsten (W))
and steels (oxide-dispersion strengthened (ODS), stainless steel AISI 316Land ASP 30 steel).
Employed laser intensities induced surface modifications/damages of the materials and for
these purposes modern, high-technology laser systems were used. TEA CO2 nanosecond laser
was used with pulse repetition rate 1 Hz, and the laser was running under moderate fluence
(~17 J∙cm-2) and intensity (~60 M W∙cm-2) regime. The optical pulse had again switched spike
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followed by a slowly decaying tail. FWHM of the spike was about 100 ns while the tail duration
was ~2 μs. Ti:Sapphire femtosecond laser (PULSAR, Amplitude Technologies) with the
following characteristics was used: output energy – up to 12 mJ; wavelength 800 nm; pulse
duration ~60 fs; TEM00 operational mode. Irradiation was carried out in focusing regime, so the
minimum laser spot diameter was of the order of several tens of μm. Monitoring of laser
parameters such as duration of laser pulse, spectral emission, mode structure, required usage of
contemporary diagnostic devices as well. For surface characterization of the materials modern
and high-technology analytical equipment was employed also. Thus, for morphology
examinations, scanning electron microscope (SEM) operated in secondary (SE) and back
scattering electron (BSE) modes, and atomic force microscope (AFM) were used. For
observation of geometry of the modified area mechanical and interferometric profilometers
were applied. Chemical content monitoring was done by energy dispersive analyser (EDX)
connected with SEM. In some cases, the chemical composition of the target was determined by
an Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES). Within the LIBS
technique (Laser-Induced Breakdown Spectroscopy) – used, among other, for analysing the
target surface content - different monochromators, sensors (photomultipliers, CCD cameras)
were employed.
3. RESULTS AND DISCUSSION
The work conducted was divided in four tasks:
— Designing, building, integration and testing of the experimental apparatus for sample
irradiation by lasers in controlled gas ambiences;
— Irradiation of titanium (Ti) by short (ns) and ultrashort (fs) laser pulses, and characterization
of the irradiated samples.
— Irradiation of tungsten (W) with femtosecond laser;
— Irradiation of ASP 30, AISI 316L and ODS steels with fs-laser.
3.1. Building of irradiation chamber
Within the first activity the complex experimental apparatus for sample irradiation by lasers in
controlled gas ambiences was designed, built, integrated and tested and it comprised: (a)
chamber for sample irradiation, Fig. 1, and, (b) gas system. The chamber, Fig. 1, was made of
glass with volume of ~700 cm3. Front side was typically the NaCl window, which is
transmissive for focused laser radiation of given wavelength. On both sides of the chamber
CaF2 windows were placed for plasma emission observation (if plasma was created in front of
the target). The designed chamber ensured operation in gas pressure range 0.0001–1013 mbar.
The gas system, which ensured target irradiation in atmosphere of the given gas at given
pressure, comprised the vacuum system, valves for precise controlling of the given gas, etc.
Testing of the entire apparatus showed that it is reliable and can operate in wide range of
pressures.
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FIG. 1. Chamber for sample irradiation and accompanying equipment (CO2 laser, spectrometer, etc.).

3.2. Building of LIBS apparatus
Laser-Induced Breakdown Spectroscopy (LIBS) apparatus, Fig. 2, was designed, integrated and
tested. Generally, laser intensity used (for ns, ps and fs laser systems) in the course of target
irradiation is enough to generate plasma in front of the target. Plasma can give essential
information, e.g. about physical processes or elemental content of the surface, or it can impact
on the level of laser radiation reaching the surface (case of ns-laser). In our initial
apparatus/experiment, Fig. 2, pulsed nanosecond TEA CO2 laser and Ti-target were used for
testing. The apparatus, Fig. 2, is based on the similar experimental set up given in Fig. 1. It
includes: TEA CO2 laser; chamber for controlling ambience conditions (vacuum, air, etc.); the
target; system for guiding of plasma emission to the spectrograph (quartz lens/lenses); detection
system for plasma radiation (CCD camera). Entire experiment was controlled by the computer.

FIG. 2. Schematic diagram of the LIBS experimental set up based on pulsed CO2 laser.
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The measurements employed spatially resolved, time-integrated optical emission spectroscopy.
Initial results showed that plasma emits numerous Ti-spectral lines, e.g. in the narrow region
from 398 to 400 nm three intensive atomic Ti-lines were registered at 398.18 nm, 398.98 nm
and 399.86 nm. Besides titanium atomic and ionic spectral lines were notice in wider spectral
region. Thus, among others, the emission lines of trace elements (Fe, Mg, Ca and Al) present
in the titanium target were recorded. In the course of this experiment electron temperature was
estimated/calculated as well. Based on the spectral line intensity ratio of two atomic titanium
lines (399.86 nm and 403.05 nm) the calculated temperature was 7535 K.
Generally, the first LIBS measurements (UV-Vis spectral region) showed that designed
apparatus is reliable and enables estimation of the plasma parameters (for example, electron
temperature) and, finally, the target surface elemental composition can be established.
3.3. Ti-target irradiation
In the frame of the second activity, irradiation of Ti, which is of interest in nuclear complex,
with short and ultrashort laser pulses was carried out. Short-pulsed nanosecond TEA CO2 laser,
and ultrashort-pulsed picosecond Nd:YAG and femtosecond Ti:sapphire lasers were employed.
Surface modification (morphological and chemical) of the given target generally depends on
the process parameters. These include laser output parameters (pulse energy, energy density,
intensity, wavelength, pulse duration, number of accumulated laser pulses, etc.), physicchemical characteristics of the material, as well as irradiation conditions (working atmosphere
– air, nitrogen, helium, vacuum).As an example, irradiation of Ti by nanosecond laser in
vacuum, air, nitrogen and helium is presented in Fig. 3.

FIG. 3. SEM analysis of titanium target after irradiation with 1500 cumulated TEA CO2 laser pulses
in different gas ambient. (a) Atmosphere of vacuum; (b) air; (c) N2; (d) He. Typical laser intensity of
the order of 108 W∙cm-2.

Specific morphological features include cones (nitrogen atmosphere, Fig. 3(c)), wavy structure
(air, Fig. 3(b)) or characteristic cavities (vacuum and helium atmosphere, Fig. 3(a)–(d)).
Investigations have shown that by choosing the appropriate gas ambience, chemical content of
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the surface can be influenced/tailored. Irradiation in nitrogen and air/oxygen leads to formation
of nitrides (TiN), i.e. oxides. Surface generation of TiN provides improved hardness of the
material and, regarding fusion reactors, reduction of hydrogen permeation.
Application of ultrashort laser pulses provides significantly higher intensities (1010–1015 W∙cm2
) which leads to (Fig. 4): (i) creation of craters; (ii) redeposition of material on the damage
periphery (crater rim); and (iii) occurrence of hydrodynamic effects such as solidified droplets,
which are however drastically reduced compared to nanosecond pulses.

FIG. 4. SEM analysis of Ti-sample after irradiation in vacuum with femtosecond laser. Number of
accumulated laser pulses is 100. (a) Laser intensity 1015 W∙cm-2; (b) laser intensity 1013 W∙cm-2.

Reducing of fs-laser radiation intensity from 1013–1015 W∙cm-2 (Fig. 4(b)), as a rule, leads to
creation of periodic surface structures. These structures are currently a subject of intensive
research due to possibility of tailoring the surface properties of targets (e.g. hydrophobic
characteristics, change of friction coefficient), which can be of interest in mechanics, optics,
etc.
Irradiation of Ti surface with laser intensities of the order of 108–1015 W∙cm-2 results in plasma
formation in front of the target. Preliminary studies at 108 W/cm2 show emission in the UV-Vis
spectral region, while laser intensity of 1015 W∙cm-2 induces X ray radiation. More detailed
results can be found in Refs [2, 3].
3.4. W-target irradiation
Generally, tungsten has extraordinary characteristics and it is attractive particularly in fusion
technologies where finding suitable materials, which can satisfy thermal, mechanical, and other
requirements, including the ability to absorb only a small amount of hydrogen isotopes, is of
high interest. In this context tungsten is promising as the plasma-facing material in fusion
reactor.
Surface modification (morphological and chemical) of the target, as it was mentioned in the
previous paragraph (Ti-target), generally depends on: laser output parameters, physic-chemical
characteristics of the target/materials and irradiation conditions, i.e. working atmosphere.
Irradiation of W-target was performed at high laser intensity regime of 1015 W/cm2. Generally,
depending on the used ambience (air, helium, vacuum), different surface features were
recorded, Fig. 5.
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FIG. 5. OM analysis of the tungsten (W) target after irradiation with fs-laser pulses in controlled
ambiences (laser output energy E ~ 5.20 mJ, (Φ ≈ 62.0 J/cm2, I ≈ 1.1 × 1015 W∙cm-2)). (a) View of the
target after irradiation (100 pulses) in air; (b) helium; (c) vacuum ambience [13].

Irradiation in air and helium ambience, Figs 5(a)–(b) resulted in intensive damage (central area)
accompanied with grain fusion. It needs to be mentioned here that W-target was obtained by
sintering process thus grainy structure is visible, Fig. 5. In these ambiences, the rim of craters
is not well defined. On the other hand, irradiation in vacuum, Fig. 5C, produced lower damage
spot which is well defined, and toward peripheral area hydrodynamic effects in the form of
solidified droplets can be distinguished.
Observing the surface features of tungsten in vacuum ambience in details by SEM, at laser
intensity of about 1.1 × 1015 W∙cm-2, Fig. 6, we can conclude that one and ten accumulated laser
pulses (Figs 6(b)–(c)) resulted only in superficial changes of the target while 100 pulses (Fig.
6(d)) led to intense damage which is in agreement with OM analysis (Fig. 5(c)). The used laser
intensity does not only initiate surface damage but impacts on its chemical content as well. It is
evident that the oxygen concentration (oxygen can be included in W) is not the same in the
central as in the peripheral irradiated zone. In the central and peripheral irradiated zone, the
oxygen concentration was 0.95% and 2.76%, respectively (oxygen concentration of nonirradiated surface was 1.54%). Decrease of the oxygen concentration in the central zone
(comparing to the non-irradiated surface) can be attributed to the laser intensity distribution
which is, for TEM00 mode, highest in the spot centre.
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FIG. 6. SEM analysis of the tungsten surface after irradiation with fs laser pulses in vacuum
atmosphere (laser intensity about 1.1 × 1015 W∙cm-2). (a) Non-irradiated surface; (b) after irradiation
with 1 pulse; (c) 10 pulses; (d) 100 pulses. (b, c, d1) Entire spot; (d2, d3) central and peripheral area,
respectively.

Comparison of the effects obtained in air and vacuum (detailed analysis given in [4, 5]) shows:
(a) “damage spot, as a rule, is somewhat smaller for vacuum ambience, while the damage depth
is higher in vacuum (~31 μm) than in air (~7.2 μm). Hydrodynamic effects are present in
vacuum while in air environment they are practically absent; (b) surface roughness is higher in
air. Also, the peripheral area shows diffuse character in air unlike the vacuum ambience; (c)
chemical surface content is different depending on the chosen atmosphere. Thus, in case of
irradiation spot close to “binder region” the oxygen was absent in both ambiences while
concentrations of other elements (except W) are higher in air than in vacuum; and (d) plasma
in front of the sample was created in both ambiences, but in vacuum it was more volumetrically
enriched” [13].
3.5. ASP 30 steel-target irradiation
The behaviour of high quality steels, in high temperature and high energy fluxes regime, were
studied as well. The behaviour of ASP 30 steel irradiated with femtosecond laser at the intensity
of the order of 1015 W∙cm-2, in vacuum ambience, was analysed, Fig. 7.
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FIG. 7. SEM analysis of the ASP 30 steel surface after irradiation with fs laser pulses in vacuum
atmosphere (laser intensity about 1.7 × 1014 W∙cm-2). (a) View of the target before irradiation; (b)
after irradiation with 1 pulse, (c) 10 pulses; (d) 100 pulses. (b, c, d1) Entire spot; (d2, d3) central
region and periphery, respectively.

The target surface changes, in this case, can be summarized in the following: (i) intense
morphological surface alterations; (ii) even irradiation with 1 laser pulse, Fig. 7(b), caused
drastic surface variations (e.g. appearance of lifted material in the central zone as well as
formation of mini-craters within); (iii) increased pulse count (e.g. 100; Fig. 7(d)) resulted in
more prominent changes such as appearance of crater (central area) and barrier in the rimperipheral zone. The presence of barrier can be attributed to intensive redeposition of ablated
material. Generally, the difference in surface changes between W and ASP 30 steel, among
other, can be attributed to a considerable difference between their melting/boiling temperatures.
Irradiation of both W and ASP 30 steel, at given laser intensities of ~1015 and ~1014 W/cm2,
was accompanied with the plasma creation in front of the target surfaces. It can be assumed that
under laser intensities this high plasma in front of the target emits intense X ray radiation.
Interaction femtosecond laser metal target is complex and it includes, in the first stage, the
absorption of laser radiation by free electrons, then the energy transport into the material by
electron thermal conduction and diffusion process, etc. These processes are described in more
details in [6].
The following tasks dealt with the behavior (primarily morphological and chemical surface
effects) of high quality steels interesting for nuclear technology under the action of ultrashort
laser pulses at high intensity (order of 1014–1015 W∙cm-2). In this sense, oxide-dispersion
strenthened (ODS) and stainless steel AISI 316L were examined. Dominantly, ODS steel was
considered since it is a serious candidate material for applications in fusion reactor.Irradiation
was carried out in focusing regime and in different ambiences (air, helium and vacuum;
ambience pressures during irradiations were 1013 mbar, i.e. 1×10-4 mbar in vacuum).As a source
of ultrashort pulses femtosecond Ti:Sapphire laser was used with the following characteristics:
output pulse energy up to 12 mJ; pulse length ~60 fs; wavelength ~800 nm; TEM00 operational
mode.
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3.6. ODS steel-target irradiation
Within this activity, ODS steel behavior under the action of intense laser radiation (order of
1014 W/cm2), was considered. Due to its specific chemical content (Cr-16 wt%, Al-3 wt%, W1.5 wt%, Y2O3-0.35 wt% and Fe-balance), ODS steel shows excellent mechanical, thermal,
creep and radiation resistance properties, etc., and nowadays it can be used in various
technologies including nuclear (e.g. fusion). In the context of fusion applications, this material
is a serious candidate for the first wall in the ICF reactor. ODS steel used in this experiment
was synthesized by mechanical alloying and hot isostatic pressing technique in argon
atmosphere. Average sizes of Y2O3 and pre-alloyed powders were 40 nm and 50 μm,
respectively.The dimensions of the ODS sample, which was metallographically prepared before
irradiation, were 10 mm × 10 mm × 0.4 mm (length × width × thickness). Characterization of
the induced surface features was done using analytical equipment described in the Experimental
part.
In main, depending on the used ambience (air, helium or vacuum), different surface features
were created,Fig. 8. In summary these changes are as follows: (a) crater shapes are from near
trapesodial (air, He) to almost conical (vacuum ambience). Depth of the craters was relatively
low – up to 2 µm in air and He, while in vacuum it reached the value of ~20 µm; (b) surface
cracking is more intensive in air and He ambience; (c) deposited material at the rim zone is less
intensive in air and He compared to vacuum; and (d) plasma in front of the target occurred in
all ambiences, but in vacuum it was larger vollumetrically and about 20 mm long (in air and He
plasma length was ~3 mm). These results can be attributed to the fact that laser radiation-target
coupling is more efficient in vacuum than in other ambiences. More detailed analysis is given
in [7].
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FIG. 8. OM, SEM and profilometric analysis of the ODS steel target after irradiation with fs laser
pulses (50 pulses) in controlled ambiences of air, helium and vacuum. OM images show the entire
spot, while SEM images show central irradiated zone of the target. (Laser output energy E~5.2 mJ,
(Φ1 ≈ 10.6 J∙cm-2, I1 ≈ 1.8 x1014 W∙cm-2 (air); Φ2 ≈ 26 J/cm2, I2 ≈ 4.3 x1014 W/cm2 (helium); Φ3 ≈ 34
J∙cm-2, I3 ≈ 5.6 x1014 W∙cm-2 (vacuum)).

Apart from the previous analysis, chemical surface contect was monitored as well using EDX
method. In all cases oxygen was present at the surface while the highest oxidation level was
recorded in air ambience.
3.7. AISI 316L steel-target irradiation
Within this activity, AISI 316L steel behavior under the action of ~1014 W∙cm-2 intense laser
radiation was considered. AISI 316L steel (C-0.03 wt%, Si-0.75 wt%, Mn-2.0 wt%, P-0.045
wt%, S-0.030 wt%, Cr-16 wt%, Mo-2 wt%, Ni-10 wt% and Fe-balance) is a material with
admirable properties as well. AISI 316L steel is non magnetic. It possesses, among other,
increased corrosion and fatigue resistance, improved mechanical properties, high weldability,
low residual radioactivity, etc. and nowadays can be used in various technologies including
nuclear. Namely, AISI 316L steel is a serious candidate as a structural material for nuclear
fusion reactor (first wall). AISI 316L steel sample used in this experiment had dimensions of
10 mm × 10 mm × 1.0 mm (length × width × thickness) and was metallographically prepared
before irradiation. Characterization of the induced surface features was done using analytical
equipment described in the Experimental part.
Generally, depending on the used ambience (air, helium or vacuum), characteristic surface
features were created, Fig. 9. In summary, these changes are as follows: (a) the damage spot in
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all ambiences (air, He and vacuum) has nearly ellipsoidal form. The damages are predominantly
on superficial level with minimum crater depth - about 5 µm in vacuum and ~2 μm in air and
He ambience. The damage cross section possessed conical form, Fig. 9; (b) the entire surface
damage was better defined in He and vacuum ambience than in air; (c) deposited material at
the rim zone was more prominent in vacuum; and (d) plasma in front of the target was created
in all ambiences but in the case of vacuum it was more volumetrically enriched with length of
about 15 mm (for air and He the length was ~2 mm).

FIG. 9. OM and profilometric analysis of the AISI 316L steel target after irradiation with fs laser
pulses (50 pulses) in controlled ambiences of air, helium, and vacuum. (Laser output energy E ~5.0
mJ, (Φ1 ≈ 7.0 J∙cm-2, I1 ≈ 1.7 x 1014 W∙cm-2 (air); Φ2 ≈ 5.0 J∙cm-2, I2 ≈ 1.0 x 1014 W∙cm-2 (helium); Φ3 ≈
8.1 J/cm2, I3 ≈ 1.35 x 1014 W∙cm-2 (vacuum)).

Apart from the previous analysis, chemical surface contect, monitored by EDX method, showed
the highest oxygen concentration in central as well as peripheral irradiated zone in air ambience.
In this case also, maximum brown-red colored aureole was recorded, Fig. 9.
Generally, irradiation of ODS and AISI 316L steel under similar experimental conditions
showed different behaviour: (a) irradiation of ODS, unlike AISI 316L steel, showed significant
damages (e.g. ~20 vs. ~5 µm for vacuum ambience). In the first case,damages were in the form
of crater, while in the second they were on a superficial level. The crater cross section varied
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from trapesodial/conical to conical shape for ODS and AISI 316L steel, respectively; (b) entire
damage spot was better defined for the AISI 316L steel; (c) deposition of the ablated material
at the rim region is always dominant for the ODS steel; (d) at the given laser intensity plasma
in front of the target was always generated. In case of ODS it was somewhat volumetrically
larger; (e) chemical content showed constant presence of oxygen in case of ODS steel due to
the fact that oxygen is included into structure.
Finally, on the base of these experiments and obtained morphological features, it can be
concluded that AISI 316L steel relative to ODS steel showed better performances at high laser
fluxes, i.e. intensity of the order of 1014 W/cm2. This conclusion indicates that, among other
steels, AISI 316L steel needs to be a serious candidate for usage in fusion technology nowadays.
Table 1 summarizes results obtained by irradiation of investigated materials with high-intensity
laser radiation at 1014-1015 W/cm2 in vacuum, i.e. in real IF reactor conditions.
TABLE 1. COMPARATIVE BEHAVIOR OF THE MATERIALS RELEVANT FOR
INERTIAL FUSION TECHNOLOGY UNDER HIGH LASER INTENSITY (ORDER OF
1014-15 W/cm2) IN VACUUM AMBIENCE
Material

Titanium
(Ti)

Tungsten
(W)

Oxide
dispersionstrengthened
steel

Crater/damage
depth at 100/50
pulses

Cross-section
of the
crater/damage

~ 27 μm (100
pulses)
Conical
~ 18 μm (50
pulses)

~ 31 μm (100
pulses)
Nearly conical
~ 22 μm (50
pulses)

Stainless
steel

~ 5 μm (100
pulses)

AISI 316L

~ 4 μm (50 pulses)

Drastic
material
lifting
periphery
zone

Chemical
surface
content

Domination
of
basic
– material, i.e.
Ti (99wt%) –
rim zone

Plasma
creation
Generation
of plasma
(length ~25
mm)

Central zone
– presence of
W and binder
Generation
Deposition of
materials (Ni
the material
of plasma
and Fe).
at the rim
(length ~15region
20 mm)
Periphery–
domination of
W (~87 wt%)

Conical

Presence of
Deposition of
oxygen due to
the material
existence of
at the rim
Y2O3
into
zone
basic material

Generation
of plasma
(length ~ 30
mm)

Conical

Deposition of
the material Absence of
in
the oxygen in the
peripheral
central zone
region

Generation
of plasma
(length ~ 30
mm)

~ 58 μm (100
pulses)
~ 20 μm (50
pulses)

Morphology
of the
damage

Vacuum conditions, p ≈ 1 × 10-4 mbar; fs-laser performances: Ti:sapphire; pulse energy up to 12 mJ; λ = 800 nm; length of
laser pulse ~ 60 fs; ~ TEM00 mode.
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4. CONCLUSIONS
In the course of this three year-research, initial investigations were carried out on the radiation
response of materials relevant for fusion problematics. High EM fluxes were simulated using
high-intensity laser radiation and the investigated materials were refractory metals, - Ti and W,
and different types of steel. Primarily, changes in morphology and surface chemistry under high
laser intensities were analysed. The results obtained during research are manifold: (a) two
experimental apparatus were designed and established – one for irradiation of the
materials/targets in controlled ambiences (under high laser intensities), and the second one
employing LIBS technique for monitoring of the material/target surface content; (b) obtaining
of relevant knowledges in laser-material interaction area essential for the IFT; (c) as an indirect
achievement 5 scientific papers at international level (two in international journals) were
published. Generally, the following conclusions can be made:
— Studies were conducted using medium and high-intensity lasers in different ambiences
(vacuum, helium and air). Irradiation of Ti with ns-laser in vacuum and He caused dimples
on the surface in both ambiences. Cracking was only observed for samples irradiated in He
atmosphere. In case of fs-laser applied, irradiation in vacuum caused crater-like damages
with massive lifting of the surrounding material. Additionally, fs laser-W interaction
resulted in the appearance of diffuse damage in air and He, and well-defined spot in vacuum.
Hydrodynamic effects were present only in vacuum. In main, damage in vacuum was more
prominent than in He and air. Focusing on high laser intensities (1014–1015 W∙cm-2) and
vacuum ambience it seems that W and Ti possess desirable thermo-mechanical properties
which make them candidates for the first wall applications. However, although their
behaviour under these fluxes is similar tungsten has some additional benefits, for example
lower affinity to H-isotopes.
— Oxide-dispersion strengthened (ODS) and AISI 316L steel exhibited very good
characteristics at high laser intensity regime as well. They could be used as first wall
materials in the vessel on their own or with some coating. Lately, in the literature, these
materials are considered for this application;
— Plasma above the material/target, at the used laser intensities, was always formed. In case
of vacuum it was more volumetrically rich. In helium and air environment, unlike in
vacuum, there is an additional breakdown plasma.
— Setup was installed for Laser Induced Breakdown Spectroscopy (LIBS), which can be
potentially used for chemical analysis, including monitoring of H-isotopes in the first wall
which can become incorporated in the first wall structure changing its quality and
decreasing its lifetime. Thus, further research on LIBS technique for these purposes needs
to be continued. This type of investigation is missing in literature as well.
It can be stated that a contribution was made to the studies showing that medium and, especially,
high-intensity pulsed lasers can be employed for simulation of some processes/phenomena
inside the IF reactor. Lately, materials such as Al, Mo, Ti-based alloys, e.g. Ti6Al4V, oxidedispersion strengthened (ODS) steel, silicon carbide-SiC (bulk or coating) are analysed for IF
technology, especially as candidates for the first wall materials. The behaviour of these
materials under high electromagnetic flux/high laser intensity is generally poorly known and
could be the subject of the future research.
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Abstract
Plasma Focus (PF) is a pulsed source of dense plasmas, ions pulses, X rays pulses, neutron pulses,
plasma shocks and supersonic plasma jets. The duration of the pulses is in the range of ns to hundreds
of ns. Table top plasma foci operating at low energy (hundred joules and a few joules inclusive) can
produce a damage on materials equivalent than the expected in the first wall of Inertial Fusion Energy
(IFE) devices and in Magnetic Fusion Energy devices. The equivalence is stablished using a practical
parameter called damage factor, F ~ q  1/2 (with  the interaction time of the radiation with the material
and q the heat flux deposited on the material). PF devices can produce F in the order of ~ 104 W∙cm2 1/2
∙s and greater. This is the order of magnitude of the damage factor expected in the first wall of Inertial
Fusion Energy (IFE) devices and in Magnetic Fusion Energy devices. The pulsed feature of plasma
focus devices allows a time interaction of the heat flux on a target of the order of few to hundreds of
nanoseconds. In addition, table top PF devices (hundreds to few joules) could be operated at Hz
repetition rate and several shots can be accumulated in a short time on a material sample (thousand shots
in 17 min at 1Hz for example). Therefore, PF are useful plasma sources to study materials for IFE
devices. The aim of these research is to study the effects on different materials (W, Mo, between others,
including materials with nano structure surfaces) under the irradiation of plasma shocks produced by a
repetitive plasma focus device operating at hundred joules and a few joules per shot, and Hz repetition
rate. PF devices of 2kJ, 400J were used in the experiments and additionally a very small table top plasma
focus devices operating at 2 to 3 joules was designed and constructed in order to obtain an irradiator
with power flux and damage factor tunable based in table top plasma focus technology. Results
irradiating tungsten, nano structured tungsten, stainless steel and molybdenum were obtained.
Preliminary studies of the plasma interacting with a target material on front of the anode using visible
spectroscopy was made. Also, the development of a simple model for the accumulation of defects in
materials subjected to radiation that connects the empirical damage factor with the expected fraction of
point defects in the material is being developed.

1.

INTRODUCTION

An important issue still unsolved in the research applied to the production of controlled fusion
energy is the characterization, testing, and development of advanced plasma facing materials
capable of resisting the extreme radiation and heat loads expected in both fusion reactors and
plasma chambers of high energy density plasmas. This goal calls for the fundamental
understanding of plasma-wall interaction processes and the associated radiation effects on
materials and components, occurring in the mainstream fusion devices such as Tokamaks and
inertial conﬁnement facilities, in which plasma simulators used in close connection with
material characterization, as well as modelling activities play an important role.
The Plasma Focus (PF) is a transient electrical discharge produced in arranged coaxial
electrodes, separated by an insulator, and driven typically by a capacitive pulsed power
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generator, which is controlled by a spark-gap switch [1-3]. PF is a pulsed source of dense
plasmas, ions pulses, X rays pulses, neutron pulses [4-6], plasma shocks [7] and supersonic
plasma jets [8] and plasma filaments [9]. The duration of the pulses is in the range of ns to
hundreds of ns. For a Mather PF and for a hybrid Mather-Filipov PF [3, 4-6] the plasma
evolution is as follow and is shown in Fig. 1:





The discharge starts over the insulator.
The Lorentz force pushes the plasma sheet to move axially.
Then to move radially (sometimes plasma filaments appear [9]).
The sheet collapses to form a dense column of plasma (pinch). During these stage, X rays
and neutron pulses (when operating with deuterium), are generated.
 After the pinch is disrupted and an axial shock [7] and plasma jets [8] are produced.
It has been shown that table top plasma foci operating at low energy (hundred joules and a few
joules inclusive), the axial plasma shock can produce damage factor on materials, F, F ~ q 
1/2 in the order of ~ 104 (W/cm2)s1/2 and greater (with  the interaction time of the radiation
with the material and q the heat flux deposited on the material). This is the order of magnitude
of the damage factor expected in the first wall of Inertial Fusion Energy (IFE) devices and in
Magnetic Fusion devices. In addition, the pulsed feature of plasma focus devices allows a time
interaction of the heat flux on a target of the order of few to hundreds of nanoseconds.
Moreover, few joules PF devices can be operated at Hz repetition rate and several shots can be
accumulated in a short time on a material sample (thousand shots in 17 min at 1Hz for example).
Therefore, PF are useful plasma sources to study materials for IFE devices. The aim of this
work is to study the effects on different materials (W, Mo, between others, including materials
with nano structure surfaces) under the irradiation of plasma shocks produced by a repetitive
plasma focus device operating at hundred joules and a few joules per shot and Hz repetition
rate. The approach includes: a) to put targets of materials in the environment of a repetitive
pulsed plasmas producing a damage factor on materials relevant to IFE devices, b) to
characterize the effects on the targets, c) to use computer simulation tools to model the
interaction and effects of fusion-relevant pulses on materials and to assist the design of
experiments and interpretation of results, d) to improve the characterization of the axial plasma
shock, plasma streams and ion beams produced by hundred joules plasma focus. This research
contributes with information related with the objectives: 1, 2, 3, 6, 9 and 10 of the Coordinated
Research Project F13016.
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FIG. 2. Plasma focus description. Anode and cathode are coaxial and are separated by an insulator.
(I) The discharge starts over the insulator. (II) The Lorentz force pushes the plasma sheet to move
axially, (III) then to move radially (sometimes plasma filaments appear), (IV) the sheet collapses to
form a dense column of plasma (pinch), during these stage, X rays and neutron pulses (when
operating with deuterium), are generated, (V) after the pinch is disrupted and an axial shock and
plasma jets are produced.

2. CHARACTERIZATION OF THE PLASMA EJECTED AFTER THE PINCH IN A TABLE
TOP PLASMA FOCUS DEVICE AND THE DAMAGE FACTOR
As “PF pinches produce radiation pulses (neutrons and X rays), shock waves, ions and electron
beams, plasma ﬁlaments, plasma jets, and plasma bursts [7–9], is an interesting plasma
accelerator to study the effects of fusion-relevant pulses on materials” [10]. Therefore, the
“characterization of the axial plasma shock and radiation that would arrive on the sample targets
is a necessary step in this matter. The neutron yield, X ray production, and ion beams have been
widely studied; however, no special attention has been given to the plasma dynamics after the
pinch, or at least not with enough details. A non-invasive characterization of the axial plasma
shock and plasma jets in a small plasma focus after the pinch” was performed previously [7] in
a PF device of 400 joules.
The experiments were carried out in a hundred joules PF device, PF-400J [4,7]. A pulsed NdYAG laser at 532nm and 8ns FWHM pulse duration was used to obtain Schlieren images at
different times from the plasma dynamics, particularly after the pinch. The energy and timing
of the plasma shock in the space suitable for the location of sample targets were assessed. Thus,
the power, ﬂux power density of the plasma shock, and the damage factor on a target were
estimated.
Fig. 2(a) “shows a sequence of the plasma dynamics from Schlieren images. The first two
pictures correspond to the pinch formation. The following pictures correspond to the dynamics
after the pinch disruption, which occurs close to t~20ns as seen from laser images. Note that
while the pinch is disrupting, a secondary axial plasma structure (bubble) intersecting the
primary plasma appears. Fig. 2b shows different fronts identified in the plasma structure. Z1
indicates the rear of the axial plasma sheath, Z2 is the front of the plasma sheath and Z3 is the
axial front of a plasma bubble that appears after the pinch disruptions. Fig. 3c shows the
positions of Z1, Z2 and Z3 at different times of the discharge (t=0 corresponds to the time of the
minimum value of the current derivative, i.e. close to the pinch time)” [7].
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From Fig. 2(a) “it is possible to obtain the time-varying position of the fronts Z1, Z2, Z3. After
the pinch disruption, (i.e. t > 20ns), both Z1 and Z2 show linear dependence with time, whereas
Z3 evolves differently. Z1 and Z2 plasma fronts move with constant average velocity” [7] 
3.2104 m/s. On the other hand, the Z3 front evolution has a t2/5 dependence, and the axial
velocity of the bubble front Z3 varies from 106 to 104 m/s depending on the time and z position.
“This temporal dependence is consistent to the propagation of a strong shock freely propagating
in a homogeneous atmosphere [11]. An approximate assessment of the latter” [7] is [11]:
1
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FIG. 2. (a) Sequence of the plasma dynamics from Schlieren images. The time is referred to the
minimum value of the dip in the dI/dt signal (i.e. close to the pinch time). (b) Different fronts identified
in the plasma structure. Z1 indicates the rear of the axial plasma sheath, Z2 is the front of the plasma
sheath and Z3 is the axial front of a plasma bubble that appears after the pinch disruptions. (c)
Temporal evolution of the positions of the fronts Z1, Z2 and Z3 obtained from several images as those
shown in figure 3a (t=0 corresponds to the time of the minimum value of the current derivative, i.e.
close to the pinch time). The velocity of the rear axial plasma sheath and Z2 is V = (3.2±0.2)104m/s.
The axial velocity of the bubble front Z3 varies from 106 to 104 m/s depending on the time and Z
position [7].
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From the images, it is also possible to estimate roughly the total mass conveyed between Z1 and
Z2 (m12), being this m12  210-9 kg. From interferograms obtained previously [23], the mass
ejected from the pinch m23 is estimated in  1.510-10 kg. The area of interaction, S, is estimated
from the images and the time interaction with a sample,  is l/v, where l is the pinch length and
v the axial plasma shock velocity. Thus, the kinetic energy, power per unit area (power flux) q,
and therefore the integral damage factor F ~ q·½ can be obtained. Details of these estimations
are in reference [7]. It is important note that the integral damage factor F is an empirical
parameter that has been recognized that a good measure of the damage in an irradiated sample.
In fact, it has observed that radiation sources producing high power flux q with a short time
interaction  on a specific material, have the same effects if the material is irradiated with a
source with less q and longer , if in both situation the damage factor F has the same value.
Fig. 3 shows the temporal evolution of the position of the faster shock Z3, and the velocity v,
kinetic energy E, interaction area S, interaction time  and damage factor F, for a sample located
at different position from the anode top for the PF-400J.
For ITER, the energy loads in the divertor associated with the Type I ELMs (edge localized
modes), a power flux density q  100 to 300 J/cm2 is expected during “ 0.1–0.5 ms, with a
number of pulses of 103 per shot, with a frequency of the order of 0.5 to 2Hz. Thus, a power
flux q ~ 1 MW/cm2 and a damage factor F ~ q·½ ~ 104 W∙cm-2∙s1/2 are expected in ITER from
Type I ELMs” [10]. The same value for F is expected in wall of large inertial fusion
experiments, IFE, where a higher power flux and shorter time interaction are expected (ns to
hundreds of ns). According to Fig. 3 in the PF-400J is possible tune the damage factor,
depending on the sample position.
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FIG. 3. Temporal evolution of the front of the faster shock Z3 (the time is referred to the minimum
value of the dip in the dI/dt signal, i.e. close to the pinch time), and the velocity v, kinetic energy E,
interaction area S, interaction time  and damage factor F, for a sample located at different position
from the anode top for the PF-400J. The damage factor F varies from ~ 103–105 W∙cm-2∙s1/2.

In addition, it is possible demonstrate that the damage factor F varies smoothly with the energy
of the device E, as F  E1/6. Thus, a table top PF device of hundreds of joules, inclusive a PF
of few joules can produce the same damage factor than a larger device of MJ, just adjusting the
position of the sample.
Roughly speaking, the damage factor for the PF-1000 (1MJ) at Poland is only 3.65 times greater
than the damage factor for the PF- 400J (400J) and 8.9 times greater than the damage factor of
PF-2J (2 joules), both at Chile. The PF-2J produces a damage factor that is 1/4 of the damage
factor produced by PF-400J. Therefore, adjusting the distance of the sample is possible produce
a damage factor in the same range than the produced by PF-400J (103 to 105 (W/cm2)∙s1/2).
3. TABLE TOP PF DEVICES DESIGNED AND DEVELOPED TO STUDY THE
EFECCTS OF PULSED PLASMA SHOCKS ON MATERIALS
The plasma foci of 2kJ (PF-2kJ), hundreds of joules (PF-400J [4]) and tens of joules (PF-50J
[5]) were modified to be used as pulsed plasma irradiator. Also, a 1Hz repetitive PF device of
400J was designed and is being constructed. In addition, a 0.1 Hz PF device of 2 joules was
designed, constructed and characterized. The main parameters of the devices are in Table 1
and Fig. 4 show the devices.
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TABLE 1. MAIN PARAMETERS OF THE PLASMA FOCUS DEVICES AT CCHEN USED
AS PULSED PLASMA IRRADIATOR
Device
Energy
stored
Capacity (nF)
Inductance
(nH)
Charging
voltage (kV)
Maximum
current (kA)
Time to
maximum
current (ns)
Anode radius
(mm)
Repetition
rate (Hz)
Present
situation

PF-2kJ
1600-2500

PF-400J
275-396

PF-50J
32-70

PFR-400J
256-400

PF-2J
1.3-5.5

8000
64

880
38

160
38

8000
40

110
40

20-25

25-30

20-35

8-10

5-10

220-280

90-140

40-70

110-140

8-16

1125

320

120

890

105

12

6

3

6

1.1

0.01

0.05

0.05

1

0.1

In
operation

In operation

In operation

In
construction

In operation
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FIG. 4. Plasma focus devices at CCHEN used as pulsed plasma irradiator.

3.1. Repetitive plasma focus devices with tunable damage factor, PF-2J
In particular, using the scaling rules for the damage factor with the energy of plasma foci, it
results convenient develop a tunable pulsed irradiator device based on the PF-2J [12]. At
present, this device allows repetition rate of 0.1Hz, thus could be possible irradiate a
material with 10, 100, and 1000 shots in 100 s, 20 min, and 3.2 hours, respectively. In the
future could be possible operate this device at 1Hz.
As a feature of plasma focus is that the emitted radiation varies shot to shot, a characterization
of its statistical reproducibility and a reliability analysis is indispensable. A statistical study and
reliability analysis program for the PF-2J was performed [13, 14]. From voltage and current
derivative signals an analysis of the probability and frequency of the pinch occurrence for
different H2 pressure of operation (2, 3 ,4 ,5 ,6 ,7 ,8 ,9 10 mbar) was found that the optimum
pressure for the presence of the pinch is 6 mbar. More than 2x104 shots in hydrogen were
recorded. It was found that the optimum pressure for the presence of the pinch is 6 mbar.
Furthermore, an analysis of its life cycle to the decay of the system was done. It was found that
the life cycle for the pinch plasma voltage and for the depth in the current derivative signal is
more than 1x104 without changes in the voltage pinch and with a decrease of 10% in the depth
dip of the current derivative [13, 14].
This repetitive table top pulsed irradiator was used to test materials samples at different
positions from the anode top, 3.6 and 5.4 mm producing a damage factor F 104, 103, 102
W∙cm-2∙s1/2, respectively. The damage factor was estimated from the scale rules.
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b)

a)

c)

FIG. 5. (a) Plasma focus PF-2J with tunable damage factor F; (b) discharge chamber details, cathode
bars and anode at centre (over the anode is the sample holder that is axially adjusted); (c) electrical
signals, voltage and current derivative for a discharge in hydrogen at 6 mbar.

4.

IRRADIATION OF MATERIALS

Previously the PF-400J was used to test tungsten sample materials [10]. PF-2kJ and PF-400J
have been and are being used to test nano structured materials in collaboration of the Instituto
de Fusión Nuclear, Universidad Politécnica de Madrid, of Spain (IFN/UPM) [15, 16]. PF-50J
was used to study the plasma interacting with a target material in front of the anode and
preliminary results of the visible spectroscopy of the plasma interacting with a sample were
obtained [17]. Recently, the PF-2J was used to irradiated with plasma shocks stainless steel
and molybdenum samples.
4.1. Tungsten and nano structured materials irradiated on PF-400J
In a previous work “the effects on tungsten targets from 50 cumulative plasma shocks with
power fluxes per shot between 2.6 and 9200 kW/cm2 and with a duration time in the order of
tens of nanoseconds (damage factor in the order of 100 – 103 W∙cm-2∙s1/2 were studied.
Morphological analysis shown an increasing appearance of cracked surfaces with holes,
fissures and defects, suggesting a potential progression of stress effects and a fast heat load
that melts the surface, ending in thermal contractions that recrystallize the surface of the
target. A structural analysis demonstrates a compressive stress development and suggests that
part of the energy is released in the melting of the surface in case of a plasma shock with a
power flux of 9.2 MW/cm2, 75 ns duration pulse” [10], i.e. F 2.5103 W∙cm-2∙s1/2 damage
factor per shot. It is important note that W is melting for values of the damage factor F104
W∙cm-2∙s1/2.
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To check if the melting could be the effect of cumulative shots an experiment irradiating W
using only one shot (Fig. 6) was performed and it was concluded that is possible produce
melting in the material only with one shot. As the sample appear melted, it is possible that the
evaluation of damage factor is under estimated in a at least 4 times. The tungsten is melted at
F104 W∙cm-2∙s1/2 [21] and our evaluation of F is only 2.5103 W∙cm-2∙s1/2.

FIG. 6. Optical and SEM images of tungsten samples irradiated with 1 shot on PF-400J at 15mm from
the anode top. The damage factor is evaluated in F  2.5103 W∙cm-2∙s1/2. As the sample appear
melted, it is possible that the evaluation of damage factor is under estimated in a at least 4 times. The
tungsten is melted at F104 W∙cm-2∙s1/2.

4.2. Preliminary studies of the behaviour of nanostructured tungsten under pulsed
irradiation in the PF-400J and PF-2kJ
Nanostructured W(NW) has been suggested as one promising material for Plasma Facing
applications since, prelaminar studies carried out so far show that NW has a better radiationresistant than coarse grained W. However, in order to fully characterized the material, it is very
relevant to check its resistance to thermal loads.
In this CRP we have been closely collaborating with the materials group from the Instituto de
Fusión Nuclear of the Universidad Politécnica de Madrid, Spain (IFN/UPM) to characterize the
behavior of nanostructured under thermal loads. For that purpose, different experimental
campaigns were performed to irradiate nanostructured W samples fabricated at the IFN/UPM
[15, 16]. Irradiation were carried out in the Comisión Chilena de Energía Nuclear in two
different plasma focus devices (PF-400J PF-2kJ). The main objective was to investigate the
influence on the damage of the number of pulses (number of shots) and of the damage factor F.
To do that the number of shots was selected to be between 1 and 50 and the F was varied
between 50 and 2.5103 W∙cm-2∙s1/2. The radiation-induced changes in the morphology were
characterized by optical and by scanning electron microscopy. Preliminary results (Fig. 7)
indicate again that the F value estimated so far, is probably underestimated. Therefore, we are
working together in a more accurate determination of the F value in these devices. This is a key
point for a proper material qualification.
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FIG. 7. (a) Top view images scanning electron microscopy images fora typical nanostructured W
sample as deposited; (b) irradiated with a F value of 50 (W/cm2)∙s1/2with one pulse; (b) 5 pulses; (c)
10 pulses.

4.3. Plasma interacting with materials
To complement the studies of plasma facing components for fusion reactors, it is crucial to
study the plasma at the moment in which it interacts with the wall material. For this reason, our
research program includes studies of the plasma interacting with a target material in front of the
anode using optical refractive diagnostics and visible spectroscopy. Preliminary results of the
visible spectroscopy of the plasma interacting with a sample were obtained [17]. The
experiments were done in the PF-50J discharges in hydrogen, with a Si wafer placed 15mm in
front of the anode.
Figure 8 shows the visible spectra at different times after the pinch, of the light emitted from
the region between the anode and the sample Si wafer. The z axis is the axial position between
the anode top and the sample and the x axis is the wavelength .
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FIG. 8. Visible spectra at different times for the region between the anode and the sample Si wafer, z
axis is the axial position between the anode top and the sample, x axis is the wavelength . At 120 ns
after the pinch Si II (Si1+) is observed in the sample region. Also, the H emission is observed from the
anode towards the sample. The spectrum close to the sample is shown at left. A Si and hydrogen
plasma can be identified at the sample and a hydrogen-only plasma at the anode top. At 145 ns there
is a similar emission as seen at 120 ns, but with more dense hydrogen plasma at the sample (inferred
from the H line broadening) and hydrogen plasma at middle position between the anode top and
sample. At 320 ns on the anode region Fe III (Fe2+), Al II (Al1+), Al III (Al2+), O II (O1+) can be
identified. Si II is not observed on the sample region at that time. In addition, a plasma beyond the
sample is observed.

The spectroscopy observations are consistent with the hydrogen plasma shock arriving to the
sample and ionizing the Si at 120ns. At 145 ns the hydrogen plasma has a higher electron
density, compared with plasmas at earlier and later times. At 320 ns a metallic plasma can be
identified, leaving the stainless-steel anode region. Emission from Al and O is associated to the
interaction of the plasma sheath with the Alumina (Al2O3) insulator sleeve at the anode.
4.4. Stainless steel and molybdenum irradiated on PF-2J
The PF-2J repetitive table top pulsed irradiator, described in section 3.1, was used to test SS
samples (AISI 304) at different positions from the anode top: 2.8, 3.6 and 5.4 mm producing a
damage factor F 104, 103, 102 W∙cm-2∙s1/2 per shot, respectively. At 2.8 mm, i.e. F104 W∙cm2 1/2
∙s per shot, 1, 10, 100 and 1000 shots were accumulated in SS samples. Thousands of shots
were accumulated in 3 to 4 hours. In addition, preliminary results irradiating molybdenum
samples with 500 shots at a damage factor F 104 W∙cm-2∙s1/2 were obtained. Figure 9 shows a
time integrated photograph of a single discharge in the PF-2J. A material sample is located over
the anode.
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FIG. 9. Time integrated photograph of a single discharge in the PF-2J. Plasma can be seen on the top
of the anode (anode diameter 2.2 mm). Also, a bright spot is seen in the sample located over de anode
due to the axial plasma shock interacting with the sample.

FIG. 10. SS samples (AISI 304) irradiated in the PF-2J at  0.1 Hz with 100 shots, at different
positions from the anode top: 2.8, 3.6 and 5.4 mm, producing a damage factor F 104, 103, 102
W∙cm-2∙s1/2per shot, respectively.
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FIG. 11. SS samples (AISI 304) irradiated in the PF-2J at  0.1 Hz. Samples located at 2.8 mm (F104
W∙cm-2∙s1/2 per shot) with 1, 10, 100 and 1000 shots. Photographs with 1, 10, 100 and 1000 shots from
left to right.

FIG. 12. Molybdenum sample irradiated in the PF-2J at 2.8 mm (F 104 W∙cm-2∙s1/2 per shot) at  0.1
Hz with 513 shots.

The value for the damage factor to produce melting in stainless steel is F1.3104 W∙cm-2∙s1/2
[22]. In Fig. 10, all of the SS samples (AISI 304) irradiating in the PF-2J at different positions
from the anode top: 2.8, 3.6 and 5.4 mm, producing a damage factor F 104, 103, 102 W∙cm2 1/2
∙s per shot, respectively; present evidence of thermal effects (rings of different grey scale)
and melting. From Fig. 11, is possible see that the SS sample (AISI 304) irradiated in the PF2J with only one shot, present clues of melting. This correspond to a sample located at 2.8 mm
from the anode top and an estimated F 104 W∙cm-2∙s1/2. In Fig. 12 in the Molybdenum sample
irradiated with 500 shots also thermal effects (rings of different grey scale) and melting are
observed. Roughly could be possible say that the Mo irradiated with 500 shots at the same
position than the SS, presents similar effects than the observed for the SS irradiated with 10 to
100 shots (see Figs 11–12). Of course, detailed analysis of the irradiated samples is required.
In addition, a better calibration of the damage factor for plasma focus devices is required. The
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determination of the irradiation area is critical and also of the radial dependence of the power
flux on the sample. To irradiate different materials with damage factor value known to produce
melting, at different positions, would allow a better calibration.
5.

THEORETICAL STUDIES AND SIMULATION TOOLS

Theoretical studies and computer simulation tools to model the interaction and effects of fusionrelevant pulses on materials and to assist the design of experiments and interpretation of results,
have been explored.
5.1. Computer simulation. Classical and ab-initio molecular dynamics simulation
On the one hand, microcanonical simulations of melting in two-dimensional solids and study
its possible application to radiation-induced melting of surfaces is being performed. On the
other hand, a kinetic Monte Carlo simulation and temperature-accelerated dynamics of simple
solids under radiation is being implemented. [18, 19].
5.2. Theoretical and simulation studies on damage factor interpretation
A model of kinetics of radiation-induced defect concentration based on the master equation,
together with a non-equilibrium statistical model of melting and vacancy formation as thermally
activated processes was constructed. There are significative advances in the development of a
simple model for the accumulation of defects in materials subjected to radiation based on the
use of the master equation, that connects the empirical damage factor with the expected fraction
of point defects in the material [20].
6.

REMARKS AND CONCLUSIONS

Following remarks and conclusions are obtained from the research presented along to this
report:
 Small plasma focus (1kJ) and table top plasma focus devices (400J and 2J) can work as a
plasma source to mimic the irradiation conditions that PFM have to withstand in a nuclear
fusion reactor.
 The dynamics of the axial plasma shock ejected after the pinch was characterized using
pulsed optical refractive diagnostics in the PF-400J. The temporal evolution of the position
of the axial plasma shock, and the velocity, kinetic energy, interaction area, interaction time,
power flux and damage factor F, for a sample located at different position from the anode
top for the PF-400J was obtained.
 It was found that the damage factor, F, highly depend of the axial distance of the sample
from the anode top. In addition, the damage factor F varies smoothly with the energy of the
plasma focus device E, as F  E1/6. Thus, a table top PF device of hundreds joules, inclusive
a PF of few joules can produce the same damage factor than a larger device of MJ, just
adjusting the position of the sample.
 Devices with tunable damage factor, F, can be constructed based upon plasma focus devices
technology. The table top plasma focus PF-400J, operating at hundred joules, was used as
tunable damage factor devices to irradiate materials with plasma shocks. The damage factor
F can be tune 103–105 W∙cm-2∙s1/2. However, a better calibration of the damage factor is
required.
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 A very small table top PF device working at only 2J was designed and constructed, PF-2J
as a tunable damage factor irradiator. The damage factor F can be tune 102–104 W∙cm-2∙s1/2.
It was tested using SS samples. Thousand shots are possible to obtain in 3 to 4 hours using
the PF-2J at 0.1Hz. However, a better calibration of the damage factor is required in the PF2J device.
 W and nanostructured W provided by the Instituto de Fusión Nuclear (IFN) of Madrid,
Spain, were irradiated with the small PF-2kJ operating at 1kJ and with the table top PF400J. After irradiation, the samples were analysed in collaboration with IFN, Madrid, Spain.
 Preliminary results on Mo were obtained using the PF-2J at 0.1Hz as irradiator.
 Preliminary spectroscopy results of the plasma shock interacting with samples were
obtained.
 Molecular dynamics simulations to complement the experimental studies were
implemented.
 A theoretical approach to understand the meaning of the damage factor was done.
 A better calibration of the damage factor for plasma focus devices is required. The
determination of the irradiation area is critical and also of the radial dependence of the
power flux on the sample.
 The capabilities to study the effects of pulsed radiation relevant to fusion material reactors
were implemented in Chile. Including: table top irradiators based on plasma focus
technology, optical plasma diagnostics, computational simulation and theoretical approach,
and material characterization (in collaboration with the Insituto de Fusión Nuclear, UPM,
Madrid, Spain).
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Abstract
The paper presents a short review of activities conducted in France in collaboration with other
European groups and dedicated to characterization of laser-target interaction under the condition of
shock ignition scheme of inertial confinement fusion. This work has been coordinated by the CELIA
laboratory of the University of Bordeaux in the framework of the Coordinated Research Project
“Pathways to Energy from Inertial Fusion: Materials beyond Ignition”.

1. INTRODUCTION
The French contribution to the Coordinated Research Project on “Pathways to Energy from
Inertial Fusion: Materials beyond Ignition” consists in the physics analysis of the conditions
needed for realization of Shock Ignition Scenario of an Inertial Confinement Fusion (ICF)
Power Plant. The Shock Ignition is the most promising approach to ICF in the direct drive
configuration allowing for a relatively simple target design, relaxed requirements on the laser
energy and irradiation symmetry and high energy gain. However, Shock Ignition operates at
high laser intensities 1015–1016 W/cm2 where non-linear processes need to be well understood
and controlled. Consequently, we conducted a series of theoretical studies, numerical
simulations and experiments aiming on characterization and control of such effects as: (i) strong
shock generation, (ii) hot electron production and transport, (iii) laser imprint smoothing and
(iv) optimized fusion target design.
“Along with the ongoing research in conventional inertial confinement fusion, over the last two
decades an increasing interest in alternative inertial fusion schemes [1] which are promising
either a lower ignition threshold, a more stable implosion, or a higher energy gain needed for
industrial applications. ICF considers at present a deuterium–tritium (DT) mix as a fuel because
it is easiest to ignite. This process consists of three stages [2]: (i) implosion of DT fuel to
densities of a few hundred g per cm3 with a laser; (ii) heating a small portion of a compressed
fuel to the temperature about 5–7 keV where the fusion reactions are ignited; and (iii) release
of the major part of the fusion energy in the combustion wave propagating from the ignition
spot through the cold fuel. In order to self-heat, the ignition region needs to trap some of the
fusion burn products. For a DT mixture these are mainly α-particles. At 10 keV plasma
temperature these have a range of about 0.3 g/cm2. Therefore, ignition requires that the hotspot
region needs to have simultaneously at least this column density and the 5 keV temperature.
Near term ignition attempts use lasers with the energy of 1–2 MJ driving capsules with radii of
about 1 mm and a mass of 1 mg [3]. Of this only 5 kJ is coupled to the hotspot in the indirect
drive scheme” [1]. The direct drive scheme allows to couple at least 4 times more energy to the
hotspot. Alternative ignition schemes such as Fast Ignition and Shock Ignition could further
increase the energy coupling and thus the fusion energy gain in expense of a more complicated
physics of laser plasma interaction. Laser driven implosion is the only known way to achieve
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the pressure and density in the hotspot needed for ignition. The “fuel shell is accelerated over
some distance to a given implosion velocity. The absorbed laser energy is stored as the kinetic
energy of the shell, which is then converted to internal energy on stagnation. Efficient
conversion of this kinetic energy into internal energy of a compressed fuel requires good drive
symmetry so the imploding shell preserves its integrity and does not mix with the hotspot
material. In addition, the implosion concentrates the shell energy into a small fraction of its
mass when it comes to stagnation” [1]. The typical implosion velocity required for ignition in
the conventional ICF schemes is on the order of 300–400 km/s. Shells at such velocities are
very fragile and could be easily destroyed due to the development of hydrodynamic RayleighTaylor instability. The alternative ignition schemes operate at lower implosion velocities where
the shells are more stable and the additional energy into the hotspot is brought with energetic
particles or a strong shock. Consequently, they require higher laser intensities and a more
precise synchronization of the laser pulses.
The “shock ignition scheme aims for a demonstration of high gain inertial confinement fusion
on existing laser facilities [4, 5]. This is the most conventional of the alternative approaches. It
considers the laser intensities 10–30 times higher than the conventional direct drive, but only
later in time after the shell has partially converged. This enables a more stable implosion thanks
to a relatively low implosion velocity below 300 km∙s-1, and, at the same time, avoids the
undesirable effect of fuel preheat by fast electrons” [1]. It implies generation of the ablation
pressure of more than 300 Mbar for producing a strong converging shock. Laser plasma
interaction at the corresponding laser intensities 1015–1016 W∙cm-2 is strongly nonlinear and
needs a special analysis.
This paper presents the results of research on Shock Ignition obtained in the period 2016 –
2018. These activities have been conducted by the researchers of CELIA in strong collaboration
with other national and European laboratories and in a broader international context.
2. MODELLING OF LASER-PLASMA INTERACTION AND DEVELOPMENT OF
ADVANCED NUMERICAL TOOLS
The “plasma and laser parameters needed for formation of the ignition shock are in a
“dangerous” zone where the nonlinear effects in laser–plasma interaction manifest themselves
in enhanced scattering and generation of energetic electrons. The laser intensities above 1015
W/cm2 demonstrate increasing reflectivity levels related to the Stimulated Raman Scattering
(SRS) and Stimulated Brillouin Scattering (SBS), laser beam filamentation (FI), two-plasmon
instability (TPD) and other parametric processes. All these effects are not included in standard
versions of hydrodynamic codes and thus may be easily underestimated or overlooked.
Moreover, this range of laser intensities was not studied experimentally in detail. Only recently
correlations between the hot-electron production and SRS have been reported in the
experiments. The specificity of the shock-ignition scheme may allow one to mitigate
undesirable nonlinear effects and even to benefit from their presence. In difference from the
standard implosion schemes, the shock-ignition target is accelerated for a longer time at lower
intensities, so that, at the moment of intense ignition spike arrival the shell radius is reduced by
a factor of two. It is already compressed and its areal density is increased by a factor of ten or
twenty approaches a level of about 10 mg/cm2. This value is comparable to the stopping range
of 100 keV electrons. For this reason, the electrons generated in the corona with lower energies
may not present a danger for the fuel compression. They may be even beneficial” [6,7] for
increase the shock pressure while depositing their energy at the outer shell surface. A review of
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recent theoretical developments concerning the physics of laser plasma energy depositions and
hot electron transport is presented in Ref. [8].
2.1. Strong shock generation in a spherical geometry
Characterization of hot electron generation under the Shock Ignition conditions has been
performed experimentally in the convergent and planar geometries. In the experiments on the
OMEGA facility [9, 10] a spherical plastic target doped with Ti and covered with a thin ablator
layer has been irradiated with 60 laser beams at third harmonic (351 nm) with total energy ~25
kJ and average intensity up to 5×1015 W/cm2. Four different ablators (CH, C, Be and SiO2) and
two irradiation conditions (with and without laser temporal smoothing) have been explored.
The number of hot electrons and their effective temperature have been measured by detecting
the characteristic K-α and bremsstrahlung emissions from the dopant. The shock strength was
calculated with a radiation hydrodynamic code by knowing the time of the shock collapse to
the target centre manifested by a short X ray flash.

FIG. 1. (a) X ray flash time for different ablators with smoothing by spectral dispersion (SSD) on
(squares, blue) and SSD off (circles, red); (b) measured time integrated conversion efficiency (CE) of
laser energy into hot-electron energy. Reprinted from [9] with permission from the American Institute
of Physics.

Figure 1 shows the shock collapse time and the laser energy fraction transmitted to hot electrons
in experiments with different ablators [9]. Anti-correlation between these two parameters
indicates clearly a positive contribution of hot electrons to the shock wave velocity and
consequently to the shock wave amplitude. These hot electrons are accelerated in the electron
plasma waves produced in the Stimulated Raman Scattering (SRS) and have average energy of
40 – 50 keV. Moreover, by turning off temporal laser beam smoothing one can further increase
the hot electron production up to 9% in the plastic ablator and the shock speed. The higher
conversion efficiency in CH is attributed to stronger damping of ion-acoustic waves because of
the presence of light H ions. The saturation level of electron plasma waves in SRS is controlled
by their secondary parametric decay in oppositely travelling electron plasma wave and in ionacoustic wave. The threshold of the parametric decay is proportional to the ion-acoustic
damping rate. In the case of a high ion-acoustic damping provided by hydrogen ions, the
threshold of the parametric decay is higher and the electron plasma waves can grow to a higher
level, producing a stronger SRS signal and a larger number of hot electrons.
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FIG. 2. (a) Evolution of the shock (red) and ablation (black) pressure for the case without hot
electrons; (b) with hot electrons. Reprinted from [9] with permission from the American Institute of
Physics.

Experiments on strong shock excitation in spherical plastic targets were interpreted with the
radiation–hydrodynamics code CHIC developed at CELIA [10]. The laser-energy deposition is
described by a two-dimensional ray-tracing model based on the paraxial complex geometrical
optics (PCGO) and providing access to the laser intensity in any location in plasma [11]. In
addition to the collisional inverse bremsstrahlung absorption, it accounts for such noncollisional effects as resonance absorption, excitation of parametric instabilities SRS and TPD,
cross beam energy transfer and hot-electron generation. Figure 2 shows temporal evolution of
the ablation and shock pressures in two simulations with and without hot electrons. These
simulations can be assimilated to the experiments without and with laser temporal smoothing,
respectively. Ablation pressure raises to approximately 130 Mbar in both cases during the
interval between 1 and 2 ns, when the main laser pulse arrives. In contrast, hot electrons in the
case b) deposit their energy downstream the shock thus doubling its pressure to approximately
270 Mbar. The CHIC simulations successfully reproduced the shock collapse time, the laser
pulse absorption and the fraction of hot electrons. That confirms the validity of the numerical
model and the ability of hot electrons to boost the shock pressure to the level needed for Shock
Ignition.
The experiment [10] demonstrated however, that a small fraction of hot electrons ~1%
penetrates upstream the shock front and deposits their energy in the target centre thus preheating
the target material and reducing the shock strength. This is undesirable effect which may impose
more stringent conditions on the Shock Ignition. It is demonstrated in Ref. [12] that the target
design proposed several years ago [4] is not protecting the fuel from the hot electron preheat
and the target fails to ignite. A new shock ignition design has been proposed in Ref. [13] for
the NIF conditions. It uses a thicker ablator allowing a more efficient hot electron stopping,
lower fuel preheat and higher fusion yield.
2.2. Strong shock generation in the planar experiments
Unfortunately, experiments conducted on OMEGA are limited in laser energy and in intensity.
They do not allow to explore all range of parameters of interest for Shock Ignition. Experiments
with higher intensities are conducted in a planar geometry on several laser facilities in Europe
with a goal to achieve the highest possible shock pressure and to measure the hot electron
characteristics. Experiments in France on the LIL laser where conducted with planar and hemispherical targets at third harmonic (351 nm) with the laser energy of 10 kJ [14]. The shock
pressure was deduced from the measurements of the shock velocity with the VISAR diagnostics
and shock breakout time with an optical pyrometer. Contribution of parametric instabilities to
laser absorption was rather small because of laser intensity was limited to 1.5×1015 W/cm2. The
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shock dynamics was successfully reproduced in the radiation hydrodynamic simulations with
CHIC providing the shock pressure of 90 Mbar in a planar target. Hemispherical target provides
shock focusing and reduced lateral losses. It allowed to increase the maximum pressure to 120
Mbar.
Planar experiments at a higher laser energy of 70 kJ are planned in 2019 on the LMJ laser
facility [15]. By using specially designed phase plates we are planning to increase the laser
intensity on target to (8–9)×1015 W∙cm-2 and to attain the conditions pertinent for Shock
Ignition. The shock pressure is expected to be 220 Mbar with a significant contribution of hot
electrons. The experimental scheme is shown in Fig. 3. Three LMJ quadruplets will be
interacting in the focal plane and the fourth quadruplet will be used for the side-on shock
radiography. A 3 ns laser prepulse will create an appropriate plasma density profile and a 1.2
ns main pulse with drive the shock. The target contains three imbedded thin metallic layers.
Their characteristic X ray emission will provide information on the number and energy
distribution of hot electrons. Because of oblique incidence of laser beams, we expect to observe
the effect of cross beam energy transfer. Figure 3(c) shows the expected distribution of the
plasma pressure across the focal spot.

FIG. 3. (a) Scheme of the LMJ experiment on strong shock excitation with three quadruplets – two
coming from the North and one from the South; (b)temporal shape of the laser pulse on the target with
a 3 ns prepulse and 1.2 ns main pulse. (c) Pressure distribution on the target after the arrival of the
main pulse. Reproduced with permission from Ref. [15].

Experiments on a smaller level of laser energy but with a tighter beam focusing were conducted
on the PALS laser facility in the Czech Republic. This iodine laser delivers up to 700 J at the
first harmonic (1314 nm) or up to 350 J at the third harmonic (438 nm) in a 300 ps pulse
duration. By tightly focusing this pulse on a target in a 100 µm spot one may attain intensities
exceeding 2×1016 W∙cm-2 at the first harmonic and 6×1015 W∙cm-2 at the third harmonic. Multilayered targets with two imbedded metallic tracer layers allowed us “to simultaneously study
the generation of a strong shock and the production of hot electrons. Phase plates used at both
irradiation wavelengths provided a uniform and well-known intensity profile”4. The auxiliary
laser beam, with energy up to 80 J at first harmonic was used to create a plasma corona with a
relatively long axial scale-length and a flat radial density distribution.
Results presented in Refs. [16, 17] characterize the laser plasma interaction and hot electron
production at the third harmonic. Paper [18] presents a comparison of the shock drive
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performance on the first and third harmonics. Laser target interaction at 3ω is essentially
collisional. Collision-less processes contribute about 2.3% to the laser absorption and hot
electrons with energy about 20 keV carry less than 1% of the absorbed energy. In contrast, the
hot electron energy in the experiments at 1ω is more than 40 keV and they carry more than 5%
of the absorbed energy. The shock pressure at the laser intensity of 1016 W∙cm-2 was evaluated
from the measured shock breakout time to be 90 Mbar. This pressure is much less than the one
expected from the one dimensional scaling law on the order of 200 Mbar because of strong
lateral energy losses. The size of the laser focal spot is comparable to the standoff distance
between the laser absorption zone and the ablation layer. “Generally, we found a good
agreement between the results obtained by advanced hydrodynamics simulations with
experimental results in the UV domain of laser wavelengths”4 (438 nm). The experimental
results the case of 1ω irradiation, do not fully agree with the prediction of the CHIC-PCGO
simulations. This discrepancy indicates the necessity of improving the parametrization of the
nonlinear laser plasma interactions in the IR domain. The correspondent numerical simulations
are ongoing. They will allow to improve the performance of existent numerical tools.
3. THEORETICAL MODEL OF HOT ELECTRON TRANSPORT
An important issue for ICF is the electron energy transport. The mean free path of electrons in
the laser heated corona is comparable with the distance of the conduction layer, so the standard
diffusion model of electron transport is not valid. The most advanced version of a nonlocal
electron transport model which was proposed in Ref. [19], has been tested recently in detailed
kinetic simulations with Fokker-Planck and Particle-in-Cell codes [20,21]. Although it is
validated in a broad range of parameters relevant to ICF for the cases without magnetic field,
its extension to magnetized plasmas is still pending. Another, more performant reduced kinetic
model has been developed in Ref. [22]. It is based on the entropic closer of the angular
momentum series and allows a straightforward extension of the model to the case where
magnetic fields are present [23].
Figure 4 shows a comparison of the performance of nonlocal kinetic models with full scale
kinetic simulations. It is performed for a simple but representative case of a plasma of a constant
density and a temperature decreasing from a high value of 1 keV on the left to a low level of
0.1 keV on the right over a jump of variable thickness.

FIG. 4. Comparison of the nonlocal models of electron transport SNB [19] and AP1 [21] with the full
kinetic simulations performed with the Fokker-Planck codes ALADIN and IMPACT and a Particle-inCell code CALDER. (a) Dependence of the suppression of the heat conductivity coefficient on the
Knudsen number, Kn, which is ratio of the electron mean free path to the temperature gradient scale
length; (b) spatial distribution of the electron heat flux along the temperature profile (blue dashed
line) for the case Kn = 0.01; (c) anisotropic part of the electron distribution function calculated with
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reduced and full kinetic models at the position z = 450 µm (blue point in the panel b). Reproduced
with permission from Ref. [21].

The ratio of the electron mean free path to the jump thickness is the Knudsen number Kn. In
the limit of very small Kn the electron heat flux Q is described by a diffusion equation Q=κSH ∇T, where κSH is the well-known diffusion coefficient calculated by Spitzer and Härm.
Figure 4a shows that the reduced model AP1 successfully describes the heat flux reduction up
to Kn ~ 0.1, but it fails at stronger temperature gradients. Similar behavior has been observed
also in Ref. [20] for the SNB model [19] and it is explained by increasing error in evaluation of
the return current. Higher values of the Knudsen number could be accessible for nonlocal
models under the condition that the electric field driven by the return current would be correctly
evaluated. This problem is not yet resolved for the moment.
Figure 4(b) shows spatial distribution of the electron heat flux for the case Kn = 0.01 shown in
panel a. The heat flux distribution is significantly different from the Spitzer-Härm theory shown
in black dashed line, and both nonlocal models succeed to reproduce correctly flux suppression
in the zone of maximum temperature gradient (blue point at z = 450 µm) and flux increase in
the cold plasma (blue point at z = 600 µm). There is however, a significant difference between
the SNB and AP1 models in the shape of the electron distribution function. The distribution
function calculated within the SNB model (which is based on the BGK collision integral) differs
from the full kinetic calculations, while the AP1 model based on a more advanced collision
integral derived by Albritton et al. [21, 23] shows much better agreement. This work shows
possibility of further improvement of the nonlocal electron plasma transport description in
hydrodynamic codes by extending the AP1 model to the cases of stronger nonlocality and
external magnetic fields.
4. CONTROL OF THE LASER IMPRINT AND EXCITATION OF HYDRODYNAMIC
INSTABLITIES
Laser imprint is one of sources of initial perturbations leading to development of hydrodynamic
instabilities in the direct drive ICF. It takes place at the initial part of the laser pulse when the
thickness of conduction zone is small and laser intensity fluctuations may induce pressure
perturbations directly at the ablation surface. Temporal laser beam smoothing is not operational
either at the first few hundred picoseconds, so one has to find other ways to overcome the
problem of laser imprint. Thermal smoothing consists in creating a sufficiently large conduction
zone before the laser reaches the ablator. Low density foams placed at the outer surface of
ablator may be used for that purpose, but they need to be ionized and homogenized before the
laser pressure has access to the ablation surface. It can be achieved either by a short X ray flash
or by a laser-driven supersonic ionization wave. The latter method is preferential as it does not
preheat the fuel and the foam plasma is swiftly homogenized because of a high plasma
temperature, but the underdense foams are fragile and difficult to fabricate.
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FIG. 5. (a) Scheme of the OMEGA experiment on laser imprint suppression: a plastic foil is covered
with a low density foam (light blue) and irradiated with laser beam imprinting a structure with a
period 30 or 60 µm. The face-on radiography is performed with a back lighter source (left). (b) X ray
radiographs of a bare CH target, and targets covered with 7 mg∙cm-3 and 5 mg cm-3 foams of 500 µm
thickness. The periodic structure is imprinted with a 60 µm phase plate. The radiographs are taken at
1.2, 1.5, and 1.8 ns. (c) Comparison between the experimental data and numerical simulations for a
bare CH target (red) and the one coved with a 7 mg∙cm-3 foam (blue). Simulations are represented by
the solid lines and points represent the experimental data. Reproduced with permission from Ref. [25].

We demonstrated in Ref. [25] “for the first time the imprint mitigation mechanism induced by
underdense foams by measuring target areal density modulations amplified” [25] by the
Richtmyer-Meshkov and ablative Rayleigh-Taylor (RT) instability. The reduction of the
intensity fluctuations is observed and explained by the “forward stimulated Brillouin scattering
(FSBS). The processes of laser beam smoothing in the foam plasma and the RT instability
growth in the foil are simulated with a chain of dedicated multi-dimensional numerical tools”
[25]. Figure 5(a) shows the experimental setup and the major diagnostics. The “targets were
made of 15 µm-thick CH foils which are sufficiently thin to be accelerated during a 2 ns laser
pulse” [25]. Some targets were covered with a 500 µm thick low density foam supported by a
copper washer. The foam density was below the critical density for the laser light, thus
permitting a supersonic foam ionization. One of the laser beams was equipped with a phase
plate producing intensity modulations with a 30 or 60 µm period. The “laser intensity was
adjusted in order to ensure the same foil acceleration in the shots with and without foam” [25].
Radiographies of shots performed with a 60 µm imprint are presented in Fig. 5b for the bare
CH foil, and the targets covered with 7 and 5 mg cm-3 foams. Compared to the bare CH target,
addition of a foam layer results in a significant reduction of the modulation amplitude. The best
results were obtained with a 7 mg cm-3 foam, while a 5 mg cm-3 foam produced undesirable
three dimensional structures. Figure 5c shows a comparison of the temporal evolution of the
periodic modulations imprinted on a CH target measured in experiment and calculated with the
radiation hydrodynamics code CHIC. A significant delay in the RT instability development by
a time of 1 ns is rather evident. It is explained by the laser beam temporal smoothing induced
by forward stimulated Brillouin scattering of the laser beams propagating through the under
dense foam plasma. Numerical simulations with a paraxial code PARAX and experiments show
a similar level of imprint reduction of a factor of 2-3 with the 7 mg cm-3 foam coated targets.
This remarkable result confirms an efficiency of using the low density foams for laser temporal
smoothing and imprint reduction.
Studies of the excitation control and nonlinear development of RT instability have been
continued to the NIF laser within the open access program Discovery Science. 60 times higher
laser energy available on NIF has allowed us to extend the laser pulse duration to 30 ns and
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observe for the first time a strongly nonlinear evolution of RT driven density perturbations in
the geometry similar to the one shown in Fig. 5a. Preliminary results related to acceleration of
a bare CH target are presented in Refs. [26,27]. A more detailed analysis of the NIF results are
presented in the Ph.D. thesis manuscript [28] defended by C. Mailliet.
5. NETWORKING THE EUROPEAN ICF COMMUNITY
This work has been conducted in close collaboration with many national, European and
international partners providing theoretical and numerical support and an access to high energy
laser facilities worldwide. In particular, we acknowledge a support from the group led by J.
Honrubia from the Polytechnic University of Madrid in the improved design of reactor size
targets for the Shock Ignition scheme. This work is also supported by the research projects
supported by the EUROfusion Consortium in the framework of three research projects:
“Towards Demonstration of Inertial Fusion for Energy” (ENR-IFE15-CEA-02) for the period
2014–2018, “Non-local thermal transport in inertial and magnetic confinement fusion plasmas”
(CfP-AWP17-IFE-CCFE-01) for the period 2017–2018, and “Preparation and Realization of
European Shock Ignition Experiments” (CfP-AWP17-IFE-CELIA-02) for the period 2017 –
2018. These projects allowed us to coordinate the research work between the collaborating
European laboratories and to field experiments on the OMEGA facility at the University of
Rochester at the USA.
The collaboration has facilitated by the annual workshops Direct Drive and Fast Ignition
Workshop, organized in April 2016 in Bordeaux, France, in March 2017 in Salamanca, Spain,
and in March 2018 in York, UK. They gathered scientists from all collaborating European
laboratories with participation for scientists from Japan and USA. The collaboration is also
benefited from the ERASMUS PLUS – KA2 programme “Innovative Education and Training
in high power laser plasmas" (PowerLaPs). That project joins 8 European universities
(Technological Educational Institute of Crete, Queens University Belfast, University of
Bordeaux, Czech Technical University in Prague, Ecole Polytechnique, University of Ioannina,
University of Salamanca and University of York) for the two year period, 2017 - 2019 and aims
to assist and enhance the studies of final year Bachelor students, Masters and PhD students by
improving their employability skills in the scientific area of Plasma Physics and High Power
Lasers. More than 30 students from all participating universities benefited from joined training
sessions related to different topics in inertial fusion energy.
6. CONCLUSIONS
The Coordinated Research Project “Pathways to Energy from Inertial Fusion: Materials beyond
Ignition” provided an efficient framework for establishing collaboration links and accelerating
research in energy production with laser driven fusion reactions. In particular, the research
agreement “Physics and target design for shock ignition scenario of an ICF power plant”
enabled a coordination and collaboration on development of more efficient numerical tools,
physical model and large scale experiments dedicated to the target design for the fusion energy
production with Shock Ignition ICF scheme. The modules describing the non-collisional laser
energy absorption in plasma, hot electron generation and nonlocal electron energy transport are
revised and improved thus providing a more accurate representation of the physics of laser
plasma interaction at high laser intensities relevant for the Shock Ignition scheme. These
modules are validated in large scale laser-target experiments. Record shock pressures are
obtained: about 300 Mbar in the spherical geometry and 120 Mbar in the planar geometry. An
experiment aiming on achieving a shock pressure of more than 200 Mbar in the planar geometry
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is planned in spring 2019. The laser imprint reduction with low density foam layers is
demonstrated on the OMEGA laser facility and a nonlinear evolution of the ablative RayleighTaylor instability is studied for the first time on the NIF at the energy level of 500 – 600 kJ.
Good agreement between the experimental results and dedicated numerical simulations opens
perspectives for reliable design of the reactor size targets.
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Abstract
The design studies on inertial fusion reactors have been performed in Japan. LIFT was designed
as a laser inertial fusion test reactor, and KOYO-FAST was designed as a laser inertial demonstration
reactor. Their main structures and major specifications are introduced in the paper. Liquid wall concept
and liquid breeder blanket system are then explained. These liquid metal circulation systems are based
on liquid lead lithium alloy (Pb-16Li). The material issues related to the liquid metal systems are
discussed based on some experimental studies which were performed in Japan. The material
compatibility between liquid Pb-16Li alloy and structural materials is important issue. The corrosion of
steels is caused through the dissolution of steel compositions in flowing Pb-16Li. Corrosion-erosion is
induced by the destruction of the corroded steel surface under the flowing conditions. The non-metal
impurities such as oxygen and nitrogen dissolved in liquid Pb-16Li influence on the corrosion, and its
kinetics are explained. The fabrication methodology of high-purity Pb-Li alloys is introduced, and the
way to control the purity of the liquid alloy is also proposed. The technologies on fuel target injection
system is one of key technologies to achieve the continuous operation of the inertial fusion reactors. The
performance of the target injection system is studied in the experimental works, and it is recognized that
the target speed, the pointing, and the attitude of the system satisfies the requirement of the reactor
designs.

1. INTRODUCTION
The design studies on the laser inertial fusion test reactors have been performed in Japan. LIFT
was designed as a laser inertial fusion test reactor, and KOYO-FAST was designed as a laser
inertial demonstration reactor. Their major structures are reported in the literature [1,2]. Table
1 presents major specifications of the reactors. The test scenario in the LIFT operation is divided
into three research phases according to the purpose. The reactor structure is then different
according to the research phase. In the first phase, the physics on repeated fusion burns will be
studied. The reactor chamber is made of 316 austenitic steel. The reactor in the first phase does
not have any blanket components are not installed in the chamber. The function on the energy
conversion and the tritium breeding by the blanket system is not studied. In the second phase,
the blanket component filled with solid tritium breeder is installed in the reactor chamber for
the energy conversion and the tritium breeding. The characteristics of the solid breeder is
intensively studied for the development of tokamak type fusion DEMO reactor in Japan. The
performance of liquid breeder blanket is tested in the third phase. Liquid Pb-16Li is used as a
tritium breeder. The installation of superconducting magnet which is necessary for magnetic
fusion energy (MEE) reactors is not required in the inertial fusion reactors. The flow of the
liquid metal is then never prevented by MHD drag force in the magnetic field. Therefore, the
liquid metal technologies are adopted for energy conversion and tritium breeding. Liquid wall
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concept, in which the first wall is covered and protected from the pulse irradiation of α particles,
fuel debris and X ray by the film flow of liquid lead lithium alloy (Pb-16Li), is tested. A
“cascade-type” falling liquid-film flow was proposed and its basic performance was studied in
the previous study [3]. KOYO-FAST equipped both the liquid wall and the liquid breeder
blanket as the same as LIFT in the third phase.
Spherical capsules of cryogenic DT fuel coupled with cone are injected into the centre of the
reactor chamber. The capsule target has a layer structure consists of an ablator, a thermal
insulator, and a cryogenic DT layer. The DT layer keeps its highly symmetric, and has a smooth
inner ice surface until the capsule reaches the centre of the chamber at a temperature of about
18 K. This target needs to be positioned at the centre of the chamber with a placement accuracy
of ±10 mm with stable attitude less than 2 degree at high speed of 100m/s.
The current paper summarized the material issues on the tritium breeding system, the energy
conversion system and the target injection system in the inertial reactors. Some experimental
results obtained for the liquid wall concept, the blanket component and the target injection
system were introduced and summarized in the paper.
TABLE 1. MAJOR SPECIFICATION OF LIFT AND KOYO-FAST
LIFT [1]
Experimental reactor

Category
Purpose

Fusion pulse
energy
Laser repetition
ratio
Fusion output
in one chamber
Tritium breeding
ratio
Structural material
Material of fast
wall
Tritium breeder
Coolant

KOYO-FAST [2]
Demonstration
reactor

Phase 1
Repeated fusion
burns physics

Phase 2
Send electric
power to net

40MJ

40MJ

Phase 3
Tritium
breeding
Material test
40MJ

4Hz

4Hz

4Hz

4Hz

160MJ

160MJ

160MJ

800 MW

-

To be evaluated
SUS316

Solid wall
No blanket
-

Solid wall
with W armour
Solid breeder
Pressurized
water

Evaluation of
profitability
200MJ

1.28 [6]
Ferritic steel and SiC/SiC
Liquid wall (Pb-17Li) [3]

Liquid breeder :lithium lead alloy
(Pb-17Li)

2. MATERIAL ISSUES FOR LIQUID WALL AND LIQUID BREEDER BLANKET
2.1. Tritium breeding performance of liquid Pb-16Li blanket
The liquid Pb-16Li blanket is installed in LIFT (phase 3) and KOYO-FAST. Liquid Pb-16Li is
eutectic alloy and its melting point is approximately 508K. The boiling point is theoretically
estimated as 1992K [4]. Thermal conductivity at high temperature up to 873K was made clear
in the experimental work and the data is reported in literature [5]. Liquid Pb-16Li alloy has
functions both of a neutron multiplier and a tritium breeder. Neutrons are multiplied by Pb in
Pb-16Li according to the following (n, 2n) reaction:
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A

Pb + n → 2n +A-1Pb - 7 MeV

(1)

Natural Pb consists of the four isotopes 204Pb, 206Pb, 207Pb, and 208Pb. “Enriching the Pb isotopes
by laser separation and gas centrifugation is possible. It is known that Pb-isotope-enriched
alloys have distinctive nuclear characteristics. Natural lithium (Li) consists of two stable
isotopes: Li-6 (6Li) and Li-7 (7Li)” [6]. The T breeding ratio (TBR) is known to increase for
high concentrations of 6Li in Li. Tritium (T) is produced in the Pb-16Li blanket under
irradiation of fusion neutrons in the liquid Pb-16Li blanket according to the following reactions;
6
7

Li + n → T + He +4.8 MeV

(2)

Li + n → T + He + n - 2.5 MeV

(3)

Simulation studies on the tritium breeding performance of the Pb-17Li blanket installed in
KOYO-FAST were performed [6]. The diameter of the reactor chamber and the blanket
thickness is 10m and 1.5m, respectively. The TBR is 1.28 for the blanket with a natural Pb17Li alloy. The blanket space is always limited by the installation of super conducting magnets
for plasma confinement in MFE reactors. However, large space for the blanket component is
available in the chamber of inertial fusion reactors, since the superconducting magnet is not
necessary. The “large TBR is then obtained because of large blanket space in the reactor
chamber. The TBR reaches 1.64 when 6Li is enriched to 90%.
Some harmful radioactive nuclides are produced by the activation of Pb-17Li under neutron
irradiation. The activation affects the reactor safety during the reactor operation and
maintenance as well as the processing of the activated alloy for re-use or final disposal.
Polonium-210 (210Po) and mercury-203 (203Hg) are widely recognized as the major radioactive
nuclides produced in Pb-17Li and are of special concern. 210Po is a radiotoxic alpha-rayemitting nuclide with a half-life of 138.4 days and is highly mobile due to its high vapour
pressure. 203Hg is a radiotoxic gamma-ray-emitting nuclide with a half-life of 46.6 days. Their
production needs to be quantified to plan the maintenance scenario and to prepare contingency
plans for the accidental release of radioactive nuclides from the blanket system” [6]. The typical
processes to produce 210Po and 203Hg from Pb are made clear as follows [6];
β

208

β

Pb(n, γ) 209Pb → 209Bi→ 209Bi(n, γ) 210Bi→ 210Bi → 210Po
β-

204

Pb(n,2n) 203Pb→ 203Pb → 203Tl→ 203Tl(n,p) 203Hg
206

Pb(n, α) 203Hg

(4)
(5)
(6)

2.2. Fabrication methodology of high-purity Pb-16Li alloy
The fabrication methodology of high-purity Pb-Li alloy was studied and the results are
reported in the literature [7]. The Pb-Li alloys having a various Li concentration were fabricated
by means of the mixture and melting of small Pb and Li grains. In the fabrication procedure,
the Li grains partially reacted with oxygen, which was contained as lead oxide and H2O on the
Pb grains. The chemical reactions are expressed as follows;

218

2

Li + PbO → Li2O + Pb

(7)

4

Li + PbO2 →2 Li2O + Pb

(8)

Some part of Li did not couple with Pb according to these unintended reactions. The effective
Li concentration in the alloy became lower than that expected by the Li quantity as a raw
material. Hydrogen was then generated and dissolved in the alloy according to the chemical
reaction between Li and H2O. Nitrogen was also dissolved in the alloy due to the chemical
affinity between Li and nitrogen. The dissolution of the non-metal impurities into the alloys
were mitigated by the heating and the mixture under vacuum condition according the desorption
of the non-metal impurities from the raw materials. The chemical behaviours of non-metal
impurities in liquid Pb-Li alloys were investigated by means of temperature programmed
desorption mass spectrometer (TDS-MS) analysis [8].
2.3. Material compatibility issues on liquid Pb-16Li system
The material compatibility between liquid Pb-16Li and the structural material is important
issue. The corrosion of steels in liquid metals such as lithium (Li), lead (Pb) and lead-bismuth
eutectic (Pb-Bi) is promoted by non-metal impurities such as nitrogen and oxygen. Therefore,
the control of non-metal impurities in the liquid metal is important to mitigate the corrosion.
The corrosion in liquid Pb or Pb-Bi is strongly influenced by the oxygen concentration of the
liquid metal. When the oxygen concentration in the melt is high, the steel surface of is covered
by an oxide layer. However, the steels are corroded through a formation and an exfoliation of
the oxide layer, when the oxide layer is not compact and stable [9]. When the oxygen
concentration is relatively low, the steel surface is exposed to liquid metal without the formation
of an oxide layer. The steel surface is then corroded through the dissolution of its compositions
into the liquid metal [10]. However, the effect of oxygen content in liquid Pb-16Li on the steel
corrosion is not so clear. The oxygen potential in liquid Pb-16Li alloy is always lower than that
for the formation of the oxide layers on steels. Therefore, the surface of steels is always exposed
to liquid Pb-16Li and steels corrode through the dissolution of steel composition (e.g. Fe, Cr
and Ni). The effect of nitrogen dissolved in liquid Pb-16Li on the corrosion is recently made
clear. Nitrogen reacts with Li and steel compositions and unstable chemical compounds are
formed. The corrosion is then promoted. This kinetics are similar with that in liquid Li. Another
large concern is corrosion-erosion phenomenon [9]. The occurrence of corrosion-erosion attack
is able to be mitigated when the corrosion of steels is mitigated by the chemical control of nonmetal impurities in the liquid metal.
3. MATERIAL ISSUS FOR TARGET SYSTEM
In the injection system required for the inertial fusion reactors, the fuel target with sabot is
accelerated by gas and coil gun and the sabot is removed by magnetic fields. The placement
accuracy and the injection speed were made cleared by previous study. However, the injected
attitude at chamber centre or angular velocity change of sphere –cone target is important issue.
In the experimental study, simulated fuel target of 4 x 12.5 mm sphere-cone made of aluminium
and sabot with 42 mm length were used. The target was accelerated by the nitrogen gas gun and
sabot was removed by the permanent magnets. The target speed and angular velocity were
observed at 0.1 (first observation point) and 1.2 m (second observation point) far from the
permanent magnets (separation section) using 2 high speed camera (20,000 fps) to reveal the
cause of fluctuation of target attitude. The schematic diagram of the experimental setup is
shown in Fig. 1.
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FIG. 1. Experimental setup for target injection system.
The angular velocity change by the contact or friction between target and sabot during sabot
removal process were observed at the first observation point several times. The angular velocity
of target needs to be kept constant after the removal of the sabot. However, the angular velocity
at the first and second observation points were different, even though the sabot was removed
completely before the second observation point. The external force by the leaked gas used for
acceleration influenced on the change of the target attitude after the sabot removal, since the
time for the target to go through between the first and second observation points correspond to
the time for the gas to reach the target. There are two possibilities on the change of the target
attitude. One is the contact and/or friction between the target and the sabot. the inner surface of
acceleration tube was made flat less than 2.5-um RMS to suppress the former factor. After the
inner surface treatment, the target attitude was drastically improved. In the case of the latter
problem, we need to consider the whole injection system for future reactor such as coil gun,
exhaust system. In the future system, the gas effect is less because the volume of whole system
is quite large.
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Abstract
Inside an inertial fusion chamber, materials are exposed to radiation of a range of frequencies
from gamma rays to infrared and to high energy particles. We have investigated Carbon nanotube (CNT)
thin films as a potential material to be used inside inertial fusion chambers, given its robustness and
structural stability alone and as composites. The films were prepared by thermal evaporation of
powdered commercial CNT from Aldrich. Optical and structural properties were investigated through
Absorption, Raman and FTIR spectroscopies and High Resolution Scanning Electron Microscopy and
Atomic force microscopy. Optical damage studies using a pulsed Nd:YAG laser show that the films
withstand and optical power of ~107 W∙cm-2.

1. INTRODUCTION
Carbon is one of those abundant elements found in crystalline as well as amorphous forms. It
is an extraordinary element with more allotropic forms than any other elements in the periodic
table. Carbon nanotube (CNT) has a one-dimensional sp2 hybridized structure and can be
visualized as a rolled version of Graphene [1, 2]. They are hollow structures with the walls
formed by one atom thick sheets of carbon (Graphene) and are among the stiffest and strongest
known artificial fibres known and have unique characteristics. The sp2-hybridised chemical
bonds are stronger than sp3 bonds found in alkanes and diamond and these bonds provide
nanotubes their unique strength. A single walled nanotube can have a diameter 0.5–2 nm and
length of 100 nm or more, making it a one dimensional structure called a nanowire. The specific
atomic arrangement of Carbon atoms in the CNT results in unique mechanical, electrical,
thermal and optical properties. The Young’s modulus of a carbon nanotube can be as high as
1000 GPa which is approximately 5 times higher than steel. The tensile strength can be up to
63 GPa, around 50 times higher than steel [3–5]. These properties when combined with the
lightness of CNT give them great potential in many applications. Besides the extraordinary
mechanical properties, CNT shows interesting electronic properties.
The studies on thermal and optical properties of CNTs indicate that they have excellent thermal
conductivity of about 6600W/m-K [6-10]. 2-D conductive CNT films display excellent
mechanical flexibility and stretch ability. Polymer, Cement, Metal, as well as Ceramic matrices
are often used to make CNT composites. High damage resistant materials such as CNTs have
potentials to be used in optical systems where high power lasers are the main driving sources.
Recent interest for developing materials with high optical, radiation and particle impact damage
threshold that can be used inside Inertial Confinement Fusion Chambers have prompted us to
explore CNT as a potential material. Such materials need to have high damage resistance on
impact with high energy electrons, protons, neutrons, X rays etc. The primary objective of the
present study is to develop CNT thin films and test its damage resistance under nanosecond
laser irradiation.
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2. EXPERIMENTS
One of the simplest methods for deposition of thin films, viz., vacuum evaporation method is
employed in deposition of many metallic and non-metallic thin films on diverse substrates. The
method can be employed very effectively to produce mono-component films that have moderate
melting points. In this method, the sample is subjected to resistive heating resulting in
subsequent melting, evaporation and deposition of the sample on substrates placed at suitable
distance above the melt. It is difficult to employ this technique for materials having high melting
point. The reported values for melting points for carbon nanotubes are greater than 2500 K,
which is difficult to achieve through resistive heating even though CNTs are structurally stable
above 3000 K. We also have found that even at the maximum attainable heating current of the
equipment available in the lab there was no evidence of melting of the CNT sample. We have
used vacuum evaporation technique to make thin films directly from carbon nanotube powder
purchased from Sigma-Aldrich. The powder was specified as multiwalled CNT powder with
outer diameter 6-13 nm and length 2.5–20 µm.
To deposit thin films of CNT on a glass substrate, the powder was taken in a molybdenum boat
and subjected to resistive heating in high vacuum conditions with a base pressure of 2 × 10
mbar. The conventional method of vacuum evaporation and deposition required transient liquid
phase at high temperatures before the melt could evaporate and deposit. The reported melting
points of nanotubes are greater than 2500°C, which is difficult to achieve through resistive
heating even though CNTs are structurally stable at that temperature. This difficulty has so far
been hindering the deposition of CNTs using resistive evaporation techniques. But what we
have found was that after prolonged heating of the sample red hot, the nanotubes sublime in to
vapour phase and deposit on the substrates. We have prepared very thin, uniform and
conducting thin films of carbon nanotubes using vacuum coating unit. A high current of about
197 Amperes has flown through the molybdenum boat containing the sample for 15-20 minutes
to deposit films. Even at the maximum attainable heating current and temperature, there was no
sign of melting of the powder. Rather it undergoes sublimation and deposited on the glass
substrates kept at a fixed distance away from the source. The rate of deposition was observed
as very low. Numerous trials were required before stable good quality films were deposited.
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FIG. 1. XRD pattern of (a) multi-walled carbon nanotube powder before heating and (b) that of the
residue after deposition of thin films through vacuum evaporation technique.
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The powder sample was analysed using X ray diffraction techniques before and after deposition
to ascertain the presence of carbon nanotubes in the powder. Fig. 1(a) is the XRD pattern of
CNT before the deposition process. The residue of the sample obtained after coating is again
analysed using XRD to ensure that there has no major structural changes to the sample. X ray
diffraction pattern of the powder remained in the Molybdenum boat, after heating and
deposition is shown in Fig. 1(b) (upper dashed line) with all the major peaks with minor changes
in intensities verifies the presence of CNTs in the residue and therefore its structural integrity.
CNTs are known for its stability under extreme temperature conditions of above 2800K and we
do not expect any dissociation or structural changes below that temperature. Three major peaks
are detected at 12.68°, 26.15° and 43.14° in both fresh and residual samples corresponding to
the crystal planes (002), (001) and (100) respectively. The result obtained is compared with
JCPDS data sheet and summarized in Table 1. The data shows that there are two distinct sizes
for the nanotubes ranging from 3–4 nm.
TABLE 1. ANALYSIS OF X RAY DIFFRACTION PATTERN BEFORE AND AFTER
HEATING THE SAMPLE FOR DEPOSITION. THE DIAMETERS OF THE TUBES ARE
ESTIMATED

Sample

Before Heating

After Heating

2

d

Intensity

FWHM

(hkl )

Size

(degree)

(A°)

(cps degree)

(degree)

26.15

3.405

386.31

2.90216

(001)

3.48

42.8869

2.107

115.93

1.97862

(100)

3.61

26.1

3.4113

413.85

2.7641

(001)

44.3918

2.0390

125.45

2.1945

(100)

(nm)

3.08
4.08

We have investigated the structural and optical properties of the prepared thin films using XRD,
SEM, AFM, UV-Visible Spectroscopy, Raman and FTIR spectroscopy, before and after
annealing the sample at 600K for about 1 hour. Optical damage properties of the materials were
studied using an Nd:YAG laser.
3. OPTICAL AND STRUCTURAL PROPERTIES OF CNT THIN FILMS
The absorption properties of the synthesized CNT films in the UV visible wavelength range
were examined using a spectrophotometer. Nanotubes have an intense absorption peak in
between 200-250 nm [11]. But since we have used a glass substrate that also has significant
absorption in the same wavelength region, it was not possible to make a measurement
accurately. Nevertheless, here in this study we have analysed the absorption curve in 300-900
nm range. The curves obtained before and after annealing are given in Fig. 2.
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FIG. 2. Optical absorption spectra (a) before annealing and (b) after annealing.

It is clear from the figure that CNTs show a nearly constant absorption over 350-550 nm range.
Thereafter there is a gradual increase in absorption for longer wavelengths. Upon annealing a
significant change in the absorption at longer wavelength region is observed. The absorption
gradually decreases for longer wavelengths. Also, we can observe a new resonance developing
near 350 nm.
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Raman spectroscopic investigations show several peaks that correspond to CNTs (Fig. 3). There
is a strong peak near 280 cm-1 characterising the radial breathing mode (radial expansion and
contraction) linked to the diameter of the tubes. Annealing of the sample at 600K for 1 hour has
significantly improved the structural integrity of the film as evidenced by stronger radial
breathing mode (RBM) and D-lines in the Raman spectra as seen from the figure.
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FIG. 3. Raman spectra of CNT films (a) without annealing and (b) with annealing.
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The main Raman scattering features of CNTs are the RBM corresponding to the in phase radial
vibrations of all carbon atoms, the G band corresponding to the out of phase stretching
vibrations of neighbouring carbon atoms in a graphite plane, the defect or disorder induced D
band and G’ bands related to the second order overtones of D band. The RBM mode is a
confirmation for the presence of CNTs in a sample. It depends on the tube diameter by the
relation:
ωr =

A
d

+B

(1)

where, ωr is the Raman shift corresponding to RBM mode, d the diameter of the tube and A and
B are constants and vary between individual tubes and bundle tubes. Some authors consider
only the constant A in the determination of the diameter.
The line shape of G band indicates the tube nature, whether it is metallic one or semiconducting.
For CNT this band normally split into two, the higher frequency component corresponds to
vibrations along the tube axis. It does not depend on the tube diameter. But studies show that
the low frequency band, G- depends on the tube diameter as it corresponds to vibrations along
the circumference of the tube. Generally, metallic tube has a broad and asymmetric weak G
band. The D band is present is due to the scattering from a defect or disorder in the grapheme
sheet. The main Raman features of a MWCNT can be found in the Raman spectra provided in
Figs 4–5.
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FIG. 4. D and G bands of CNT films.
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FIG. 5. RBM peaks at smaller wavenumbers of the film.

There are two major RBM peaks corresponding to 129.57 cm-1 and 281.24 cm-1 indicating a
double-walled carbon nanotube (DWCNT). High frequency shift corresponds to inner tube and
the lower one the outer tube with diameters 1.9 nm and 0.88 nm respectively. The diameters
are calculated using the formula mentioned above by taking A = 248 cm-1 and B= 0 cm-1 and
the data is shown in Table 2. It also shows peaks at 572.35 cm-1 and 1088 cm-1 which represents
the overtone frequencies. The G and D bands are absent for the sample that is not annealed. For
annealed sample there is a peak at 139.13 cm-1 corresponding to RBM mode and the diameter
is calculated as 1.78 nm. Other prominent bands at 572 cm-1, 903.25 cm-1, 1386.33 cm-1 (G
band) and 1573.52 cm-1(D band). Here the G and D bands are visible but has no signature for
G band splitting. The small ratio of intensities of the D and G bands also indicates that the
nanotube is a Multiwalled one.
TABLE 2. DIAMETER CALCULATIONS OF CNT
Sample

RBM Freq. (cm-1)

Diameter (nm)

Annealed

129.57

1.914

281.24

0.882

139.13

1.782

Without Annealing

Multi-Walled Carbon Nanotubes (MWCNT) consists of concentric graphene sheets rolled to
cylindrical forms with varying diameters. So, we need to consider the vibrations of all the inner
and outer tubes hence prominent Raman features are visible only with good resonance
conditions. That means the peak intensities depends on the Raman excitation energy. The RBM
mode signal is usually broad and sometimes not visible for MWCNTs. But the G band splitting
for MWCNT is very weak and shows an asymmetric line shape.
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Fourier Transform Infrared Spectrum (FTIR) of CNT films were studied for annealed and unannealed samples. Nanotube structure is highly influenced by angles and curvatures in which a
graphene sheet can be rolled in to a tube. For nanotubes, there are only a few IR active modes
and these modes depends on the structural symmetry of the molecules and diameter of the tube.
The FTIR spectrum of annealed sample is given in Fig.6. For all the samples there are two
intense peaks one around 765 cm-1 and second one at 910.4 cm-1 as shown in the figure. These
are characteristic vibrations of C-C double bonds and are referred as the back bones of CNT
[12].
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FIG. 6. FTIR spectrum of CNT films.

There is also two less intense peaks between 1585- 1530 cm-1 and 1599 cm-1 which also
corresponds to the C=C vibrations. It is clear from the figure that for annealed sample the less
intense peaks at higher wave number region becomes pronounced and distinguishable. Electron
microscopy has been one of the major diagnostic method for the analysis of carbon nanotubes
right from the initial synthesis of carbon nanotubes [1] and is a basic technique for analysing
thin film morphology. Structures as small as 2 nm can be identified through transmission
electron microscopy. In the present case, morphology of the prepared samples were analysed
using Scanning Electron Microscopy (SEM), and Atomic Force microscopic (AFM)
techniques. Figure 7 shows the HR-SEM images of annealed carbon nanotube films. Clear
indications are that there are needle like structures in the film with mostly parallel orientation.
These structures have diameters of the order of 100 nm and therefore are unlikely to be single
walled carbon nanotubes. In order to compliment these measurements, we have examined these
films under an Atomic Force Microscope and the result is shown in Fig. 8. Scanning Electron
Microscope images of film cross section gives also the thickness of the film. Measured
thickness of the film is approximately 2µm.
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FIG. 7. HR-SEM images of the deposited film. The needle like structures that has dimensions of the
order of 100 nm are images of CNTs.

Atomic Force microscopy (AFM) is a useful technique for direct microstructure studies. The
accurate three dimensional topography of the surfaces can be obtained from AFM down to
atomic resolution. Optical and electronic microscopes can produce 2D images only where as in
AFM we can measure the vertical dimensions of the film. That means using AFM the thickness
or height of the film can also be measured and surface roughness can be obtained from AFM
roughness analysis. AFM uses a sharp tip to probe the surface by raster scanning and can image
the surface with high magnification up to 105 to that of SEM. To investigate the surface
properties, AFM measurements have been carried out for the prepared MWCNT samples. Fig.
8 shows a 2D micrograph of the annealed sample with a uniform distribution of MWCNT. The
rms roughness values of the film was obtained using height distribution analysis and is given
in Table 3. Roughness is found to be minimum for annealed sample.

FIG. 8. High resolution AFM image of carbon nanotube film. The structures in the figure shows
signatures of single as well as multi-walled carbon nanotubes.
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TABLE 3. ROUGHNESS VALUES ESTIMATED FROM AFM IMAGES
Sample
Annealed
Not annealed

RMS roughness
21.0549
25.5218

Average Height (nm)
98.7359
85.076

4. CONCLUSIONS
Carbon nanotubes are one of the most studied nano materials since its discovery by Ref [1]. A
large number of inventions on CNT based thin films and its potential applications were carried
out taking the advantages of its unique physical, electronic and optical properties. As a part of
this project we have successfully coated CNT thin films on glass substrates and its structural,
morphological and spectroscopic characterizations were carried out.
Our primary aim was to produce nanotube based thin films on dielectric substrates like glass in
an easier and efficient way. We choose the simplest resistive evaporation or thermal evaporation
method. We have succeeded in producing very thin conducting films of CNTs under a pressure
of (1–2)×10-5 mbar using a vacuum coating unit. After prolonged heating of the sample red
hot (above 2000K), the nanotubes do not melt rather sublime in to vapor phase and deposit on
the substrates.
We have done a detailed study on its structural and spectroscopic properties using various thin
film characterization techniques like absorption spectrum, Raman spectrum and FTIR analysis,
XRD, SEM and AFM. All the analysis enlightens the presence of nanotube film growth on the
substrate with the peculiar features of MWCNTs.
The films formed on the glass substrates are found to have thickness of about 2 microns and
conducting with very low resistivity. It is also found that this resistivity is changing while aging
due to humidity absorption. This change in electrical behavior of films by adsorption /
absorption of gases and moisture can be used to detect the presence of poisonous gases like
NH3, NO2 etc. We studied the NO2 sensing response of the films at room temperature and it is
noted that the films show sensitivity up to 100%. The response and recovery time can be
improved by modifying the film characteristics by doping or structural changes. Temperature
variations also may affect the gas sensing activity of the films.
We have done an estimate of laser damage of the films; materials with high optical damage
threshold can be used inside inertial confinement fusion (ICF) chambers. Carbon nano tubes
based films are expected to have high laser damage threshold. Exposure to high power Nd:YAG
laser (1064 nm, 10 ns) shows that optical damage occurs at an intensity of ~ 107 W∙cm-2.
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Abstract
Stimulated Brillouin Scattering (SBS) liquid has its own absorption coefficient in the order of 104, and it gives the thermal load in the liquid medium. To develop a high power SBS-cell, it is necessary
to release the thermal load in the SBS cell. A flowing system and rotating wedge system are proposed
and tested to release the thermal load in the SBS medium. With HT-110 SBS liquid (Galden Company’s
HT- series product, boiling point is 110°C), the input energy up to 30 W becomes possible into the SBS
cell. Using HT-270 whose boiling point is 270°C, the input power will be increased over 100 W. It is
necessary this input energy over 1 kW level by applying rotating wedge or flowing system, or other
techniques in future. Furthermore, it was found that purification of the SBS liquid medium is
additionally required to reduce the break-down and/or absorption of the laser light. To purify the SBS
liquid, the ceramic filters of pore size less than 8 nm are recommended because it shows better
performance than membrane filters. In near future, the optimized SBS cell design will be produced,
which can be applied to the real laser fusion driver.

1. INTRODUCTION
A high average power laser with high output energy and a high repetition rate is necessary for
the laser inertial fusion driver [1–4] and the other applications such as large area laser
machining using holograms [5], extreme-ultraviolet (EUV) light generation for lithography [6],
and so on. However, it is difficult to achieve high average power with high energy and a high
repetition rate for a bulk laser due to the thermal effects [7–8] and the parasitic oscillation [9].
To increase the output energy, it is necessary to increase the size of a laser gain medium.
However, the large gain medium is hard to cool down. As the gain medium becomes larger, the
thermal effects such as thermal lensing and thermal birefringence degrade the beam quality of
the output laser beam. Also, the larger the gain medium is, the less efficiency the amplifier has
due to the parasitic oscillation. Therefore, it is impractical to increase the laser gain medium as
we want. So, scientists try to combine lasers using small gain media coherently to yield high
average power [10].
To combine the laser beams coherently, the wave fronts of the laser beams need to be good
enough and the phases of the laser beams need to be less than λ/20. There are two ways to make
wave front flat. One way is using adaptive optics [11]. This method is hard to combine more
than 10 beams, and the wave front compensation is imperfect. The other way is using a phase
conjugate mirror (PCM), which is passive optics. To get a phase conjugate mirror, there are two
typical ways, degenerate 4-wave mixing (DFWM) [12] and stimulated Brillouin scattering
(SBS) [13]. The DFWM has complex structure, therefore it is impossible to combine more than
4 beams. The SBS-PCM has the simplest structure and enables to combine the unlimited
number of beams theoretically. The reflected beam from a conventional SBS-PCM has
inherently random phase [14]. Therefore, it is considered that the coherent beam combining
using SBS-PCM is unable. But Kong et al. proposed a self-phase-control SBS-PCM (SPC-SBSPCM) to set its phase locked [15]. The SPC-SBS-PCM is able to control the relative phase
between the laser beams. Kong et al. successfully demonstrated a coherent 4-beam combination
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using SPC-SBS-PCMs at the low average power of W class with the low repetition rate of 10
Hz [16]. However, at the high average power of kW class with the high repetition rate over 1
kHz, the thermal load of the SBS liquid medium becomes serious problem [17]. With high input
power and a high repetition rate, the absorbed laser beam changes the refractive index of the
SBS medium and defocuses the laser beam [18]. This effect reduces the focal spot intensity of
the input laser beam and degrades the SBS reflectivity in a liquid medium. One of the reasons
of this phenomena is the absorption coefficient of the SBS liquid. The typical value of the
absorption coefficient of SBS liquids are order of 10-4 [19]. To resolve this problem, it is
necessary to purify the SBS medium or release the thermal load in the SBS medium. In the
paper, a rotating wedge and a flowing system are proposed and tested. Also, several SBS liquids
are purified and tested by using Kumgang laser system [20].
2. ROTATING WEDGE AND FLOWING CELL
A rotating wedge system and a flowing system were proposed, fabricated, and tested. Figure 1
shows the fabricated rotating wedge system. By rotating the wedge in front of the SBS cell, the
focal spot of the input beam is revolving in the SBS medium and the thermal load due to the
absorption of the input beam can be released. Figure 2 shows the fabricated flowing system.
The flowing system circulates the SBS liquid medium. By circulating the SBS liquid medium,
the accumulated heat at the focal spot is flushed out to the reservoir. To obtain the high flow
speed at the focal spot, a hyperboloid glass tube is utilized.

FIG. 1. A fabricated rotating wedge system.
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FIG. 2 A fabricated flowing system.

The SBS reflectivity and SBS reflected beam patterns are measured to evaluate the fabricated
rotating wedge system and flowing system. By using Kumgang laser operated at 1 kHz, the
SBS reflectivity and the SBS reflected beam patterns are measured.
Figure 3 shows the schematic diagram of the measurement of the SBS reflectivity and the SBS
reflected beam patterns of the rotating wedge system and the flowing system. The laser beam
is produced by the front-end (FE) of the Kumgang laser system and amplified by pre-amplifier
(PA). The laser beam is expanded by lenses (L1 and L2) and passes through a half wave plate
(HWP). The laser beam is reflected by a mirror (M) and a thin film polarizer (TFP) and passes
through a Faraday rotator (FR). The SBS reflected beam passes through FR once again and
TFP. A power meter (PM) is used to measure the reflected power and calculate the SBS
reflectivity. The SBS reflected beam patterns were taken at the position of the PM. Figure 4
shows the measured SBS reflectivity of the rotating wedge system and the flowing system. The
maximum SBS reflectivity for the rotating wedge systems and the flowing system were 30% at
the input power of 45 W (45 mJ @ 1 kHz) and 75% at the input power of 39.2 W (39.2 mJ @
1 kHz), respectively.

FIG. 3. A schematic diagram of the measurement of the SBS reflectivity and the SBS reflected beam
patterns of the rotating wedge system and the flowing system.
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FIG. 4. SBS input energy vs. SBS reflectivity for rotating wedge systems and flowing system.

Figure 5 shows the SBS reflected beam patterns of the rotating wedge system and the flowing
system. In the SBS reflected beam pattern, the jiggling effect was observed. Also, the reflected
beam pattern was unstable. To improve the performance of these system, the purification of the
liquid media and the optimization of the system is necessary.

FIG. 5. (a) The beam patterns of SBS input beam; (b) the SBS reflected beam from the rotating wedge
system for the input power of 44.9 W; (c) from flowing system for the input power of 39.2 W.

3. PURIFICATION OF THE LIQUID MEDIA
To purify the SBS liquid media, an open-loop purification system is utilized. Figure 6 shows
the layout of the purification system of the SBS medium. N2 gas is purified by membrane filter
which has pore size of 25 nm and presses the SBS medium to a membrane filter which has pore
size of 25 nm.

234

FIG. 6. A layout of the SBS medium purification system. A, membrane filter (pore size 250 nm); B,
pressure vessel; C, membrane filter (pore size 25nm); D, SBS cell.

Two types of the purifying methods, purifying 1 time using 7 folded filter and purifying 7 times
using 1 filter were tested to determine how to purify the SBS liquid medium. Figure 7 shows
the experimental setup for measurement of the SBS reflectivity and the SBS reflected beam
patterns. The laser operated at 1 kHz, and the input beam size of the SBS cell was 6 mm. The
laser beam from the MA is expanded by the beam expander (BE) and reflected by the mirror
(M). the beam passes through the Faraday isolator (FI), which consists of polarizing beam
splitters (PBS), a Faraday rotator (FR), and a half wave plate (H). After passing through the FI,
the beam is relayed by image relaying lenses (RL). H2 and PBS3 are used to control the input
energy of the SBS cell. A quarter wave plate (Q) is used to change the polarization of the SBS
reflected beam. A focusing lens is used to make an SBS-PCM. SBS reflected beam is reflected
by PBS3 and divided by H3 and PBS4. A power meter (PM) and a beam profiler (BP) are used
to measure the reflected beam pattern and the reflected power.

FIG. 7. A schematic diagram of the measurement of the SBS reflectivity and SBS reflected beam
patterns of the SBS-PCM filled by purified medium using two methods.

Figure 8 shows the measured SBS reflectivity for the input energy. From the result, purifying
7 times using 1 membrane filter is more effective than purifying 1 time using 7 folded
membrane filters. The former method achieved the SBS reflectivity of 63% at the input power
of 71.8 W (71.8 mJ @ 1 kHz), while the latter method achieved the SBS reflectivity of 58% at
the input power of 71.5 W (71.5 mJ @ 1 kHz).
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FIG. 8. The input energy vs. SBS reflectivity for two methods, purifying 1 time using 7 folded filters
and purifying 7 times using 1 filter.

Figure 9 shows the SBS reflected beam patterns for two methods at the input energy of 10 mJ,
30 mJ, and 70 mJ @ 1 kHz. The beam patterns are good under the input energy of 10 mJ at 1
kHz repetition rate operation (10 W). however, both beam patterns for two method show the
jiggling effect over the input energy of 30 mJ at the 1 kHz repetition rate operation (30 W).
From these results, purifying 7 times using 1 membrane filter was chosen to purify the SBS
liquid media.

FIG. 9. The SBS reflected beam patterns for two methods at the input energy of 10 mJ, 30 mJ, and 70
mJ @ 1 kHz.

It is also important to find the proper media of the SBS-PCM. To find a proper media of the
SBS-PCM for high input power, three media, Galden HT-110, Galden HT-270, and Fluorinert
FC-770, were compared. Table 1 shows the physical and the optical parameters of three media.
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TABLE 1. THE PHYSICAL AND SBS PROPERTIES OF HT-110, HT-270, AND FC-770
Parameters
Kinematic viscosity (centiStroke) @25ºC
Density (g/cm3)
Boiling point (°C)
Refractive index
−1

Absorption coefficient (cm )
2

Optical breakdown threshold (GW/cm )
Phonon lifetime (ns)
SBS gain coefficient (cm/GW)

HT-110

HT-270

0.5

11.7

1.68

1.85

110

270

1.28

1.28

<10-3

<10-3

>100

>100

0.9

0.1

5.7

2.3

FC-770
0.79
1.79
95
1.27
<10-3
197.9
0.57
3.5

Figure 10 shows the measured SBS reflectivity of the Galden HT-110, HT-110, and the
Fluorinert FC-770 for each input energy. From the result, Galden HT-110, HT-270, and
Flourinert FC-770 achieved the SBS reflectivity of 64%, 42%, and 60% for the input power of
50 W, 44 W, and 45 W at the 1 kHz repetition rate operation. Also, the Galden HT-270 showed
the stable SBS reflected beam patterns up to 50 W, shown in Fig. 11. However, the optical
breakdowns occurred during the measurement. These optical breakdowns can be caused by
impurities in the SBS medium. To reduce the optical breakdowns and/or the absorption of the
laser light, the ceramic filter whose pore size is less than 8 nm is prepared.

FIG. 10. The input energy vs. SBS reflectivity of HT-110, HT-270, and FC-770.
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FIG. 11. The SBS reflected beam patterns of HT-110, HT-270, and FC-770 for the input power of 10
W, 30 W, and 50 W.

4. CONCLUSION
To resolve the thermal effect in the SBS-PCM at the high input power, the rotating wedge
system and the flowing system were fabricated and tested. The rotating wedge system and the
flowing system showed the SBS reflectivity of 30% and 75% for the input energy of 45 W and
39.2 W, respectively. However, the jiggling effect becomes severe when the input power
exceeds 30 W. The SBS liquid medium, Galden HT-110 was purified by an open-loop
purification system. After purification, the SBS reflectivity of the closed type cell without a
rotating system or a flowing system was 65% at the input power of 70 W when the liquid was
purified 7 times with one filter. However, the reflected beam pattern is unstable and has jiggling
effect over the input power of 30 W. Three media, Galden HT-110, Galden HT-270, Florinert
FC-770 were compared to find the proper media of the SBS-PCM for high input power. Among
three media, HT-270 showed the most stable SBS reflected beam pattern until the input power
of 50 W. However, the optical breakdowns were observed during the measurement. This
implies that it is necessary to purification of the SBS liquid to reduce the optical breakdown
and/or absorption of the laser light. Also, to increase the upper limit of the input power of the
SBS-PCM, the optimized cell design will be produced, which is available for the laser fusion
driver to realize laser inertial fusion energy.
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Abstract
Two issues were concerned in the present research: (i) KrF laser pulse steering for the Shock
Ignition Inertial Fusion Energy approach, which includes a direct amplification of both short (ps length)
and long (ns length) pulses in large-aperture e-beam-pumped KrF amplifiers, laser beam delivering to a
target with small attenuation and deterioration along ~100 m air pass; (ii) long-term degradation of KrF
amplifier optical windows under intensive UV laser light, bremsstrahlung X ray and electron irradiation,
which arises during deceleration and scattering of pumping e-beams.

1. INTRODUCTION
The current research aims at investigation towards an implementation of a direct-drive Shock
Ignition (SI) concept of the Inertial Confinement Fusion (ICF) with e-beam-pumped Krypton
Fluoride (KrF) laser [1]. Inherent properties of KrF laser, such as a short radiation wavelength
λ = 248 nm, a broad bandwidth Δλ ~1.2 nm, a focal spot zooming along target imploding have
been realized in very spatially and temporally uniform target-irradiation at the single-shot 3-kJ
Nike facility (NRL, USA), while a reliable and efficient 5 Hz repetition-rate operation with up
to 700 J output energy was demonstrated ibid. at Electra laser with a working gas recirculation
cooling [2]. Such properties are just one need in a future laser-driven power plant using Inertial
Fusion Energy (IFE) [3,4]. To be economically attractive, it needs to operate with pulse energy
~1 MJ at 5–10 Hz and overall (“plug”) efficiency ~7% for a duty cycle of about 1 year [5, 6].
In the SI ICF approach the main driving pulse of ~ 1014 W/cm2 intensity and of several tens
nanosecond length (long pulse) is followed by a powerful final spike of hundred picoseconds
duration (short pulse) with a peak intensity ~ 1016 W/cm2, which uploads a convergent shock
wave and ignites the collapsed thermonuclear fuel. An appropriate laser pulse form is rather
difficult to maintain in a quasi-steady amplification of the pulse stack in an angular multiplexing
schema due to a heavy saturation of KrF amplifiers by a high-power spike [7]. An alternative
way is to combine short & long pulses immediately on a target while they could be
simultaneously amplified in the same amplifier chains due to a short gain recovery time τc  2
ns of KrF laser [8]. On this way we have demonstrated simultaneous amplification of a
picosecond pulse train against 100-ns lasing pulse at a multistage hybrid Ti:Sapphire / KrF
GARPUN-MTW laser facility [9]. Taking into account that a short pulse amplification law is
the same for any pulse lengths τp ≤τc  2 ns, this confirms a principal ability of KrF laser pulse
steering for the SI ICF via simultaneous amplification of short & long pulses. Such approach
could tremendously simplify architecture of the IFE test facility [10].
Nonlinear effects that appear for high radiation power in a course of direct short-pulse
amplification might strongly affect laser beam quality and amplification efficiency. Earlier
experiments on direct amplification of picoseconds pulses in large-scale e-beam-pumped KrF
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laser facilities Super-Sprite [11,12] and Super-ASHURA [13] with 60 cm aperture of a final
amplifier did not shed light on this issue although achieved peak power of about 10 TW was
much higher than a critical power for a UV radiation self-focusing (Pcr ~ 0.1 GW in atmospheric
air and 3 orders of magnitude lower in laser windows). In present investigations since the first
experiments at GARPUN-MTW laser [14] a small-scale self-focusing of radiation and multiple
filamentation of the laser beam was observed (see also [15−17]), which broke up the beam into
hundreds of filament-like thin (~ 300 μm in diameter) channels with a local intensity and
fluence 200 times as high as an average value over the beam cross section. These filaments
produced nonlinear energy losses in both gain medium and amplifier optical windows resulted
in a low-level saturation of short-pulse energy, as well as damaged laser optics. To negotiate a
laser beam filamentation, a chirped pulse amplification (CPA) scheme instead of a direct
amplification was developed [18], which allowed obtaining ultra-short pulses (USP) of a
femtosecond length with an extremely high peak-power using solid-state amplifiers [19]. The
CPA for KrF lasers although having been demonstrated [20,21], but it is unlikely could be
implemented in a MJ-class facility with angular-multiplexed large-aperture multiple beams
because of a very difficult manufacturing and very costly large-scale diffracting gratings for a
USP compression. Alternatively, “we explore a large negative two-photon resonantly-enhanced
nonlinear refraction index in Xe [22], which could compensate a nonlinear phase shift acquired
along propagation tract in air and in amplifier windows” [16].
Another problem to be solved for a reliable and efficient long-time rep-rate e-beam-pumped
KrF laser operation is colouration of amplifier windows under irradiation by fast electrons and
bremsstrahlung X rays [23–25]. Such irradiation arises due to pumping electron scattering and
deceleration in a working gas and foil windows which serves for e-beam transportation from
vacuum diodes into a laser chamber. Energy fluence of radiation escaped onto laser windows
depends on pumping e-beam parameters and constructive features of a laser chamber. Up to
now two pumping geometries were commonly realized in large-scale amplifiers, e.g. two-side
beams or multi-side (from 4 to 8) beams. They are injected transversely to a laser chamber axis
that is an optical axis of amplifier. These geometries provide effective and uniform energy
deposition in a gas, if electron range is approximately equal to a transverse size of the chamber.
Typically, it is about 300‒600 keV for chambers of 20‒100 cm lateral dimensions and working
gas pressure 1‒2 atm. The bigger size, the lower pressure is used to reduce a mechanical load
on laser windows. The chamber length (up to 200 cm) and width to length aspect ratio are
optimized with taking into account non-saturable absorption and gain depletion in KrF medium
by amplified spontaneous emission (ASE) which is rather high due to a large cross section of
stimulated radiation and a short radiation and collisional lifetimes of an upper laser level [8].
The pumping pulse lengths are typically 100‒500 ns, being restricted by an optical strength of
laser optics and a realistic amount of angularly multiplexed laser pulses (beams) which extracts
stored energy in the gain medium in a quasi-steady manner [2].
To prevent e-beam pinching in self-produced magnetic field, an external magnetic field is
applied along e-beam injection in a double-side pumping layout. It increases energy deposition
in a gas and significantly reduces electron escape onto amplifier windows [23]. Bremsstrahlung
X rays are produced during e-beam deceleration in a gas, foils and foil-support structures. In
contrast to electrons, X ray irradiation of amplifier windows is not directly affected by applied
magnetic field (only through redistribution of injected electrons). They both were measured at
GARPUN laser module [23–25]. Based on these measurements e-beam fluence εe ≤ 1 mJ/cm2
(corresponding energy flux 10 kW/cm2 for 100-ns pumping pulse length) and bremsstrahlung
X ray fluence εX ~ 10 mJ/cm2 (energy flux ~ 100 kW/cm2) per shot could be estimated in the
IFE-scale laser amplifier [24]. Oppositely to electrons absorbed in a thin ~ 1 mm layer nearby
an irradiated window surface, X rays penetrate through the windows, which thickness is a few
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centimetres. Fast electrons and X rays, as well as intensive UV laser light break interatomic
bonds in the material and generate a cascade of secondary electrons and holes. Being trapped
by lattice imperfections or impurity inclusions they form various types of colour centres
absorbing light mostly in UV/VUV and visible spectral domains [26, 27]. Therefore,
distributions of colour centres in optical windows produced by both types of ionizing radiation
are quite different. E-beam-induced absorption is appropriately described by an induced optical
density OD – integral characteristic independent on window thickness, while X ray-induced
absorption is described by X ray-induced absorption coefficient αX which corresponds to a
nearly exponential distribution along window thickness. They both depend on absorbed doses
(dose rates) of ionizing radiation. Under pulsed irradiation a short-lived transient induced
absorption due to defect relaxation evolves to a long-lived residual one, which is accumulated
pulse by pulse during irradiation run [23,25]. A total absorbed dose of ionizing radiation
amassed in KrF laser driver windows for 1-year IFE duty cycle could be estimated around
30 MGy [25]. In addition to nonlinear losses and degradation of KrF laser driver windows
darkening of the final optics and windows of a reactor chamber happens subjected to neutron,
ion and gamma radiation from thermonuclear target explosions [28, 29]. All of them play a
crucial role in laser beam delivery to a target. A long-term degradation of KrF laser windows
under 1-MeV electrons is concerned in the present research and compared with our previous
investigations at a pulsed e-beam source ELA [23,25,30‒33]. In 280-keV, 200 A/cm2, 80-ns ebeam pulses it delivered to tested samples energy fluence εe ~ 2 J/cm2 per shot, which is 3 orders
of magnitude higher than measured at GARPUN laser. Effect of colour centres bleaching by
CW UV light was also investigated, being a promising way to reduce induced absorption in
KrF laser driver windows during IFE duty cycle.
2. NONLINEAR EFFECTS UNDER A DIRECT AMPLIFICATION OF SUB-TW
PICOSECOND PULSES IN KRF AMPLIFIERS AND A LONG-DISTANCE
TRANSPORTATION IN ATMOSPHERIC AIR
2.1. Ti:Sapphire / KrF GARPUN-MTW laser facility
Experiments on direct amplification of ps and ns pulses as well as laser pulse steering and beam
delivery were performed at the hybrid Ti:Sapphire / KrF GARPUN-MTW laser (for details see
ref. [8]). The general view of the facility hall is shown in Fig. 1(a). It consists of two front-end
oscillators, a mirror ring pulse multiplexer and a chain of two large-aperture e-beam-pumped
KrF amplifiers. The nanosecond discharge-pumped EMG 150 TMSC KrF laser oscillator of the
Lambda Physik generates tunable narrow-band or wide-band 25 ns, 200 mJ UV pulses around
248 nm wavelength. The femtosecond Ti: Sapphire front-end Start-248 М of the Avesta Project
Ltd. generates ~100 fs IR pulses, which energy after frequency conversion to the KrF gain band
amounts to 0.5 mJ. A single UV USP was cut by a shutter from an original front-end 10 Hz
sequence. “To obtain a train, a single USP was introduced into a multiplexer, formed by three
flat highly reflecting mirrors and a beam splitter (a thin CaF2 plate with a dielectric coating).
For a beam splitter with 30% reflection, the total train energy reached 0.1 mJ, and the energies
of individual USPs in the train obeyed a ratio 3:5:1.5:0.5” [15]. The USP repetition period in
the train was longer than the gain recovery time in KrF laser medium (~2 ns), and it was varied
from 3 to 5 ns by changing the distance between the multiplexer mirrors. With the delay line
shuttered, there was only the first USP of the train at the multiplexer output, which contained
33% of the total train energy. An initial beam diameter was 3 times telescoped by a vacuum
spatial filter and forwarded into amplification tract with a total atmospheric air pass to a target
chamber about 100 m. Plane and curved mirrors match the beam diameter with e-beam-pumped
KrF preamplifier Berdysh and the final large-aperture GARPUN amplifier (Figs 1(b)–(c)). The
final amplifier has a gain volume of 12 × 18 × 100 cm transversely pumped by two counter
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propagating e-beams with a pulse duration ~100 ns, an electron energy of 350 keV and a current
density of 50 A/cm2. In a free-running operation with a specific pumping power Wb = 0.7÷0.8
MW/cm3 of working gas mixture Ar/Kr/F2 at a pressure of 1.4 atm it produces laser energy up
to 100 J. The Berdysh preamplifier with a volume of 8 × 8 × 110 cm transversely pumped by a
one-side e-beam with similar parameters Wb = 0.6÷0.7 MW/cm3 and a working gas pressure of
1.8 atm generates about 25 J. Vacuum spatial filter incorporated between the amplifier cascades
suppresses amplified spontaneous emission (ASE).
(a)

(b)

(c)

FIG. 1. (a) General view of GARPUN-MTW laser facility; (b) preamplifier Berdysh; (c) final amplifier
GARPUN.

All these units were performed in different amplification schemes to produce single USP of
sub-ps duration [14] and USP trains [15], or a combination of the USP train and a long (~ 100
ns) pulse equal in duration to a pumping time of KrF amplifiers [9]. To amplify single USPs
and the USP trains three various optical layouts were investigated including: (i) a consequent
double-pass amplification of USPs in both large-aperture preamplifier and amplifier modules;
(ii) a four-pass amplification of USPs in the preamplifier and single-pass amplification in the
final amplifier, and (iii) a four-pass amplification of USPs in the preamplifier followed by a
double-pass amplification in the final amplifier. Comparative studies have been done to choose
an optimal laser configuration that produced maximal USP energy, the shortest pulse duration
with the lowest ASE input. It was a double-pass amplification in both KrF amplifiers (Fig. 2).
The USP train energy in this layout attained 1.0 J. Single USP energy was on average lower by
a factor of 2.5 than the total train energy. The maximal energy attained for a single USP
amplification amounted 0.65 J. Pulse duration was measured by a single-shot autocorrelators
based on two-photon fluorescence of BaF2 crystal or XeF mixture in a counter propagating
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beams layout. Due to a group velocity dispersion along the amplification tract the output USP
was stretched up to ≤ 1 ps. Thus, a USP peak power ~ 1 TW was attained.

FIG. 2. Layout of a double-pass amplification of a USP in GARPUN facility and laser-beam
filamentation measurements.

To obtain combined pulses, USP train (or a single USP) firstly were amplified in a double-pass
Berdysh preamplifier and finally in GARPUN regenerative amplifier. The latter was equipped
by unstable confocal resonator formed by a totally reflecting spherical mirror with a radius of
curvature 6 m and a semitransparent mirror deposited on the convex face of a meniscus lens
with a radius of 1 m. Therefore, the resonator magnification was 6 and its length 2.5 m. “The
concave surface of the meniscus lens had an antireflection coating, and its radius of curvature
was selected in such a way as to make coincident the points of the imaginary foci of the
meniscus lens and the mirror deposited on the convex surface. The wavefronts of the beam
injected into the resonator and the radiation reflected from the mirror surface of the meniscus
lens in the multiple passes through the resonator were thereby matched to each other” [34]. The
output radiation was a superposition of the amplified USP train and 100-ns free-running
oscillation pulse. System optimization included variations of injected USP periodicity and
transparency of the input meniscus resonator mirror. For combined pulses the highest total
energy, up to 30 J and maximal USP peak power ~ 0.2–0.3 TW in the train were achieved.
Highly amplitude-modulated combined UV laser pulses support prolonged air ionization if
compared with a convenient few ns ionization in a trace of a single USP. Such possibility is
highly attractive for triggering and guiding of high-voltage electric discharges in atmosphere
[34] and directed transfer of microwave radiation along artificial plasma waveguides [35].
These experiments revealed that USP energy in a course of amplification saturates at rather low
level, a few times less than predicted from numerical simulations [8].
2.2. The laser beam filamentation
Effect of powerful radiation self-focusing originates from an intensity-dependent Kerr
nonlinear additive to the refraction index n2 caused by polarization of medium in intensive laser
field. A nonlinear phase shift along laser pulse propagation length for n2 > 0 induces a selffocusing of the whole beam with a central maximum in transverse intensity distribution. The
self-focusing onset is defined by critical power Pcr  3 , 77  2 / 8 n0 n2 (n0 is the linear refraction
index), which corresponds to the equality of self-focusing and diffraction. As both effects
depend on the beam diameter in the same manner, any defocusing mechanism is required to
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arrest the beam collapse, e.g. a negative additive to the refraction index of electrons produced
by laser field ionization of the matter. The dynamic balance of Kerr self-focusing and plasma
defocusing n 2 I f   ef  I  / 2  c , where ρef is an electron density,  c   0 m e  02 / e 2 is the critical
plasma density,  0 is the permittivity of vacuum, ω0 is the laser frequency; me and e are the
electron mass and charge. Self-guided pulse propagation arises in the form of a narrow filamentlike channel, which length multiply exceeds the Rayleigh length for linear beam focusing [36].
For very high “supercritical” laser power P >> Pcr “hot spots” in initial intensity distribution
provoke a local self-focusing, and the beam spatially breaks up into multiple filaments governed
by modulation instability [37]. Such situation is realized at the GARPUN-MTW facility during
USP amplification resulted in multiple beam filamentation [14−17]. In the case of a four-pass
amplification of USPs in the preamplifier, filaments were fully formed before passing the final
amplifier [16]. In the optimal USP double-pass scheme in both amplifiers, filaments arose just
15 m beyond the final amplifier and they were observed up to ~ 100-m distance in the nearly
collimated laser beam formed by a convex (M3) and concave (M4) mirrors (Fig. 3, upper
panels).
2.2.1. Stochastic filamentation of a supercritical UV laser beam
Parameters of multiple light and plasma filaments were measured and their evolution along
100-m air pass was investigated. To visualize a UV laser beam, nonlinear fluorescence of K8
glass in the blue-green region of the spectrum was used, which was displayed by an objective
on the optical profilometer Spiricon SP620U Beam Profiler (Ophir Photonics) (see Fig. 2).
Glass fluorescence f was calibrated in dependence on the USP energy fluence ε at Ti: Sapphire
front end. In a wide range of ε values differing by more than four orders of magnitude, the
obtained dependence is described by the power function f   0.4 [38]. It made possible to
register simultaneously and without saturation of the profilometer CCD matrix both filaments
and a background radiation with a large intensity difference (Fig. 3). A moiré-like beam pattern
observed at the final amplifier output reproduced CaF2 windows structure (they are indeed not
a single mono crystals but a merge of crystallite blocks), as block boundaries introduced phase
modulation into transmitted radiation. Such a slight perturbation of the output radiation nearby
the amplifier (with intensity variation no more than a few ten percent) nevertheless provoked
at distances ≥ 15 m away from the final amplifier a distinct multiple filamentation pattern
containing entirely formed filaments. About 300 randomly distributed filaments were counted
over a collimated beam cross section of about 100 mm in size, which contains a fraction of 0.3
of the total USP energy ≈ 0.2 J, the rest being in a background radiation (so called energy
reservoir). An average energy in each filament was ~ 0.2 mJ. Typical diameter of filaments
measured at L ~ 30 m beyond the final amplfier was in the range df = 240÷340 μm (FWHM),
peak intensity was If = (2.0±0.6)·1011 W/cm2 in average, and maximal fluence εf = 0.2±0.06
J/cm2. Power transferred in filaments Pf ~ 0.2 GW was a doubled Pcr. Electron density in
filaments ρef ~ 3.5·1013 cm-3 was estimated from laser beam attenuation along 100-m distance
[35]. It qualitatively agrees with a direct measurement of multiphoton ionization (MPI) of
atmospheric air 𝜌 (𝑟) = ∑ 𝜎 𝜌 ∫ 𝐼 (𝑟, 𝑡) 𝑑𝑡, where 𝐾 = 𝑈 /ℏ𝜔 + 1 is the number of
photons required for ionization of air component with a density ρj and ionization potential Uj
[39, 40]. For found parameters n2 If ≫ρef (If )/2ρc +(1.22λ)2 /8πn0 d2f , that is Kerr self-focusing is
much higher than plasma and diffraction de-focusing. “Therefore, instead of a conventional
plasma-driven filamentation model, which is adequate to a pre-focused or squeezed laser beam
[36], a plasma-free model needs to be sought for a large cross section slightly-focused or
collimated UV beam of our concern. Indeed, our experiments revealed two important features:
(i) the dominant role of resonance-enhanced multiphoton ionization (REMPI) processes in the
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interaction of a deep UV laser radiation with atmospheric air instead of a direct MPI by IR light
[39]; and (ii) rotational orientation of anisotropic oxygen and nitrogen molecules, i.e. stimulated
rotational Raman scattering (SRRS) in the laser field of ps length USP [17]. Both processes
change the polarization of the matter. They could contribute to the nonlinear refraction
additionally to an instantaneous bound electrons response in molecules” [44]. Coherent SRRS
arises when the pulse width (~ 1 ps) is shorter than the characteristic relaxation time of
polarization (≥ 100 ps) [40] and the pulse spectrum is wider than the eigen frequency of the
equivalent two-level model oscillator (i.e., the Stokes shift). When UV USP propagates in air,
the SRRS in nitrogen between J=6 and J=8 rotational states was the dominating process, which
is characterized by the Stokes shift of 75 cm-1 while the USP spectral width is ~ 200 cm-1. The
laser light self-focusing under coherent SRRS was obtained theoretically by solving the USP
envelope equation [17]. The found threshold of self-focusing was in a reasonable coincidence
with the commonly accepted value Pcr = 0.1 GW. A perfect fit with the measured values of the
energy per filament 0.2 mJ and of the filament diameter 300 µm was also obtained.
L=30 m

L=50 m

L=100 m

FIG. 3. K8 glass fluorescence at various distances L from the final amplifier (upper row), with
circular periodic masks inserted 5-m beyond the amplifier (middle row) and with the X-cell at 5-m
beyond the amplifier (bottom row); panel size is 4×5 cm. A circle in the bottom-left panel is an image
of a red radiation accompanying UV USP interaction with Xe.
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Comparison of filament patterns formed by a single USP and by the USP train showed “that
they are very similar, that is position of individual filaments and their areal distribution did not
change significantly in the nanosecond time scale. In addition, the patterns demonstrated a longterm stability when subsequent USPs were repeated in several minutes” [16]. Filament
degradation is observed at the longest distances (Fig. 3), and “it could be explained by an impact
of stochastic laser beam perturbations in air. For example, strong turbulence induced by local
air heating with the fan in 1-m length region of the total 30 m beam pass from the final amplifier
strongly affected on the radiation distribution and destroyed regular filament ordering by the
periodic mask” [44].
2.2.2. Arranging of filaments into a perfect 2D array
As seen in Fig. 3 (upper row), “filaments are randomly developed around stochastic and
deterministic perturbations of intensity or phase caused by imperfections of laser gain medium,
optical windows, air turbulences, as well as by diffraction at optics apertures with a hard edge”
[43]. While filaments do appear, it is of our interest arranging of typical stochastic multiple
filament patterns into a well-ordered filament distribution. Such regular filament arrays in air
have a potential to be used as virtual laser-supported plasma antennas and waveguides to
transfer microwave radiation [35]. “The main idea to control a filamentation process is to
introduce initial regular perturbations in the beam that need to overcome the natural ones.
Linear diffraction as shown in numerical simulations [42] is capable to provide a dominant
initial partitioning of power in a nonlinear propagation of a supercritical beam and thus to
arrange a multiple filament distribution” [43]. We have used two masks with circular or square
periodic apertures of 5 mm size inserted 5 m beyond the final amplifier, each transmitting
individual power ~ (5−10)Pcr, which was enough to initiate afterwards in each cut-off beamlet
a few filaments [43, 44]. A total number of hexagonally packed apertures in the masks over
beam cross section amounted to hundreds. In order to obtain a perfect diffraction-controlled
filament array for a given aperture radii a =2.5 mm we varied a distance Ld from the mask. It
was achieved for Ld ≈ 25 m and corresponded to Fresnel number N F  a 2 /  L d  a 2 /  R =1,
where R = −170 m is the radius of curvature of a slightly convergent incident beam. Only one
central maximum in a diffraction pattern exists in this case, and it favours the single “super
filament” gained in a competition. These super filaments assigned by diffraction maxima
formed a continuous plasma string array of about 20-m length.
2.3. Multiphoton air ionization and a long-distance attenuation of KrF laser radiation
Multiple filamentation of a supercritical UV beam in ambient air via MPI produces plasma
channels that are of a great interest for several promising applications mentioned above.
Besides, defocusing of laser radiation in plasma is usually considered as the main mechanism
that prevents collapsing of a supercritical beam, i.e. balances Kerr self-focusing. As critical
power of self-focusing for a short-wavelength KrF laser radiation is rather low (thirty times less
than in IR spectral domain), it becomes filamented very easy and laser beam contains more
filaments (typically each filament transfers a power about Pcr). On the other hand, probability
of direct MPI in the UV domain is significantly higher, as fewer amounts of photons are
required. Although photon energy (5 eV for the 248 nm KrF laser) is low compared to the
ionization potentials of the main air components, 2-photon resonances do exist that makes
possible an effective Resonance Enhanced Multiphoton Ionization (REMPI). We have mention
before that such resonance could manage a coherent filamentation process instead of plasma
defocusing. Prior to this study, 248 nm laser was believed to ionize atmospheric air mostly
through direct 3 photon MPI of molecular O2, though published data on relevant ionization
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mechanisms and rates are somewhat contradictory. Direct 4-photon MPI and (3+1) (REMPI)
were reported both in N2 and Ar with large scatter in the magnitude of ionization rates.
Ionization contribution of water vapor was not studied yet and its ionization rate is not known,
although for typical laboratory air conditions (T = 21ºC and relative humidity η = 40%) the H2O
content becomes equal to Ar content (~1%). We elucidated these issues in the present research
[39, 40]. Experiments were performed within a broad 108÷1013 W/cm2 intensity and 0.01÷1 atm
pressure range using 160-fs USP of the frequency-tripled Ti: Sapphire front-end and long 25ns pulses of a discharge-pumped KrF laser. The former generated a broadband USP (Δλ~1 nm)
with a central wavelength of λ= 248.5 nm. The latter generated a narrow band radiation (Δλ ~
10-3 nm), tunable within a range of λ=248.0÷248.8 nm. To measure plasma density a
photoconductivity technique was developed earlier [45]. We have experimentally shown that it
is (2+1) REMPI of water vapor naturally contained in atmospheric air that acts as the dominant
process of air ionization. “It occurs through 2-photon resonant excitation of water molecule
which results in quadratic dependence of electron density on laser intensity at lower laser
intensities of 108 ÷ 1010 W/cm2 in the long pulse, and in cubic dependence at higher intensities
of 1010 ÷ 1013 W/cm2 in the short pulse. Direct 3-photon ionization and (3+1) REMPI took place
respectively in pure O2 and N2 and their contributions to air ionization are in the ratio of 5: 3.
Total ionization rate of O2 and N2 in atmospheric air is about an order of magnitude less than
that of water vapor. Relevant ionization coefficients (effective MPI cross sections) have been
measured, and that for the H2O molecule is more than 2–3 orders of magnitude larger than the
others” [40].
Attenuation and deterioration of powerful UV radiation under propagation along 100-m pass in
atmospheric air was investigated. Measured by calorimeters attenuation of 0.2 J,1 ps USP with
0.2 TW peak power and 80 mJ, 20 ns pulses with 4 MW peak power were approximated by
exponential fits. Attenuation coefficient for the USP 6.9×10-3 m-1 appeared to be 3.3 times as
much as for 20 ns pulses (2.1×10-3 m-1). We assumed this difference arose of high-intensity
filaments, which ionize air effectively via (2+1) REMPI of H2O molecules, while attenuation
of low-intensity (or background radiation) is caused by linear losses. Electron density in
filaments was estimated on the base of these measurements in assumption that all nonlinear
energy losses of the USP along the propagation pass (with the exception of linear ones) are
spent for a 3 photon ionization. The obtained value correlates with direct measurements of
atmospheric air ionization rate and filament parameters.
2.4. Nonlinear interaction of high-power KrF laser pulses with amplifier gain medium and
optical windows
When filaments arise in the laser beam, they concentrate extra high peak intensity If ~ 2×1011
W/cm2 and energy fluence εf ~ 0.2 J/cm2, which are 200-fold bigger than the averaged values
over laser beam cross section. Energy fluence in filaments exceeds by two orders of magnitude
the saturation energy fluence εsat = 2 mJ/cm2, which is a key parameter for USP amplification
in KrF gain medium. Moreover, it exceeds significantly the maximum fluence εlim = 20–40 mJ/
cm2, which can be ever achieved in an undesired heavily saturated regime with low laser
efficiency [15]. It means that the KrF gain medium would absorb filaments if they arise in front
of amplifier entrance, as it was in the case of a four-pass USP amplification in the preamplifier.
Although a background radiation, which is measured to contain ~ 70% of the whole USP
energy, is still amplified, absorption of filaments restricts the attained USP energy.
Additional losses for high-intensity filaments are introduced by a nonlinear absorption,
stimulated Raman scattering (SRS) and radiation spectra extra broadening in amplifier windows
Nonlinear absorption of powerful UV laser pulses was measured in various optical materials
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suitable for KrF laser optics and its effect on the attainable short-pulse energy density was
evaluated. CaF2 was appeared to be the most transparent material in respect to nonlinear
absorption of short pulses as it proceeds via 3 photon absorption [46−49]. It was chosen for
amplifier windows but even this rather stable material is strongly affected by multiple filaments
of a supercritical laser beam. For instance, filaments are evidently seen in fluorescence of CaF2
sample in Fig. 4(a) when undergoing a passage of multiply filamented supercritical laser beam.
Damaged by filaments, output CaF2 window of Berdysh preamplifier when it operated in a fourpass layout is shown in Fig. 4(b).
(a)

(b)

FIG. 4. (a) CaF2 fluorescence under filamented laser beam pass; (b )damaged by filaments
preamplifier window.

Nonlinear interaction of UV radiation with CaF2 samples was investigated in the intensity range
109÷5×1011 W/cm2. Experiments were performed at Ti: Sapphire front-end with the USP length
of 100-fs (FWHM). Radiation was focused by the F=2 m lens in the 2-cm thick sample, which
was approximately equal to amplifier window thickness. The sample was placed in the beam
waist at a distance of ~8 cm from the focal plane (Fig. 5). The radiation incident on the sample
was attenuated (step by step, using a diffraction attenuator) by a factor of 100 of the maximal
value of 0.1 mJ (the corresponding power ~ 1 GW); the spot diameter ~ 300 mm (FWHM),
approximately coincided with the average diameter of individual filaments in the USP beam.
Therefore, conditions allowing for the transmission of individual filaments through the
amplifier window were reproduced in a much wider range of peak powers, which obviously
exceeded the critical filamentation power in CaF2. The radiation transmitted through the
“sample was directed to a spectrometer ASP-150 (Avesta Project Ltd.) with a CCD array. The
integrals over the spectral distributions of the radiation transmitted through the sample and the
radiation propagating in the absence of sample were compared to find the relative value of
radiation transmission (reduction), caused by a total effect of nonlinear absorption and
scattering” [15]. This allowed us to exclude the effect of spectral broadening on measurements
with photodiodes, which have a strong dependence of the sensitivity on radiation wavelength
in the UV region.
For small scattering angles (see layout in Fig. 5(a) the radiation transmitted through air has
broad spectral wings, built up from the central wavelength at ~10 nm (Fig. 6). Such a spectral
shift by an order of magnitude corresponds to a vibrational quantum of the ground state of
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molecular oxygen 𝜔e=1580 cm-1 (0.196 eV) [50]. Therefore, we can conclude that the broad
spectral wings arose as a result of the SRS on the vibrational levels of O2 molecules. In the case
of radiation transmitted through a CaF2 sample, a rather large fraction of energy (up to several
tens of percent) were concentrated in wide wings. The half-width, ~ 20 nm, greatly exceeded
the gain band of the KrF laser transition (~2.5 nm). In addition to broad spectral wings, there is
a strong broadening of the сentral maximum, and several spectral peaks appear on it, which
corresponds to the SRS of different order in CaF2 crystals [51,52]. In air (where some
absorption of focused radiation could also be expected), the integral over the spectrum within
the measurement error was linearly dependent on the incident energy (Fig. 7). Without an
attenuator, the USP energy was directly measured by a calorimeter before and after beam
focusing, and coincided with the measurement accuracy. In this sense, integrals over the
spectrum were tied to the incident and transmitted USP energies (powers).

FIG. 5. (a) Measurement schemes of transmission of CaF2 sample; (b) spectral-angular radiation
diagram. 1-lens, 2- CaF2 sample, 3-aperture, 4-spectrometer. Roman numerals indicate the course of
the beam in the absence of (I) and in the presence of a sample (II).

FIG. 6. Spectra of radiation focused in (1) air and (2) CaF2 sample at paraxial angles.
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It is seen that significant nonlinear losses in CaF2 occur for the USP peak power of more than
0.1 GW, which corresponds to the incident radiation intensity on the sample P ~ 1011 W/cm2.
With increasing power nonlinear losses increase and at P=1 GW reach ~ 80%. The best fit to a
1/ 2
3 photon absorption attenuation law I  l   I 0 1  2 I 02l  (where I0 is an insident intensity, γ is a
3 photon absorption coefficient, l is a sample thickness) with accounting for temporal and
spatial intensity distribution was obtained for γ= (1.1±0.3)×10-22 см3/Вт2. This value is 3-fold
bigger than measured in [47] for the USP length 450 fs apparently because of an input of
radiation scattering in present experiments. For bigger scattering angles (see layout of
Fig. 5(b)), Stokes and anti-Stokes components of SRS with Raman shifts 157, 218, 289, and
332 cm-1 were observed in the spectra, their number being increased with an angle. When found
above γ value is applied for a nonlinear absorption and scattering in a 4-cm thick CaF2 window
of the final amplifier, the loss of each filament is estimated ≈ 63%.
In addition, due to the broadening of the radiation spectrum in CaF2, the fraction of the
transmitted radiation in the KrF gain band is no more than 30%. Thus, in the case of filaments
formation in the amplification tract, only 90% of the radiation in filaments pass through the
amplifier windows. With accounting for a background radiation and Fresnel reflection a
window transmission needs to be about 64%. In the experiment, the measured transmission of
the amplifier window for a multiply filamented laser beam was ≈ 60%.

FIG. 7. Transmittance of radiation (1) focuced in air and (2) in CaF2 vs. USP peak power (intensity);
shaded region corresponds to filaments range.
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2.5. Suppression of KrF laser beam filamentation in xenon
Therefore, a suppression of a beam filamentation is an important issue, first, for a reliable laser
facility operation with a maximal USP energy, and, second, to prevent laser beam deterioration
under propagation along ~ 100-m distance from the final amplifier exit to a target [38].We
employed xenon gas, which has a large (70-fold higher than in air) negative two-photon
resonantly enhanced nonlinear refraction index [22] to compensate a nonlinear phase incursion
along the USP amplification tract in air and in amplifier windows. When filamented beam
passed through a Xe cell of 2.5-m length, a pronounced effect of filament defocusing was
observed even at rather low Xe pressure of 0.1 atm (Fig. 8). A fraction of the UV radiation lost
in 1-atm Xe increased with the USP energy but did not exceed 20% [53]. Interaction of the UV
USP with Xe was accompanied by a narrow-angle monochromatic coherent cone emission at
828-nm wavelength is explained by a stimulated hyper-Raman scattering and amplified
0
spontaneous emission at the transition 6 p1/ 20  6s 3/ 21 of atomic Xe [54].

FIG. 8. (a) Filamented UV beam when passing through air; (b) Xe-cell; a far-field zone of coherent
red radiation.

The other important quests were investigated: (i) whether it is possible to prevent multiple
filamentation of a supercritical USP beam if to move the Xe cell closer to the final amplifier
than the typical filamentation length (~ 15 m) and (ii) how long will be a filamentation-free
pass in air beyond the cell. To learn these issues we set the Xe cell at 5-m distance from the
amplifier and measured beam profiles at various distances away from the cell (see layout in
Fig. 2). An effective beam homogenizing occurred with Xe and such effect was holding out at
distances up to 50 m (bottom row in Fig. 3). A circle at a bottom-left panel corresponds to a
near field of accompanying red radiation; a speckled inner structure indicates a coherent nature
of the red radiation. It confirms that filaments are phase-matched during their propagation.
With an implemented Xe cell the best choice of a direct USP amplification scheme at
GARPUN-MTW laser facility was successive double-pass USP amplification in both largeaperture KrF amplifiers. In target irradiation experiments, the following laser parameters were
achieved in such scheme: (a) the USP energy at a target 0.25 J; (b) pulse duration less than 1
ps; (c) USP contrast with respect to the ASE energy density ~ 3·105 and ~ 3·1010 for the peak
ASE intensity; (d) beam divergence 0.14 m rad at 0.1 level of the maximum intensity or 0.5 of
the USP energy. When being focused with f/3 mirror (focal length of 0.3 m), the radiation
intensity at a target achieved ~ 1016 W/cm2 in a focal spot of 70 μm. The latter was determined
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by mirror aberrations. It is expected that with a perfect parabolic focusing mirror a spot size
would be reduced while peak intensity will be increase by 1–2 orders of magnitude [38].
3.

A LONG-TERM TRANSMISSION DEGRADATION OF UV OPTICAL MATERIALS
UNDER IRRADIATION BY CW 1-MEV ELECTRON BEAM

3.1. Powerful CW linac electron source for optical samples irradiation
3.1.1. Description of an accelerator
A compact 25 kW CW linear electron accelerator (linac) with electron energy 1 MeV and ebeam current up to 25 mA has been developed for materials study [55]. An overview of the
linac and its schematic diagram are shown in Fig. 9.

FIG. 9. An overview of 25-kW CW linac and its layout: 1 – an electron gun; 2 – a klystron; 3 –
magnetic shielding; 4 – an accelerating structure; 5, 7 –ion pumps; 6 – a bending magnet; 8 – a
divergence camera; 9 – RF system.

“An electron gun (1) with two focusing electrodes and an operating cathode voltage of -15 kV
is located directly at the input flange of the accelerating structure (4). Focusing electrode
voltage controls an output gun current from 0 to 250 mA. On axis coupled biperiodic
accelerating structure operates at a frequency of 2450 MHz. A klystron with a maximum output
power of 50 kW (2) supplies the accelerating structure with radio-frequency (RF) power
through the central accelerating cavity. Similar high voltage allows to use a common power
supply for the klystron and the electron gun. The klystron operates in a self-oscillating mode
provided by a low power RF system (9) which fixes out a positive feedback loop between the
klystron and accelerating structure. Magnetic shielding (3) is installed above the structure.
Steering coils and solenoidal lens are located between the structure and magnetic shielding. The
accelerator vacuum is provided by an ion pump (5) and a sputter-ion pump of the electron gun.
Depending on beam applications different systems can be installed at the output of the
accelerating structure. To measure high power beam parameters a Faraday cup with water
cooling is placed at the output, provided with vacuum system comprising a rough pump and a
turbomolecular pump. The beam scanning system, consisting of a beam divergence camera (8),
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bending magnet (6) and an ion pump (7) is used for materials irradiation. The bending magnet
is powered by the voltage with an amplitude and shape required for the formation of a uniform
radiation field over the entire surface of the output window with 5x70 cm2 dimensions.
Accelerator operating volume is separated from atmosphere by 50 microns titanium foil fixed
at the beam divergence camera output flange. The accelerating structure and the klystron are
cooled with distilled water. A total water consumption of accelerator cooling system is 120
l/min.
The accelerator operation is managed by the control system based on programmable
microcontrollers (PMC). The system provides control of all accelerator systems via the remote
terminal and information on their operation status. The control system is equipped with a set of
emergency – red buttons, and operational interlocks – accelerator hall open door, poor
ventilation level, bad vacuum, insufficient structure and klystron water flow, unlocked
accelerator case, as well as klystron beam and body”5 overcurrent.
3.1.2. The linac optimization and adjustment for materials irradiation
The linac was substantively modified and adjusted for optical samples irradiation with absorbed
doses as high as 20 MGy. For this goal a RF power input port with adjustable coupling
coefficient has been developed. The optimum coupling coefficient 𝛽, providing no reflected
wave in the waveguide, is related to the beam power 𝑃 and power losses in the walls of the
P
accelerating structure Pac as follows: β=1+ P b . Conventional power input port design provides
ac

a constant coupling coefficient. Therefore, during operation with beam power different from
value, on which coupling coefficient was tuned, reflected wave from the accelerating structure
was formed leading to the klystron stability and reliability degradation. We used metal plungers
with variable length mounted on the wide walls of the waveguide near the power input window.
Several configurations with a different arrangement and number of the plungers were examined:
4 symmetrically arranged (2 on each wide wall of the waveguide) plungers at a distance of
about 3 mm from the walls of the power input window aperture; 2 plungers facing each other
in the middle of the waveguide wide wall; a plunger centred on the wide wall of the waveguide.
Numerical simulations were performed using CST Studio Suite software, as well as
electromagnetic measurements of the assembled test S-band accelerating structure (resonance
frequency is 2450 MHz) were carried out. The configuration with one plunger, centred on the
wide wall of the waveguide at a distance of a quarter of a wavelength from power input window,
performed the best results (Fig. 10). It provides a minimal impact on the resonant frequency of
the power input unit and electromagnetic field distribution on the axis of the accelerating
structure and enables to adjust the coupling coefficient over a wide range (Fig. 11).
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FIG. 10. A cutaway view of the model of the test acceleration structure with one plunger for
simulation in CST Studio Suite.

An additional water-cooled pumping unit has been designed, manufactured and installed
between the klystron and accelerating structure. Due to the low vacuum conductivity of the
accelerating structure and the presence of vacuum pumps only in the ends of the structure, in
the middle of the structure, near the power input unit, the vacuum level during operation can be
1-2 orders of magnitude lower than that near the pumps that may lead to vacuum breakdowns.
Installation of additional pumping unit with ion pump can solve this problem. The pumping
unit represents a vacuum chamber and a waveguide with holes on the narrow walls for pumping
located inside the chamber. Cooling is provided by distilled water.
Figure 12 shows a picture of the pumping unit and ion pump with pumping speed of 25 l/s
before installation on the accelerator.
(a)

(b)

FIG. 11. Dependence of (a) coupling coefficient and (b) resonance frequency of the test accelerating
structure on the plunger length.
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FIG. 12. A picture of the additional pumping unit and ion pump before installing.

3.1.3. UV optical materials for KrF laser windows and coatings
“Samples of various UV optical materials, i.e. different-grade fused silica glasses SiO2, alkaline
earth fluoride crystals CaF2, MgF2 and leucosapphire Al2O3 crystals are commonly used as KrF
laser windows or coatings of multilayer mirrors” [59]. An initial transmittance of these
materials with account for Fresnel reflection was measured by a spectrophotometer Specord
M40 in the UV and visible spectral domains, and it is shown in Fig. 13. “Fused silica is
considered to be the material of choice for reactor chamber windows and final Fresnel lenses
[29], as well as for KrF laser driver windows [2]. Large-size (~1-m), high-quality
thermomechanical and radiation-stable optical elements can be manufactured of different kinds
of this glass. Russian KU-1 glass and analogues Corning 7980 have hydroxyl OH concentration
~1000 ppm, other impurities (mainly chlorine) are from ~200 ppm (KU-1) to 20 ppm (ArFgrade Corning 7980). The novel KS-4V glass from I.V. Grebenshchikov Institute of Silicate
Chemistry has impurity concentration (of the main 15 elements) less than 0.5 ppm, OH less
than 0.1 ppm, and chlorine less than 20 ppm. Fluorite (CaF2) crystals although being less
mechanically strength are well suitable for fluorine environment in UV and VUV domains as
laser windows”6. Besides, this is the only material suitable for high-intensity UV USP radiation
[47‒49]. The impurity concentration in CaF2 from S.I. Vavilov State Optical Institute was ~15
ppm. MgF2 crystals and leicosapphire Al2O3 being highly resistant to fluorine etching and
possessing the lowest and the highest reflection indexes “are common materials for multilayer
AR and HR coatings of KrF laser windows and mirrors. High-purity MgF2 samples from
Corning, Kerth Cristalle were chosen for testing along with MgF2”6 and Al2O3 samples from
State Optical Institute.

6
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FIG. 13. Initial transmittance of UV optical materials.

Samples of 15–30 mm in diameter and 3–9 mm thickness were placed on a water-cooled
isolated platform and blown on by air to prevent superheating by no more than 30°C. “A
uniform irradiation field over the entire area of 5×35 cm2 was provided by e-beam scanning
system at the linac exit. An e-beam current density ~ 1 μA/cm2 was chosen experimentally by
monitoring the samples temperature with a thermocouple and it corresponded to the dose rate
~ 3.3 kGy/s. The amassed doses up to 100 kGy were measured with Risø B3 radio chromic
dosimeter film placed nearby the samples. The dosimeter readings were compared with a total
electron charge collected on Faraday cup (the platform), which was further used to monitor
increasing doses in subsequent irradiation runs. It took about 100 minutes to acquire 20 MGy
dose instead of ~ 1-year irradiation run in our previous experiments” [59] with a pulsed 280
keV e-beam source [25].
3.2. Development of the Monte Carlo code for numerical simulation of ionizing radiation
transport in the matter
Elaborated Monte Carlo code for numerical simulation of ionizing radiation transport was being
developed to simulate electrons and x/gamma quanta interaction with matter. In our case of
interest the energies of particles are considered from 0 to 1 MeV. In this range, the scattering
cross sections of electrons and photons have a complex shape and cannot be described by
analytical expressions. For low energy particles a detailed structure of the atomic shells
becomes significant and a direct use of shell cross section data is required. For this reason, for
example, to carry out accurate calculations of the spectrum and of the yield of bremsstrahlung
radiation tabular experimental data of collisional cross sections are used. We chose the publicly
distributed data of Lawrence Livermore National Laboratory (LLNL) for numerical simulation
of electron and gamma-ray transport. “It is the Electron Photon Interaction Cross Section library
EPICS2014 [56] that provides the atomic data needed to perform coupled electron-photon
transport calculations, to produce accurate macroscopic results, such as energy deposition and
dose distribution. Atomic data are provided for elements Z=1 to 100, over the energy range 10
eV to 100 GeV”7. “The low energy processes include the photo-electric effect, Compton

7
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scattering, Rayleigh scattering, bremsstrahlung radiation and ionization, fluorescence and
Auger electron emission of excited atoms”8. The data used for a sampling are extracted from
tables of the evaluated data library EPICS2014 files: EPDL (Evaluated Photons Data Library);
EEDL (Evaluated Electrons Data Library); EADL (Evaluated Atomic Data Library); EXDL
(photon Excitation Data Library). “These files provide the following for the simulation of low
energy processes: total cross-sections for photoelectric effect, Compton scattering, Rayleigh
scattering and bremsstrahlung radiation; subshell integrated cross sections for photo-electric
effect and ionization; energy spectra of the secondaries for electron processes; scattering
functions for the Compton effect; form factors”9; transition probabilities between subshells for
fluorescence and the Auger effect. The total cross sections for the Compton scattering process,
for the Rayleigh scattering process and bremsstrahlung radiation are determined from the EPDL
and EEDL data. The “angular and energy distribution of the incoherently scattered photons is
given by the product of the Klein-Nishina formula and the tabulated scattering function”8. “The
coherent scattered photon angle is sampled from the distribution obtained by the product of the
Rayleigh formula and the square of form factor”9 from EADL. For use in simulations, the data
from EADL, EEDL, EPDL, EXDL presented in the Livermore ENDL format need to be
reduced to simple tabulated form for each element. For this purpose, a program ‘Epics2014read’
has been developed for reading and interpolation of the libraries data for their future use.
The developed Monte Carlo code was applied to simulate the electron beam and X / gammaray passage through samples of various UV optical materials SiO2, CaF2, MgF2, Al2O3.
Experimental database EPICS2014 for cross sections of electrons and photons interaction with
matter were used. For example, Fig. 14 demonstrates a screen window for 1-MeV e-beam
transmitting SiO2 sample of 1-mm thickness, particle and energy distributions for transmitted,
scattered and absorbed electrons. Fig. 15 demonstrates a screen window for 1-MeV gammarays transmitting CaF2 sample of 400-mm thickness.

FIG. 14. A screen window for 1-MeV electrons transmitting SiO2 sample of 1-mm thickness.
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FIG. 15. A screen window for 1-MeV gamma-rays transmitting CaF2 sample of 400-mm thickness.

The range of electrons in a sample and absorbed energy (dose) distribution with a depth are
defined by energy losses in collisions with atoms and scattering relative to the initial direction
of injection. It was found in simulations that the range of 1-MeV electrons in SiO2 is about 1.8
mm, while the maximum of the absorbed energy dεe/dx (εe is e-beam energy fluence) is achieved
at ~ 0.45mm, and ~ 90% of beam energy is absorbed up to ~ 1.3 mm. The range in Al2O3 was
~ 1.1 mm, and 90% of energy was absorbed up to 0.75 mm. In CaF2, these parameters are
correspondingly ~1.5 mm and 1.0 mm. In the whole, the maximum absorbed dose defined as D
= (dεe/dx)max/ρ appears to be very close in all materials. For a given electron energy E = 1 MeV
it can be expressed through e-beam energy fluence as D [kGy] ≈ 3.3×εe [J/cm2]. As sample
thickness is always larger than the electron range, e-beam induced absorption is described by
an optical density OD, which is defined as a natural logarithm of transmittance ratio of initial
to irradiated sample. It characterizes an integral absorption in the given window material
independently on its thickness. Oppositely, bremsstrahlung gamma rays penetrate through the
windows, which thickness is typically a few centimetres. For this reason, induced absorption
coefficient αsat is more adequate for x/gamma-rays instead of an optical density.
3.3. E-beam-induced colour centres in optical materials and their bleaching by UV
radiation
The transmittance spectra of tested samples were measured in the spectral range from 200 to
750 nm with the spectrophotometer in a few hours after irradiation with 1-MeV electrons. The
spectra did not change between subsequent irradiation runs of a few days. After the final
irradiation all samples were kept in a dark box at a room temperature for about 6 months. During
this time their transmittance increased by no more than a few percent. The effect of KrF laser
radiation on colour centres bleaching was investigated earlier [25,33]. Bleaching of colour
centres by continuous UV/visible radiation was investigated in the present research using a
mercury lamp PRK-2 which produces line emission with the most intensive lines at UV and
visible wavelengths 248.2; 253.7; 265.2…302.2/2.6; 312.6/3.2 and 365.0/6.2 nm. To increase
samples illuminance, they were placed in a line onto Al mirror at 4 cm distance from the lamp
axis. Two irradiation runs for 18 hours each were undertaken with transmittance spectra
measurements between irradiations. The optical density OD of e-beam-induced absorption was
then plotted. The OD spectra of different SiO2 glasses are shown in Figs 16‒18.
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a

b

FIG. 16. (a) OD spectra of KU-1 glass after successive e-beam irradiation runs with various εe; (b)
OD after the last e-beam irradiation (1), after 6-months relaxation (2), after 18-hour (3) and 36-hour
UV post irradiation (4).

a

b

FIG. 17. (a) OD spectra of Corning 7980 glass after successive e-beam irradiation runs with various
εe; (b) OD after the last e-beam irradiation (1), after 6-months relaxation (2), after 18-hour (3) and
36-hour UV post irradiation (4).

a

b

FIG. 18. (a) OD spectra of KS-4V glass after successive e-beam irradiation runs with various εe; (b)
OD after the last e-beam irradiation (1), after 6-months relaxation (2), after 18-hour (3) and 36-hour
UV post irradiation (4).
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The induced OD of “wet” glasses with a high OH content, 7.6-mm thick KU-1 and 3-mm thick
Corning 7980 in the UV spectral range gradually increases in the course of irradiation.
Absorption bands centred at ~ 215 and 260 nm wavelengths are attributed to E΄ centres and
non-bridging oxygen hole centres (NBOHC) [25, 57, 58]. In contrast to [28, 29, 58] they have
no an absorption band around 620 nm. A “dry” 8.6-mm thick KS-4V glass with a low OH
content reveals the minimal absorption bands in the spectrum. All glasses demonstrated
saturation of OD in dependence on energy fluence (absorbed dose). At 248-nm KrF laser
wavelength the lowest saturated ODsat (248 nm) ≈ 0.12 was observed in KS-4V glass [59].
Besides, this glass demonstrates the best colour centres bleaching by UV post irradiation.
E-beam-induced OD in 4-mm thick CaF2 crystal is shown in Fig. 19. Prominent absorption
bands in UV and visible spectral ranges at ~ 224, 340, 397, 580 nm are well known from
experiments with e-beam [31,32,60,61], X ray [62], gamma-ray [63,64] and neutron irradiation
[29, 65]. They belong to various colour centres and their aggregates. The saturated optical
density ODsat (248 nm) ≈ 0.42 [59] appeared to be much higher than in our experiments with a
280-keV pulsed e-beam source [31, 32]. Interstitial atoms in the lattice produced by 1-MeV
electron impact might add to pre-existing lattice imperfections while lower dose rate reduces
defect annealing. CaF2 demonstrated the most pronounced bleaching effect overall spectral
range, e.g. the remaining OD at KrF laser wavelength 248 nm after UV post irradiation is
comparable with that for KS-4V glass.
a

b

FIG. 19. (a) OD spectra of CaF2 after successive e-beam irradiation runs with various εe; (b) OD
after the last e-beam irradiation (1), after 6-months relaxation (2), after 18-hour (3) and 36-hour UV
post irradiation (4).

Strong absorption bands being observed in 5-mm thick MgF2 sample around 255, 374 and 404
nm (Fig. 20) are well-known for e-beam irradiation since [66–68], while recent studies are
focused on colour centres formation from primary electronic excitation [69]. Under UV post
irradiation the band around 255 nm decreases while the others at 374 and 404 nm increases.
Some additional bands around 300 and 460 appear in the spectra. In the whole, the present
experiments confirmed again (see also [25,31,70,71]) that MgF2 is easily coloured. Thus, it
could be only suitable for HR and AR coatings of KrF laser optics.
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a

b

FIG. 20. (a) OD spectra of MgF2 after successive e-beam irradiation runs with various εe; (b) OD
after the last e-beam irradiation (1), after 6-months relaxation (2), after 18-hour (3) and 36-hour UV
post irradiation (4).

Al2O3 recognized in our previous experiments [25] as the most resistant against pulsed e-beam
and CW X ray irradiation, demonstrated noticeable degradation under CW e-beam irradiation.
Prominent absorption bands in the OD spectrum are observed at ~ 230, 260 and 300 nm
(Fig. 21), which are known from e-beam [72], UV, X ray [73], gamma and neutron irradiations
[74, 75]. These bands in present experiments can be ascribed to interstitial aluminium or oxygen
atoms ejected from their normal lattice position by fast electrons, which trapped excitons
additionally to natural lattice defects. It was not the case in our previous pulsed experiments
with electron energy below a threshold for lattice atoms displacement 0.43 MeV [72] and very
high energy deposition, which caused defects relaxation and temperature annealing. As Al2O3
has a large refraction index and is hardly manufactured of a large size, it is considered like a
pair material with MgF2 for UV coatings.

(b)

(a)
FIG. 21. (a) OD spectra of Al2O3 after successive e-beam irradiation runs with various εe; (b) OD
after the last e-beam irradiation (1), after 6-months relaxation (2), after 36-hour UV post irradiation
(3).

When comparing the results of current experiments with our previous data obtained for the
same optical samples at pulsed 280-keV ELA e-beam source and CW 400-keV linac-based
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bremsstrahlung X ray source [25], we can conclude that induced absorption in saturation (at
high absorbed doses) depends on the kind of ionizing radiation and its dose rate. Indeed, in the
case of ELA source the maximal dose rate in a surface layer of ~ 0.2 mm thickness for 80-ns
pulse is ~ 8×1011 Gy/s while for the present CW linac source this value is ~ 3.3×103 Gy/s. The
bremsstrahlung X ray source produces almost uniform dose distribution over a sample thickness
with a dose rate 30 Gy/s.
In summary we conclude that high-purity CaF2 is the material of choice for windows of a future
SI IFE KrF laser driver. It possesses a high-resistance to a fluorine etching, is transparent for
high-intensity UV laser radiation, and withstands to scattered electrons and bremsstrahlung X
rays. In addition, it is well bleached by low-intensity UV light. Among various SiO2 glasses
KS-4V with a low OH content is preferable but owing to nonlinear absorption at high UV laser
intensity in short pulses it is hardly be exploited in SI IFE driver.
4. CONCLUSIONS
The main results and conclusions obtained during the current Research Project are below.
Large-aperture e-beam pumped KrF amplifiers due to a short gain recovery time (~2 ns) are
capable to amplify simultaneusly both short (ps-length) and long (ns-length) pulses, that allows
to combine pulses with a highly increased power to the end, required for SI ICF approach. This
finding might simplify a rather complex architecture of angular beam multiplexing used for
KrF drivers.
Multistage Ti: Sapphire / KrF laser system in a direct amplification layout allowes obtaining
subpicosecond ultrashort pulses (USP) with ~ 1 TW peak power, which is 4 orders of magnitude
as high as critical power of radiation self-focusing in air. Multiple filamentation of the laser
beam inevitably occures, that causes additional losses in the amplification tract: early
saturatation of a USP energy in KrF gain medium, nonlinear absorption and a damage in
amplifier windows, as well as light scattering and spectrum extrabroadening over KrF gain
bandwidth.
Parameters of filaments are measured and multiphoton ionization (MPI) of air is investigated.
It is shown that it predominantly proceeds via 2-photon excitation of a resonance state of water
vapor naturally contained (1‒2%) in atmospheric air. Water ionization input is about an order
of magnitude higher than ionization of the main air constituents O2 and N2. Instead of radiation
defocusing in laser-produced plasma counteracting Kerr self-focusing (a convenient
mechanism for the USP filament maintenance in the IR spectral domain), for UV USP
resonance processes and coherent Rotational Raman Scattering (SRRS) are shown to play a
dominant role in multiple filamentation of a large-aperture supercritical UV laser beam.
A novel method of filamentation suppression is demonstrated being important, first, for a
reliable laser facility operation with a maximal USP energy, and, second, to prevent laser beam
deterioration under its propagation along ~ 100 m air pass. We employed Xe gas, which has a
large (70-fold higher than in air) negative two-photon resonantly enhanced nonlinear refraction
index. It compensates a nonlinear phase incursion along the USP amplification tract in air and
amplifier windows. With implemented Xe cell 0.25 J energy, sub-ps USP beings focused by f/3
mirror (focal length of 0.3 m) in a focal spot of 70 μm produced target irradiation intensity ~
1016 W/cm2 with a contrast ratio in respect to the amplified spontaneous emission (ASE) ~ 3·105
for energy density and ~ 3·1010 for the intensity.
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A 25 kW CW linear accelerator (linac) with electron energy 1 MeV and e-beam current up to
25 mA was substantively modified and adjusted for optical samples irradiation with absorbed
doses as high as 20 MGy. Experiments were supported by elaborated Monte Carlo code
developed for numerical simulation of ionizing radiation transport through the matter and
adsorbed doses calculation. Samples of various UV optical materials, i.e. different-grade fused
silica glasses SiO2, alkaline earth fluoride crystals CaF2, MgF2 and leucosapphire Al2O3
commonly used as KrF laser windows or multilayer coatings of mirrors were tested. Fast
electrons and x/gamma radiation, as well as intensive UV laser light break interatomic bonds
in the material and generate a cascade of secondary electrons and holes which are further
trapped by lattice imperfections or impurity inclusions. As a result, colour centres are formed
in the originally transparent optics and they are responsible for specific absorption bands
appearing mostly in the UV spectral range. Based on experiments, we conclude that induced
absorption saturates at higher absorbed doses of any ionizing radiation. The saturation level
depends on the material, kind of radiation and its dose rate. A fused silica glass KS-4V with the
lowest OH content, although it has slightly less initial transmittance, is shown to be the most
radiation-resistant to both fast electrons and X rays. Colour centres bleaching by UV/visible
light could be used to restore samples transmittance.
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Abstract
The paper presents the results of mathematical and experimental modelling of the fabrication and
injection processes of a free standing target (FST) transmission line intended for mass manufacturing of
inertial fusion energy (IFE) targets. The technical approach developed at the Lebedev Physical Institute
(LPI) is as follows: (1) the FST layering method for IFE targets rep-rate production, (2) quantum
levitation of high-temperature superconductors (HTSC) for noncontact frictionless delivery of IFE
targets, and (3) Fourier holography for on-line characterization and tracking of IFE targets. A unique
feature of the FST layering method is advanced fuel layering in line-moving, high-gain direct-drive
cryogenic targets, which allows one to economically fabricate large target quantities. Using just the
moving targets includes each step of the fabrication and injection processes in the FST transmission line
that is considered as a potential solution of the problem of mass target manufacturing. In the process of
modelling, it has been considered “the targets, which are the shells of ~ 4 mm in diameter with a shell
wall of different designs from compact and porous polymers. The layer thickness is ~ 200 μm for pure
solid fuel and ~ 300 μm for in-porous solid fuel”10. The challenging scientific and technological issues
associated with the task of repeatable IFE targets production are being addressed through a combination
of expert analyses, mathematical and experimental modelling of the main processes of the FST
formation cycle, including the following stages: fuel filling, fuel layering, noncontact target delivery
with levitation; materials property measurements; testing and benchmarking the operational conditions
of the key elements of the FST transmission line. And, finely, it is discussed the development strategy
and future prospects of the FST transmission line creation for practical energy application of IFE.

1. INTRODUCTION
IFE reactors operating at significant rates will need to be refuelled during their burn period.
Therefore, the target FST transmission line (FST-TL) is of “an integral part of any IFE reactor.
It needs to supply ~ 1 million targets each day and transport them to the reactor chamber”11
with a high rate (~10 Hz). Hereupon, methodologies of the fabrication and injection processes
need to be applicable to mass-production layering at low cost.
Currently, a key aspect of the FST-TL is the development of scientific and technological base
for high repetition rate target supply at the laser focus [1−3]. The “targets need to be free
standing (or unmounted). The fusion fuel inside the targets needs to have ultrafine structure (the
grain size needs to be scaled back into the nanometre range), which supports the fuel layer
survivability under target injection and transport through the reactor chamber [4−6]. The
ultrafine layers refer to as advance materials for application to fusion targets fabrication in the
form that meets the requirements of implosion physics”11. Tritium inventory minimization (i.e.
minimization of time and space for all production steps) is a necessary condition as well.
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“To meet the above requirements, at LPI significant progress has been made in the technology
development based on rapid fuel layering inside moving free standing targets, which refers to
as FST layering method”11 [1−6]. The aim of free standing targets is to demonstrate large
benefits of a «layering − plus − delivery» scheme for repeatable target fabrication and delivery.
The FST filling stage: it is possible to realize both diffusion (which is in most common use for
filling the targets with a gaseous fuel, see Sec. 2.1) and injection filling (cryogenic liquid fuel
filled through capillaries a few tens of micromeres). Injection filling, if it is workable for direct
drive targets, can be suitable for the FST as well because the fuel in the shell directly before the
FST layering has a state of ‘Liquid + Vapor’ (see Sec. 2.2).
The goal to study the FST filling stage of the high-gain direct-drive targets is to give a practical
guide for design, engineering and construction of the fill station operating with free standing
shells. In the study we consider a diffusion technique to ramp fill a shell by highly pressurized
fuel gas that was developed and practically realized at the LPI (see Sec. 2.1). Though intended
primarily for the practical engineers, the obtained results will hopefully be found interesting
and useful by the specialists in the area of target science and technology to define options for
shell material choice and mass manufacturing methods.
The FST layering stage: a batch mode is applied, and high cooling rates “(q = 1−50 K/s) are
maintained to form isotropic ultrafine solid layers inside free-rolling targets. High cooling
combined with fuel doping (tritium, neon, argon) results in creation of stable ultimatedisordered structures with a high defect density or isotropic medium. The effect of additives is
as follows: (i) they initiate a mass dislocations growth that prevents the formation of coarsegrained crystalline phase”11; (ii) they decelerate the diffusion transport processes and raise the
diffusion activation energy; (iii) they work as stabilizing agents keeping the grain size stable.
The ultrafine “layers obtained by FST can be referred to as layers with inherent survival features
because they have enhanced mechanical strength and thermal stability [4−6]. This is a
significant factor for layer quality survival during the delivery”11. The total layering time is
typically less than 15 seconds (for targets not exceeding 2mm in diameter), which has a side
benefit in the view of tritium inventory minimization.
The FST layering method is promising for the formation of a stable ultrafine layer from DТ
mixture having the molecular composition: 25% of D2, 50% of D−T molecules, and 25% of T2.
T2 in D−Т is considered as a high melting additive with respect to D2 and D−T.
“For all these reasons the FST layering method is a promising candidate for development of the
FST- transmission line at a high rep-rate capability intended for mass manufacturing of IFE
cryogenic targets [1−6].
As a result of long-term research effort, the LPI gained a unique experience in the development
of the FST-layering”11 module for target fabrication with an isotropic ultrafine fuel layer inside
polymer capsules of 1–2 mm diameter. This experience will be used to develop the FSTlayering module of next-generation for creation of a prototype of the FST transmission working
with targets over 2 mm in diameter.
An example of a high-gain direct-drive cryogenic target (about 4 mm in diameter) was proposed
by Bodner and co-authors [7]. The target consists of four parts: a gold-coated polymer capsule,
a D−T filled CH foam ablator, a layer of pure solid D−T fuel, and a D−T vapor cavity. We use
this target (for simplicity, BODNER-Target) to examine issues affecting the possibility of its
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fabrication by the FST layering method. The BODNER-Target specifications are presented in
Table 1, where Di and D0 are the inner and the outer diameters of each layer, Δl and ρl are the
layer thickness and density.

TABLE 1. BODNER-TARGET SPECIFICATIONS [7]
Material
D−T (vapor)
D−T (solid)
CH (DT)64
CH layer

Di
(μm)
0
3000
3380
3902

Δl
(μm)
3000
190
261
1

D0
(μm)
3000
3380
3902
3904

ρl
(g/cm3)
0.3∙10-3
0.25
0.25775
1.07

Our previous results [3−5] as well as the expert analysis carried out in the IAEA RC #20344
[8] have shown that the technical approach to FST-TL for the BODNER-Targets can be based
on the following principles:
 Rapid FST layering [9] for mass-manufacturing of isotropic ultrafine fuel layers in free
standing and line-moving targets taking into account that ultrafine fuel structure has an
adequate thermal and mechanical stability for target quality survival in the processes of its
acceleration and injection into the reaction chamber [4−6];
 Noncontact frictionless motion of the IFE targets at their handling and rep-rate delivery
based on HTSC quantum levitation in the mutually normal magnetic fields [10];
 Fourier holography for on-line characterization and tracking of a flying target in the reactor
chamber [11].
In the process of working on the BODNER-Target according to the R&D program [8], special
techniques for mass-manufacturing studies are proposed, which are well suited for economic
mass production and promise the precision, reliability, and economy needed. Below we discuss
the mathematical and experimental results obtained within the framework of this approach.
2. MATHEMATICAL MODELLING
2.1. Options for filling the BODNER-target
“In IFE research, two fuel types are considered: deuterium-deuterium (D2) and deuteriumtritium (D−T) mixture. In contrast to D2, the D−T contains the radioactive tritium (T2) that
requires highly expensive” [19] measures on the environmental protection. The need to
minimize the tritium inventory and to study the radiation damage (if it takes place during a
D−T-fill) raises a question of thorough analysis of the diffusion technique to determine an
efficient pressurization scheme for single- and multi-layered-polymer shells. Below we present
the results obtained for the process of BODNER-Target filling with real gas [12] (dense gas
with intermolecular interaction). We start with a calculation of the mass target parameters and
required fill densities, ρf, and fill pressures, Pf, based on the data in Table 1. The obtained results
are presented in Table 2 for D2 and D−T fuel.
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TABLE 2. BODNER-TARGET PARAMETERS
Fuel
type
D2
D−T

Shell mass
(μg)
160.5
160.5

Fuel mass
(mg)
3.3
4.2

Target mass
(mg)
3.5
4.4

Fill density
(mg/cm3)
107
136

Fill pressure
(atm)
~ 1100
~ 1100

“An analytical approach based on Cauchy problem for a nonlinear parabolic equation with
nonlinear boundary conditions is advanced to model the process of filling a target with real-gas
fuel. The model nonlinearity is attributed to both a nonlinear dependence of the pressure vs. the
gas density and the influence of some properties of a «shell–gas» system (polymer shell ―
hydrogen isotopes) on the course of fillings. Among them are the dependence of the shell
strength and permeability data on the material and configuration of the shell, the fuel gas
temperature and pressure, the structural changes generated in polymers due to the radiation
damage during a D−T fill, and etc. Therefore, we have initiated investigations on mathematical
modelling a diffusion fill procedure in conditions of time-dependent strength and permeability
behaviour of the polymer shells” [13]. The issues of filling the single-layered shells with
hydrogen, deuterium and also with radioactive D−T fuel were learned in [13]. In [14] we
considered the issue of D−T-filling the double-layered polymer shells with an inner layer from
the CH foam. This experience will be used in modelling the D−T-pressurization scheme for the
BODNER-Target. We discuss a diffusion technique to ramp fill a shell by highly pressurized
fuel gas that was developed and practically realized at LPI. Generally, diffusion fill modelling
requires the following data for computation: the choice of the fill method and the data base on
the polymer shell properties. This is due to the fact that the fill time tf depends on a fill method,
i.e., on a law which governs the pressure changes from the initial internal value P0 to the fill
pressure Pf. We have found that pressure ramp fills fastest and can minimize the diffusion fill
time by maximizing the allowable pressure gradient at the outer and inner shell walls, and so
increasing the external and internal pressure at the same rate. The ramp filling regime is realized
with a pressure step ΔP [13]:
 P  a b Pb , Pb 

2E
3(1   2 )

 2 ,  

r
,
r0

(1)

where Pb is the buckling pressure, ab is the safety factor chosen in terms of the shell quality
(e.g., shells may have shell aspect differences) or the experimental conditions, E is the Young’s
modulus, ν is the Poisson’s ratio, Δr = r0 – r1 is the shell thickness, r0 and r1 are the outer and
the inner shell radius. Hereafter, the value of ab= 1.0, unless stated otherwise.
A practical importance has a double-layered spherical shell which works as a combined shell.
In this case [12]:
Pb 
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where indexes 1 and 2 refer to compact (solid) and porous (foam) polymer layers, respectively.
The time required to ramp fill a shell with a Van der Waals fuel gas is [13]:
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where Vcp is the critical volume of the fuel, k is the gas permeability of the shell, T is the absolute
temperature, RG is the gas constant.
In our model to determine the fill rates or guiding curve dP/dt = F(t) for a double-layered
polymer shell, the dependence of the gas permeability k on pressure (P) and radius (r) is of the
form [13]:
2

 P
k(P, r)  k0 (r)(1P)   .
 P0 
1

(4)

Here ξ, γ1, γ2 are the dimensionless constants. Of course, the permeability (and also the
mechanical shell strength) is a function of structural features of the shell. This effect is most
pronounced if during D−T-fill the radiation damage (as varying with time) is accumulated in
the shell and leads to dynamical structural changes in polymer materials. This gives rise to
changes in strength and permeation behaviour of the shells “which could be in turn influence
the fill time. Therefore, the role of mathematical modelling the process of filling the targets
with D−T fuel growths in importance because it allows not only to interpret arising structural
differences and better understand the nature of the radiation damage, but also to make proposal
for the experimentation” [13]. We begin our work with BODNER-Target from two simple
dependencies for the case when irradiation does not change the target strength and permeability
parameters (r2 – foam layer radius, and r2 < r1 < r0, see Table 1):
 Case A:  1   2

 0, k 0 ( r )  K  const {CH

solid layer Δr1 = r0 – r1};

 k1 , r1  r  r0
{CH solid layer (Δr1 = r0 – r1) + CH foam layer
 k 2 , r2  r  r1

 Case B:  1   2  0, k0 (r )  
(Δr2 = r1 – r2}.

According to Ref. [7], the ablator of the BODNER-Target is surrounded by a one-micron plastic
coating from polyimide. The hollow spherical polyimide shells have the following
characteristics at 300 К: E ~ 15 GPа, ν = 0.35, KD2 = 1.8 10-14 mol/(m∙s∙Pa) [15]. As for the
data on CH foam permeability, such data is missing in the literature and we have to use
permeation-scale coefficients Θ in the fill time computation. The obtained results for
“Polyimide ―D2” system are presented in Fig. 1. Here the permeability k1 = KD2 = K and k2 =
Θ∙K. The green line corresponds to no influence of the CH foam on the course of fillings. The
two other lines (red and blue) correspond to D2 filling for Θ = 500 and Θ = 1000, respectively.
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FIG.1. (a) Fill time and fill rates at different scaling coefficients for CH foam layer permeability.

In this case the fill time and rates are different for different Θ, and one needs to take into account
this fact for preventing the CH shell from rupturing. This indicates that a successful fuel
pressure loading requires a reliable database in terms of the shell properties for its parts and the
assembly as a whole.
Our expertise has shown that the existing data base on the polymer shell properties is
incomplete, and there is a need to establish the acceptable range of initial data to make an
efficient optimization [12].
Material improvements significantly influence on the course of fillings: higher strength and
permeability of thin-walled polymer shells reduce the fill time. For example, isotropic films
from aromatic polyimide have the Young’s modulus E = 3−8 GPa at 300 K [16], and it can be
increased tenfold due to the oriented stretching of the films and can achieve the values typical
for the inorganic glasses and metals. Therefore, we can consider two values: E = 15 GPa [15]
(current maximum value) and E = 35 GPa [16] (predicted strength growth). In the latter case
the fill will be tf ~ 3 hours, which is very promising for the realizing an optimal diffusion filling.
Change over from molecular to atomic mode can reduce the fill time. An approach to solve the
issue is based on using a special catalyst during target filling (see results presented in [17], in
which the physical fundamentals for governing the gaseous diffusion mode are considered).
Closing the issue of filling with non-radioactive isotopes, note also that the issue of using thin
film metal overcoats of different configuration and composition is related to advanced
developments in the area of IFE targets filling and layering. First results obtained in this area at
LPI are presented in [17], in which we have deposited Pd (150 Å thick) and Pt/Pd (200 Å thick)
on the CH shells, then filled these shells with fuel and then formed the cryogenic layers inside
them by the FST layering method.
Now we discuss the results of modelling the D−T-fill time and rates. When filling the shells
with radioactive fuel for a long time we can not a priori think that their properties remain
constant. Radiation defects (accumulated with time) result in the changes in the shell strength
and permeability, which now need to be considered as the functions of the fill time. Therefore,
the process of filling the polymer shells with a D−T mixture at a constant pressure gradient
differs from the traditional filling with non-radioactive isotopes.
In order to develop an efficient D−T-pressurization scheme it is necessary to have precise
information about possible damages in the shell driven by the beta-decay of tritium. Despite the
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literature analysis, we have not been able to find reliable data, which give a measure of the beta
irradiation effect on characteristics of the polymers shells. Therefore, we have again to use
permeation-&-strength-scale coefficients in the fill time computation. Suppose that the
permeability coefficients ki are steadily increasing functions of time:

ki  ki0 (1it), i 1,2.

(5)

In addition, let the allowable pressure difference at the shell wall ΔP is also time-varying value.
In the simplest case an exponential fit can be used for the description of ΔP(t) = ΔP0 exp(− γ3t),
which, in turn, can be approximated by a linear function:

P(t) P0(13t),

(6)

where ΔP0 is the initial pressure gradient at t = 0. Recall that in order to minimize the diffusion
fill time, the pressure difference taken at the outer and inner shell walls has to be constant with
a possibly maximal value, i.e., the ramp filling (constant pressure gradient ΔP = const) would
be worth implementing than any other method. When performing the calculations in the case
of time-dependent strength and permeation, the pressure gradient ΔP ≠ const. As far as the
coefficients γi are small, then we have formulated and solved the problem of quasi-ramp filling
of a double-layered shell with CH foam layer [14]. In this report we have optimized this model
for the BODNER-Target computations. Conditions of computation are the following. The shell
material is polyimide with E = 8 GPa and ν = 0.35. Two cases are considered:
(a) Strength and permeability coefficients are stated to be constant during the fill:
i.
The permeability of the CH solid layer for D−T is k1 = KD-T ~ 1.6 10-14 mol /(m∙s∙Pa);
ii.
The permeability of the CH foam layer is k2 = Θ·KD-T , Θ = 5000;
iii. Case 1: γ1= γ 2 = γ3 = 0 (radiation damages are absent).
(b) Radiation damage tends to change the permeability and mechanical stability of the shell:
i.
Case 2: γ3 = 2∙10−6, γ1= 10−6, γ 2 = 5∙10−6.
In a standard procedure the polymer shell filling goes at 300 К. Because the D−T is self-heated
due to the thermal energy release from the beta-decay of tritium, a set of measures is required
to maintain a constant temperature during D−T permeation. In our model we suppose that T =
300 K= const. Results of computation are presented in Table 3 subject to: ΔP = ΔP0 = 0.1777
atm = const for γi = 0 (i =1, 2, 3); 2) k2  k1 → CH foam layer has no influence on the
permeability; 3) t200, t400, t600, t800, t1000 , t1100 are the times of the shell filling up to 200, 400,
600, 800, 1000 and 1100 atm, respectively. It is seen that the radiation damage results in the
deviations in the fill time in comparison with non-radioactive ramp filling, and there is a need
to correlate a D−T-guiding curve. Changes in the fill rates over the entire fill procedure are
given in the last column of Table 3. These results indicate that risk reduction associated with
the shell breakdown in the case of D−T fill requires the shell strength and permeation behaviour
study for the BODNER-Target design.
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TABLE 3. QUASI-RAMP FILLING OF THE BODNER-TARGET WITH D−T FUEL
Filling conditions
(ΔP = 0.178 atm)
Case 1 k2>> k1
Case 1
Θ=
5∙103
Case 2
Θ=
5∙103

t200
(hrs)
4.38
4.64

t400
(hrs)
7.74
8.20

t600
(hrs)
10.38
11.01

t800
(hrs)
12.52
13.27

t1000
(hrs)
14.28
15.13

t1100
(hrs)
15.04
15.95

Fill rates
(atm/min)
0.655―2.246
0.618―2.141

4.67

8.30

11.19

13.57

15.57

16.46

0.616―2.063

The obtained results show that if the beta irradiation does change the shell permeability and
strength (and even if these changes are very small) then the D−T-pressurization scheme differs
from the shell filling with non-radioactive isotopes. Therefore, in order to develop an efficient
D−T-pressurization scheme “it is necessary to have precise information of what effect has the
beta irradiation on the characteristics of the polymer shell materials over a long fill procedure.
This allows either to take into account arising changes” [14] in the fill rates or to examine other
materials in the target design.
2.2. FST-layering method for application to the BODNER-target
Our philosophy in conceptualizing the FST supply system (see Fig. 2) is based on rapid fuel
layering inside line-moving, free standing targets to generate a dynamical symmetrisation of
liquid fuel (instead of solid fuel redistribution inherent in common approach for motionless
target: -layering, IR-redistribution or plasma heating). This is due to a mechanism of rapid
dynamical symmetrisation of the liquid fuel [9, 17]. “During FST layering, two processes are
mostly responsible for maintaining a uniform solid layer formation:
 Firstly, the target rotation when it’s rolling down along the layering channel (LC) (n-foldspiral at n = 1, 2, 3) results in a liquid layer symmetrisation;
 Secondly, the heat-transport outside the target via the conduction through a small contact
area between the shell wall and the LC wall (metal hollow tube helium cooled outside”11,
which is a special insert into the cryostat) results in a liquid layer freezing.
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(a)

After FST layering
the uniform ultrafine
solid layer is formed
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FIG. 2. FST-layering setup. (a) General view; (b) block diagram of the FST-LM (transport process is
target injection between the basic units: shell container (SC) – layering channel (LC) – test chamber
(TC)); (c): a liquid sagged fuel is the initial state before FST layering (H2-vapor (1)-liquid (2)-interface
behaviour in 1-mm CH shell, Pf = 765 atm at 300 K).

The program on mathematical modelling includes computation of the rolling conditions, the
FST layering time for the BODNER-Target, and a set of optimization LC parameters (such as:
number of spirals, inclination angle of the spiral, total length of the spiral, the spiral diameter
and number of turns) for the BODNER-Target fabrication by the FST layering method. The
results obtained in the course of modelling will allow one to calculate the baseline parameters
necessary at designing of the FST layering module (LM) for the BODNER- Targets (FST-LMBT) as a means of high-gain direct-drive target production. For a better understanding of the
time-integral performance criterion (TIP) under the FST-LM-BT operation, we emphasize that
the LC needs to have a well-defined geometry to satisfy the condition:
 Target is formed in the LC if τform ≤ τres , where τform is the layering time, τres is the time of
target residence in the LC. Generally, we can view the motion of the target in three phases
or rolling conditions:
i.
Target slides on the LC surface (no rotation: sliding and only sliding or pure S&Smode);
ii.
Target combines rolling with sliding (rolling with sliding or mixed R&S-mode);
iii. Target rolls on the LC surface without sliding (rolling and only rolling or pure R&Rmode).
A key problem of our investigations is that it is necessary to realize only the R&R-mode or pure
target rolling to avoid the outer shell roughening and to achieve the fuel uniformity. Therefore,
the TIP criterion can be written in the following type:
τform ≤ τres = τrol

(7)
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Thus, determination of the rolling conditions is one of the main problems, with influences the
choice of the FST-LM-BT operation including simplifying the physics design and modifying
the specifications.
First of all, we need to to determine the spiral angles α for realizing the pure target rolling (R&R
mode). The modelling results have shown that the working range Δα is given by two
inequalities:
k r  tg min  tg  tg max 

(1   ) k s  k r



,  

J
,
mR 2

(8)

 min   max under k r  k s ,

where kr − rolling friction, ks − sliding friction, J − moment of inertia, m − target mass, R −
target radius.
Next step is the FST layering time for the BODNER-Targets. “In the course of modelling, we
used simulation code for rapid fuel layering inside moving free standing IFE targets [9,14,17],
and optimized it for computations of the BODNER-Target within the FST layering method”12.
It is based on solving the Stephen’s problem for moving boundaries between the fuel phases
(gas, liquid and solid) and for nonlinear boundary condition onto the outer shell surface. Our
findings have shown the FST layering time is equal to:
 Tin = Ts ~35 K: τform = 22.45 s for D2 fuel and τform = 28.52 s for D−T fuel;
 Tin = Td ~28 K: τform = 12.05 s for D2 fuel and τform = 14.25 s for D−T fuel.
Tin is the temperature of the target entry into the LC, Ts is the temperature of fuel separation
into the liquid and gaseous phases, and Td is the depressurization temperature at which the
excess gas is removed from the SC. “The possibility of performing the procedure of SC
depressurization under conditions excluding both the shell damage by internal pressure and the
fuel leakage from the shells due to the reverse diffusion appears only under temperature
decrease, when the gas pressure drops down”11. The necessary conditions for SC
depressurization are discussed in Sec.3.1.
“Final step is computation a set of the optimization parameters related to the LC geometry to
maintain the process of the BODNER-Target fabrication by the FST layering method. Our study
has shown that the BODNER- Targets can be fabricated by the FST layering method using a
double-spiral LC manufactured during the experimental modelling”12. The obtained results are
presented below.
2.2.1. Double-spiral LC
 Specifications (baseline design): angle of each spiral − α = 11.50, radius of each spiral − 21
mm, height of each spiral − 450 mm, length of each spiral − 2.261 m, total spiral length −
4.52 m, total time of target rolling − 23.49 s, maximum velocity − 0.198 m/s;
 Tin ~Td − for both D2 and D−T, the double-fold-spiral LC specifications are those at which
the TIP criterion τform < τrol is valid for the BODNER-Target;

12

ALEKSANDROVA, I.V., KORESHEVA, E.R., Advanced fuel layering in line-moving, high-gain direct-dirve
cryogenic targets, High Power Laser Science and Engineering 7 (2019).
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 Tin ~Ts and D2 fuel − the TIP criterion is valid;
 Tin ~Ts and D−T fuel − the TIP criterion is not valid (τform = 28.5 s and τrol = 23.49 s).
“Nevertheless, the double-spiral LC works in this case as well because if the spiral angle slightly
varies along the spiral length one can scale down or scale up the target speed and,
correspondingly the rolling time τrol. In addition, the length of Spiral 2 can be extended on ~1.7
m to meet the TIP criterion”12.
Then for the BODNER-Targets we have considered a three-fold-spiral LC manufactured during
the experimental modelling. The obtained results are presented below.
2.2.2. Tree-fold-spiral LC
 Specifications #1 (baseline design): angle of each spiral − α = 16.70, radius of each spiral −
21 mm, height of each spiral − 88 cm, length of each spiral − 3.066 m, total spiral length −
9.187 m, total time of target rolling − 33.29 s, maximum velocity − 0.3 m/s.
 Specifications #2 (3-fold LC is designed in a special configuration with an extra short spiral
4): angle of Spiral 4 − α = 30, radius of Spiral 4 − 21 mm, height of Spiral 4 − 10.8 cm,
length of Spiral 4 − 2.070 m, total length of Spiral 3 and Spiral 4 − 5.136 m.
“The computation has shown that in ~5 s after a start (which corresponds to 0.7 m along a spiral
path) the target motion is carried out with a constant velocity Vmax = 0.3 m/s. As the total length
of the spiral (Specifications #1) is 9.187 m, then we have (9.187 − 0.7)/0.3 = 28.29 s. The total
rolling time is τrol = 28.29 s + 5 s (elapsed time before achievement Vmax), i.e., we have = 33.29
s. Thus, we can realize the rolling conditions for the BODNER-Target fabrication and to satisfy
the TIP criterion in the case of 3-fold-spiral LC even with a certain time margin.
Note also that the proposed 3-fold-spiral LC (Specifications #1) can have an extra spiral
(Specifications #2) so that two spirals “Spiral 3 + Spiral 4” make a combined layering channel
(CLC) [1], which, as a matter of fact, consists of these spirals assembled one after another:
“acceleration Spiral 3 + deceleration Spiral 4” that allows one to zero the target velocity at the
CLC output if needed. It takes no more than 1.5 s at α = 30. The obtained results are summarized
in Table 4 in which τ2rol and τ3rol are the rolling times for the double-spiral LC and for tree-foldspiral LC, respectively”12.
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TABLE 4. FST LAYERING TIME FOR THE BODNER-TARGET
D2 fuel
Tin
35.0 K
27.5 K

Calculation
τform
22.45 s
12.05 s

τ2rol
23.49 s

Experiment
τ2rol
23.5 s (min)

D−T fuel
Tin
37.5 K
28.0 K

Calculation
τform
28.52 s
14.25 s

τ3rol
33.29 s
34.79 s (CLC)

Experiment
τ3rol
35 s (min)

“Thus, in the IFE, the fuel layering within free standing and line-moving targets is a credible
pathway to a reliable, consistent, and economical target supply”12. “Our latest effort underlies
the future research on creation of the FST-LM as a means of a steady-state target-producing
device, which is compatible with a noncontact schedule of the target delivery to the reaction
chamber”10 (see details in Sec. 4). The IFE targets with ultrafine cryogenic layers offer
prospects of using the “isotropic fuel structure for plasma generation with intensive fusion
reactions. Such targets for application to high repetition rate laser facilities allow one to test the
reactor-scaled technologies and to identify key issues that need to be considered for IFE
commercialization”12.
2.3. Noncontact positioning and transport of the BODNER-target
“Creation of a delivery system based on noncontact positioning and transport of IFE targets
represents one of the major tasks in a general program of the IFE research. The purpose is to
maintain a fuel layer quality during target acceleration and injection at the focus of high
repetition rate facilities. The stringent requirements to the delivery process are as follows:
 Targets need to be accurately injected into the reaction chamber at rates as high as ~10−20
Hz with a precisely predicted target location;
 Targets need to be accelerated to high injection speeds (200−400 m/s) to withstand the
reaction chamber environment (thermal loads, gas, debris).
 Targets need to remain highly symmetric, have a smooth inner surface of the D−T-ice layer,
and need to be at temperature T = 18.3 K before the laser shot to obtain the maximum energy
yield from the fusion reaction.
 Targets need to be accelerated at rates a < 1000g (g is the free fall acceleration)” [19].
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FIG. 3. Noncontact acceleration setup. (a, b) Overall dimensions of the linear PMG-system; (c) top
view of the mutual arrangement of the field coil (1) and the PMG-system (2) (the joint of two magnets
is designated by a rhombus) with the directions of the driving force (vector B1 in parallel to the Xaxis) and of the levitation force (vector B2 in parallel to the Z-axis); in (d) a starting location of the
HTSC-Sabot (3) just before the acceleration.

“The LPI program includes much development work on creation of different designs of the
hybrid accelerators for IFE target transport with levitation. One of the main directions is an
electromagnetic accelerator (EM-AC) + PMG-system, where PMG is the permanent magnet
guideway. The operational principle is based on a quantum levitation of Type-II superconductor
(HTSC) in the magnetic field (target temperature T = 18.3 K excludes the use of Type-I
superconductors). At the current stage, concept development of a hybrid accelerator «EM-AC
+ PMG» is complete and proof-of-principle (POP) experiments in the mutually normal
magnetic fields are carried out” [18,19]. The proposed accelerator “is a combination of the
acceleration system (field coils generating the traveling magnetic waves) and the levitation
system (PMG including a magnetic rail or magnetic track)”12. The experimental setup is shown
in Fig. 3. The PMG consists of 6 rectangular magnets, and the middle two magnets coated with
a ferromagnetic plate. The PMG lies on a ferromagnetic substrate. The maximum magnetic
field is 0.4 T along the X-axis under motion of the HTSC-sabot over the PMG.
In our experiments [10,18,19] (see Table 5), the “HTSCs are superconducting ceramics based
on YBa2Cu3O7-x (or Y123; production of LPI) and superconducting tapes of second generation
(2G HTSC) based on GdBa2Cu3O7-x (or Gd123; production of SuperOx, Ltd.)”10.
TABLE 5. PARAMETERS OF USING HTSC-MATERIALS
HTSC
Type
Y123
Gd123

Density
(g/cm3)
ρ = 4. 33
ρ = 3.25

Вс at 0 K
(T)
> 45 T
> 45 T

Тс
(K)
91
92

The experimental setup (Figs 3 and 4) operates at the following conditions:
 For ensuring “successful acceleration, the field coil and HTSC-Sabot are fixed over the
magnetic track of the PMG-system so that the horizontal axis of the coil and the HTSCSabot”10 are coincided (Fig. 4).
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 The HTSC-Sabot motion has been driven by the electro-magnetic pulse generated by the
field coil (Fig. 3(b) and Fig. 4), i.e., “by using a running gradient of the magnetic induction
(accelerating running pulse, or ARP).
 As the HTSCs are diamagnetic, the HTSC-Sabot is pushed out from the area of a stronger
magnetic field.
 The starting parameters of the coil pulse: the pulse duration is 1 μs, the current amplitude is
200 A, the maximum magnetic induction is 0.35 T.
 The temperature of the experiments was T = 80 K for the following reason. Our previous
studies have demonstrated a high efficiency of «HTSC−PMG» interaction in a wide
temperature range ΔT = 5−80 K [10]. Consequently, it is possible to study the HTSC-Sabot
acceleration at temperatures close to 80 K, i.e., under the nitrogen cryogenics. This is
especially important because acceleration experiments at T ~ 18 K are unpractical inside a
small test chamber of the cryostat (see Fig. 2(a)).
 The experiments (Fig. 4) on magnetic acceleration of the levitating HTSC-Sabot are made
in the mutually normal magnetic fields: the first is B1 (from the field coil to move the
HTSC-Sabot) directed along the acceleration length, and the second is B2 (from the
permanent magnets to counteract the gravity) directed normally to the acceleration length.
The Meissner effect [20] dictates that both magnetic fields generate the surface currents
around the superconductor (in our case, it is the HTSC-Sabot) in corresponding directions
that leads to its simultaneous acceleration and levitation (simultaneous presence of the
driving force along the vector B1 and of the levitation force along the vector B2”10.

(a)

(b)

FIG. 3. Magnetic acceleration of the levitating HTSC-Sabot from Gd123 (red rhombuses
show the joint of two magnets in the linear PMG-system). In (a): T = 300 K, before
experimentation; in (b): T = 80 K, HTSC-Sabot transport with levitation along the linear
PMG-system.
The HTSC-Sabot obtains a velocity of 1 m/s and keeps it over the whole magnetic track (see
details in Sec. 3.3). The levitating drift is not observed. Fig. 4 demonstrates of a one-stage linear
accelerator. Technologically, this allows a convenient spacing of the multiple coils (also called
a multiple-stages accelerator, see details in Sec. 3.3), and leads to realizing very high velocities
of the HTSC-Sabot.
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FIG. 4. POP experiments − freeze-frame shots of the one-stage acceleration process at T = 80 K (HTSCSabot length 30 mm, average velocity 1 m/s).

“For estimations of the acceleration length, La, for a multiple-stages accelerator with a
superconducting driving body (in our case MgB2-cables), we use the following rations”10 [19]:

R
M

La  Vinj2  FC  sab ,
2
RSC FpinVS

F p in  J C ( B 0 , T S )  B 0 ,

(9)

“where Msab is the mass of the «HTSC-Sabot + Target» assembly, RFC is the field coil radius,
RSC is the radius of the superconducting coils (RFC/ RSC = 5), Fpin is the pinning force density,
JC is the critical current density, which depends on the magnetic induction in the coil centre B0
and superconductor temperature TSC. The value of JC (defined as the current density where the
pinning force and the Lorentz force become equal) determines the onset of resistivity [20]. A
difficulty arises in calculation of La because only knowing the relationship between JC and B0
the pinning force density Fpin can be found for the superconducting coils proposed for the sabot
acceleration. For MgB2-cables of 1.18 mm in diameter, the critical current vs. the magnetic field
at temperatures of 4.2 K, 9.8 K, 15 K, 20 K and 25 K were measured”10 in [21]. Using these
data, we have made the calculations under the actual operating conditions: (a) the target design
is the BODNER-Target (Table 1) and its mass is equal to 4.5 mg (Table 2); (b) the HTSC-sabot
is «open parallelepiped» to exclude a bend of the Gd123-tapes (Table 5); (c) the mass of the
assembly "HTSC-Sabot + BODNER-Target" is 0.5 g. The calculation results are given in Table
6 for injection velocities Vinj = 200 m/s.
TABLE 6. ACCELERATION EFFICIENCY OF THE MgB2-DRIVING BODY
B0
(T)
0.5
0.25

Ic
(A)
4000
5000

a/g
(overload)
640
400

La
(m)
3.125
5.0

Subject to use MgB2 superconducting coils as a driving body, the obtained results have shown
that to achieve the required velocity Vinj = 200 m/s without exceeding acceleration limitations
a = 400g < 500g, the injector needs to be ~ 5m in length. It operates at a very low temperature
(~ 18 K), allowing no heat energy to be passed into the target from the accelerating medium.
Thus, the “HTSCs can be successfully used to maintain a friction-free motion of HTSC sabots
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over the PMG, and also to provide a required stability of the levitation height over the whole
acceleration length due to a pinning effect”12 [20].
Several important aspects related to practical engineering of the hybrid noncontact accelerator
of a linear type (linear PMG-system) with an adjustable dynamic due to pinning effect need to
be made:
 Proposed linear PMG allows “in-space equilibrium position of the HTSC-Sabot during its
acceleration (quantum locking) [20]: it goes along a whole magnetic track with the same
levitation height and orientation”10.
 HTSC-Sabots keep their speed after acceleration pulse, and therefore they can be extra
accelerated by using a multiple-stages accelerator with a driving body from MgB2-cables.
 MgB2-driving body represents a magnetic dipole (MD). The MD acceleration is carried out
by “ARP at the consecutive switch of the field coils. From the view point of a relative
positioning of the ARP & MD, the steady case is realized when the ARP pushes the MD
but does not pull it for itself, i.e., the area of a phase (longitudinal) stability is on a forward
slope of the ARP [22]. In the accelerating equipment it is referred to as a principle of
automatic phasing. This principle will be inherent for the MgB2-driving body because, as a
superconductor, it will be pushed out from the area of a stronger magnetic field.
 Superconducting cables can be used not only in the driving body but also in the field coils.
If the coils carry a current”10 I < IC, since large magnetic fields can be generated without
heat generation [21].
 Injection velocities Vinj > 200 m/s (if needed) is not a problem for the proposed noncontact
schedule of the target delivery subject to use different design options for the multiple-stages
accelerator.
 Future developments include a study on a circular type of the hybrid noncontact accelerator.
Closing this section, we summarize the key points of the discussed concept of the hybrid linear
accelerator. The “noncontact acceleration system proposed at the LPI is a combination of three
basic elements: (1) electromagnetic acceleration system (EM-AC), which includes the field
coils generating the traveling magnetic waves, (2) levitation system (permanent magnet
guideway or PMG), which includes a magnetic rail (or magnetic track), and (3) superconducting
sabot including several HTSC components. Our study confirmed the viability of this concept:
a stable friction-free HTSC-Sabot transport was realized with the levitation devices using
superconductors and permanent magnets. The continuous space range of the stable position of
the levitated HTSC-Sabot has been exhibited from the experimental results. Features of the
device designs and their future applications in the noncontact delivery system are discussed
below”10 in Sec. 3.3.
3. EXPERIMENTAL MODELLING
3.1. Measurements of the shell wall tensile strength
The target shell properties are the key issue for successful repeatable target fabrication and
injection. In the FST formation cycle, after the “shell filling at 300 K, the SC (see Fig. 2) with
the filled shells is transported at the same temperature from the fill system to the FST-LM for
carrying out the FST layering experiments. Before starting the experiments, the SC is cooled
down to a temperature Td, which is significantly lower than the room temperature for the SC
depressurization, i.e., for the gas removal from the dead volume of the SC”12. This raises a
question of the BODNER-Target stability during SC depressurization, which holds the fuel284

filled shells (1100 atm at 300 K of D2 or D−T). A level of decrease in temperature can be
estimated if one knows the tensile behaviours of the polymers shells at cryogenic temperatures
in comparison with room ones. However, the required information is not found within the data
from literature.
The tensile strength of the polystyrene shells, σ, has been measured at room and cryogenic
temperatures. Schematics of the experimental setup for measuring the shells strength at 300 K
and 200 K is shown in Fig. 5(a). In the experiments we have used the polystyrene shells made
at LPI. Damage of the shell caused by the internal gas pressure can be calculated from the
experiment according to a formula:
Pd a m a g e  2    ,

(10)

where Pdamage is the difference in the gas pressure inside and outside the shell just before the
shell damage.

FIG. 5. Measurements of the tensile strength of the polymer shells in the temperature range Δ
T = 200–300 K. (a) Schematic of the experimental setup: 1 − microscope, 2 – pressure
chamber with a shell, 3 − gas inlet system, 4 – manometer, 5 – CCD-camera, 6 − PC; (b) just
the moment of the shell damage by the gas inner pressure: 1 – before shell damage, 2 –
during shell damage.
A shell with a radius r0 and a thickness r is placed inside the pressure chamber (Fig. 5(a), pos.
2; Fig. 5(b), pos.1). Then, at room temperature (300 К), it is filled by diffusion with a gaseous
helium up to a certain pressure (using the gas inlet system (Fig. 5(a), pos. 3). At the next stage
the helium pressure inside the chamber is quickly dropped (during 2−3 s) down to 1 atm. This
stage is carried out in two modes: at Т1 = 300 К and at Т2 = 200 К. In the second mode the
pressure chamber is cooled by a liquid nitrogen vapor. The observation of the shell behaviour
goes through a microscope MBS-2 (Fig. 5(a), pos. 1) as well as recorded on a computer using
CCD-camera (Fig. 5(a), pos. 5 and 6). The moment of the shell damage by the inner pressure
is shown in Fig. 5(b), pos. 2.
If the shell does not damage at the 2-nd stage, all the processes repeated again, and the filling
pressure of the shell was increased by 1 atm. The experiment is finished when the shell damage
occurs. The measurement accuracy is 1 atm. The values of the tensile shell strength from the
same batch were calculated by Eq. 10 from the experimentally observed values of the inner
damage pressure. The obtained results (shell`s quality does not optimize and the shells may
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have shell aspect differences) are shown in Table 7, from which follows that the tensile strength
σ increases by 1.79−2.2 times (accordingly at δ-1 = 50 − 33) upon the shell cooling from 300 K
to 200 K.
TABLE 7. TENSILE STRENGTH FOR DIFFERENT TEMPERATURES AND DIFFERENT
SHELL ASPECT RATIOS CALCULATED FROM THE MEASURED PRESSURES Pdamage
2
(kg/сm2)

R/ΔR
T1 = 300 K
140
126
99

50
42
33

1/2
T2 = 200 K
250
246
216

1.79
1.95
2.18

The measurements of the shells strength at T ~ 65 K were carried out using the following
strategy. A batch of the shells filled with H2 has been placed in the SC, which was mounted
inside the LM (Fig. 6). The temperature of the SC was gradually lowered to 15−20 K in order
to transfer H2 from the gaseous to the liquid state. Further, the SC was depressurized and the
targets were gravitationally delivered into a vertical LC cooled outside by liquid helium. The
shells moved along the LC due to the gravity and then injected into the optical TC at T = 4.2 K.
In the TC moment the H2 becomes solid. The process of the shells strength measurements is
shown in Fig. 6d. It includes the shells heating from Т = 4.2 К (Fig. 6(d), pos.1; H2-state: “solid
phase + saturated vapor” with a vapor pressure P < 0.1atm) up to the temperature Т > Тs (Тs is
the temperature of H2 separation into the liquid and vapor phases; max Тs = 32.3 K for 765 atm)
and upwards to the moment of their damage by the internal gas pressure (Fig. 6, pos. 5 and 6).
The results of measurements are summarized in Table 8.
TABLE 8. TENSILE SHELL STRENGT AT CRYOGENIC TEMPERATURES
Fill
pressure
(atm)
205
305
445
765
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Shell
diameter
(µm)
955
940
949
983

Layer
thickness
(µm)
27
39
54
88

Damage
temperature
(K)
61.5
63.5
46
43

Damage
pressure
(atm)
32
47
35
38

Tensile
strength
(kg/cm2)
670
552
415
465

FIG. 6. Measurements of the tensile strength of the polymer shells in the temperature range Δ T = 60
– 40 K.

In Fig. 6, the following designations are accepted: (a) a general view of the commercial helium
cryostat KG-14; (b, c) different inserts into the cryostat, which is used for H2-filled shells
delivery from the SC to the cryogenic optical TC; (d) shells strength measurements: shells
heating from Т = 4.2 К (1 – “solid phase + saturated vapor”) to the temperature Т > Тs (gaseous
phase of H2), and then upwards to the moment of their damage by the internal H2-gas pressure.
Our measurements have shown that the tensile strength of CH shells is increased at temperature
decreasing:
 The value of σ is increased on average by a factor of ~ 1.9 at temperature decreasing from
300 K to 200 K;
 The value of σ is on average by a factor of ~ 4.5 at temperature decreasing from 300 K to
60−40 K;
 These data allow optimizing the stages of the SC-depressurization and the FST-layering.
3.2. Experimental modelling of the layering channel mock-ups of a different shape and
made from different materials, including their updating on the results of the mathematical
modelling
A set of the mockups of the spiral turbular LC have been manufactured and tested. The mockups were made from calibrated solid-drawn seamless circular tubes of soft annealed copper,
copper grade М2к (GOST 859-2001), degree of purification 99.93%. Parameters of the tubes
are as follows: outer diameter 6 mm, wall thickness 1 mm (fabricated by special order as n-fold
spirals at n = 1, 2). The following parameters were varied: the tube length or spiral length (L),
diameter (D) and height (H) of the spiral, the spiral inclination angle (), the number of turns
(), the level of rarefaction inside the LC.
The time τrol for different n-fold spiral LC mock-ups has been measured for the purpose of its
optimization according to the modelling results (see Sec. 2). In the measurements CH shells
and iron balls (surrogate targets) of different diameters were used as spherical test objects. The
LC mock-up was fixed on a special holder for maintenance of the spiral axis in a vertical
position. The time of the test object movement inside the LC was measured by means of two
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optronic pairs arranged above (at the top) and below (at the bottom) of the LC. The general
view of a set of the LC mock-ups studied in this work is shown in Fig. 7. A spherical test objects
or surrogate targets (ST) were dropped inside the different LC mock-ups. For each ST, 15 test
runs were conducted through the same LC mock-up. Below we present the obtained results.
The LC mock-up No. 2-M1 (Fig. 7, pos. 1) has the following parameters: n = 2; spiral diameter:
ID = 27 mm; Н = 450 mm;  = 11.50;  = 44; tube diameter: ID = 4.4 mm, OD = 6 mm; L =
4522 mm. The measurement results of τrol for the LC mock-up No. 2-M1 are as follows (1 mtorr
inside the LC, the ST diameter was 2 mm): for iron ball − minimum rol = 17.50 s; for CH shell
− minimum rol = 23.5 s.

FIG. 7. An overview of a set of the LC mock-ups: 1 – mock-up No. 2-M1, 2 - mock-up No. 3-M1, 3 - a
standard case of LC winding − the difficultly in transition curves designing arises from the need to
have a smooth target travel along the LC to avoid sudden changes in the acceleration12.

The LC mock-up No. 3-M1 has the following parameters (Fig. 7, pos. 2): n = 3; spiral diameter:
ID = 30 mm, OD = 42 mm; Н = 570 mm;  = 54; L = 6021 mm; tube diameter: ID = 4.4 mm,
OD = 6 mm;  = 16.50 ± 30; ST is iron ball of  3 mm; 1 atm inside the LC. Results of
measurements: τrol = 21.4 s (averaged).
The LC mock-up No. 3-M2 has the following parameters: n = 3; spiral diameter: ID = 30 mm,
OD = 42 mm; Н = 880 mm; spiral angle of with small variations  = 16.70 ± 30;  = 77; L =
9187 mm; tube diameter: ID = 4.4 mm, OD = 6 mm. The results of measurements are as follows
(1 mtorr inside the LC): rol = 32.13 s (minimum for 2-mm iron ball), rol = 30.29 s (minimum
for 2.5-mm iron ball), rol = 35 s (minimum for 2-mm CH shell).
The LC mock-up No. 3-M3 has the following parameters: n = 3; spiral diameter: ID = 30 mm,
OD = 42 mm; Н = 580 mm;  = 56; L = 6718 mm; tube diameter: ID = 4.4 mm, OD = 6 mm;
spiral angle:  = 150 ± 30. The measurements results are as follows at 1 atm inside the LC:
minimum rol = 22.56 s, 22.06 s, and 22.41 s (for iron balls of 2 mm, 2.5 mm, and 3 mm,
correspondingly). When inside the LC was 1 mtorr, it was obtained minimum rol = 24.00 s (2mm iron ball).
The goal of our experimental modelling was to establish the fact that the residence time τrol
inside the LC is higher than the calculated time of the FST-layering for the BODNER-Target
(τform). Our calculations have shown (see Sec. 2, Table 4) that the value of τform does not exceed
23 s for D2 fuel and 30 s for D−T fuel. The comparison between the calculated and experimental
results demonstrated that even the minimum τrol exceeds the calculated τform for n-fold LC at n
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= 2, 3. Thus, we can realize the rolling conditions for the BODNER-Target and to satisfy the
TIP criterion (τrol > τform), which means that that the BODNER-Target can be successfully
fabricated in such the LCs by the FST-layering method.
3.3. Results of the study of the optimization conditions of noncontact target transport
between the elements of the FST transmission line
In Fig. 8a schematic of the HTSC-Sabot is shown. Fig. 4 illustrates the acceleration process of
the HTSC-Sabot mock-up levitating over the PMG-system at T = 80 K. The HTSC-sabot
motion has been driven by the electromagnetic pulse generated by one field coil. It was
accelerated up to a velocity of about 1 m/s and keeps this velocity on all sabot-track length of
22.5 cm. During this motion the sabot has levitated over the PMG-system. The gap between the
HTSC-sabot and the magnetic track is keeping unvarying with time. All this allows one to make
the transition to multiple coils (also called a multiple-stages accelerator), and to reach very high
velocities of the HTSC-sabot. In the case of a multiple-stages accelerator the calculations
showed (see Sec. 2.3) that using the driving body from MgB2 superconducting coils as a sabot
component allows one to reach the injection velocities of 200 m/s under 400 g at 5 m
acceleration length. A schematic of hybrid accelerator combined from electromagnetic
accelerator (a set of coils) and PMG-system (a set of permanent magnets) is shown in Fig. 8b.

(a)

(b)

FIG. 8. Principle of noncontact target transport between the elements of the FST transmission line. (a)
HTSC-Sabot, which includes 1 – polymer matrix, 2 – HTSC-coils (MgB2-driving body), 3 – HTSCplates for providing a stable levitation along the magnetic track of the PMG-system, 4 – CFT, 5 –
protective cover; (b) schematic of the multiple-stages accelerator.

To summarize, some important results include [19]:
 Combination of the acceleration system and the levitation system realizes an efficient
noncontact target transport with levitation.
 During acceleration, the cryogenic fuel target (CFT) is protected with an HTSC-sabot, and
the diameter of the barrel exceeds the diameter of the HTSC-sabot (Fig. 8b). It allows one
to protect the CFT against the thermal damage, and to reduce the risks from wedging of the
sabot in the injector guiding tube.
 HTSC-sabot comprises not only the accelerating HTSC-coils, but also the HTSC-plates for
providing its stable levitation along the magnetic track due to the pinning effect.
 Materials selection for manufacturing the superconducting sabots is defined by the
temperature requirement for CTF, which needs to be at T = 18.3 K. The HTSCs are
superconducting ceramics based on YBa2Cu3O7-x and superconducting tapes of second
generation (2G HTSC) based on GdBa2Cu3O7-x [10, 18, 19].
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 Materials selection for manufacturing the driving body is defined by possibilities of
engineering applications. Suitable choice is MgB2-coils at B0 = 0.25T and IC = 5000A. The
following parameters are also important [21]:
i.
MgB2 is a promising superconductor for applications in the temperature range of 15−20
K which meets the temperature tolerance for the IFE targets (T = 18.3 K);
ii.
“MgB2 possesses high values of the critical current IC, which has a rather small
sensitivity to intergranular contacts;
iii. MgB2 has simple chemical composition and low cost of the initial components for its
synthesis.
iv.
Due to a weak anisotropy of the critical properties, the MgB2-cables can be well-shaped,
which is of great importance for optimizing the current density in superconducting coils.
Besides, the MgB2- coils can be of round or rectangular cross-section and have a small
weight. These are most important parameters for practical MgB2 applications in the
HTSC-sabot design”10.
4. FST-TL KEY ELEMENTS AND PHYSICAL LAYOUT
The FST-layering method proposed and demonstrated at the LPI [1−6] provides a rapid fuel
layering inside moving free standing targets. Therefore the FST-layering method was used as
the main principle of operation of the FST-TL intended for CFTs rep-rate production and
delivery into IFE reaction chamber. The key elements of the FST-TL and their functional
description are given below.
4.1. Shell container
A schematics of the SC is shown in Fig. 9(a). The SC is an intermediate unit between the fill
system and the FST-LM. The SC performs the following functions:
 Arrangement of a batch of empty free standing (i.e., unmounted) spherical shells in the filling
chamber;
 Transport of the batch of fuel filled shells at 300 K from the filling chamber to the FST-LM;
 Arrangement of the batch of filled shells in the protecting-sluice module (PSM) of the
insert;Delivery of the shells from the SC to the LC under gravity in the rep-rate regime.
4.2. Layering module
The FST-LM design and operating principle meet the requirements for the minimization of the
time and space scales of each step in CFT fabrication, namely:
 Operation with free standing targets at each stage of the closed production cycle “filling
shells with fuel → transportation from the filling system to the LM and between the LM
units → formation of the cryogenic layer”;
 Use of a SC for arranging the batch of shells at the stages of their filling and delivery to the
FST-LM;
 Transportation of targets between the FST-LM units by injection under the action of gravity;
 Formation of the cryogenic layer inside moving-&-rotating free standing shells by the FST
method.
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(a)

(b)

FIG. 9. (a) General view and schematic of the shell container; (b) draft drawing of the general view of
the FST-LM.

Besides, the free standing shells are an indispensable requirement for useing the FST-LM as an
element of the FST-TL for the continuous layering and rep rate injection of CFT into the
reaction chamber. The draft drawing of the FST-LM is shown in Fig. 9(b), where: 1− cryostat
housing, 2 − nitrogen vessel, 3 − thermal shield, 4 − helium vessel, 5 − well, 6 − internal insert
cavities, 7 − liquid nitrogen transfer line, 8 − PSM, 9 − place of the SC disposal in PSM, 10 −
FST-layering channel, 11 − CFT collector, 12 − insert into the helium cryostat well, 13 −
cryostat neck, 14 − traction valve, 15 − gas He out, 16 − heat exchanger, 17 − tube space.
4.3. Extrusion module for protective cover manufacturing
Shields (or covers) for application to protect injected target from a head wind of a residual gas
have been earlier considered in [24−26]. In [27] we proposed a new design of a protective
cover made from solid xenon, hydrogen or deuterium. We propose creating the protective cover
using the technique of solid gas extrusion through a special nozzle. This technology is
commonly used to manufacturing cylindrical fuel pellets for the controlled fusion experiments
(see, for example, [28]).
Extruders are generally capable of moving the solid material at a sufficiently high rate of speed
to provide a “real time” pellet feed system, and as the deuterium extruders have proven very
reliable operation. At present, a continuous process is more economically favourable than batch
processes because it is easier to control, has a higher throughput and is very versatile in the
properties and shapes of the products obtained.
4.4. Repeatable assembly module for units “HTSC-Sabot + CFT + Protective Cover”
As of today, it is of common knowledge that assembly of the CFT with a sabot needs to precede
the target acceleration and injection [23, 24]. The sabot allows (a) to transmit effectively an
acceleration impulse to the target, and (b) to protect the target from damage during the
acceleration process. An important characteristic of the sabot design is the shape of a target
nest. Our study has shown that a proper choice of the nest shape makes it possible to
significantly increase the upper limit of the allowable overloads and to minimize the injector
overall dimensions as well. Our calculations have shown that in optimal case the sabot nest
needs to have the conical shape with the angle of 870. According our current approach the sabot
has to be done from HTSC materials with the aim of target effective acceleration in the
electromagnetic (EM) injector completed with PMG-system. A chart of the HTSC-sabot in
connection with CFT and protective cover is shown in Fig. 8(a).
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Module for repeatable assembly of the units “HTSC-Sabot + CFT + Protective cover” is shown
in Fig. 10, in which the following designations are accepted: 1 − FST-layering module
including a double-spiral LC; 7 − CFT accumulator and system for CFT transport under gravity
to the rotating drum; 3 − HTSC-Sabot feeder; 2 − a set of the HTSC sabots (sabot schematic
see in Fig. 8); 3 − HTSC-Sabot feeder; 4 − extruder of solid D2 cylinder 4 protective cover
feeder; 5 − heater to cut the cover from D2 cylinder; 6 − electromagnetic pusher; 7 − rotating
drum; 8 − field coil (8) for unit “HTSC-sabot + CFT + Protective cover” transport to the starting
point of an acceleration system.

FIG. 10. Component diagram for repeatable assembly of the unit “HTSC-Sabot + CFT + Protective
Cover” for safe noncontact delivery of the CFT at the laser focus.

4.5. Hybrid noncontact accelerator with an adjustable dynamic due to pinning effect
In Sec. 2.3 and 3.3 we have discussed a possibility to implement the following CFT acceleration
parameters: reaching the injection velocities 200 m/s under acceleration 400 g at 5 m
acceleration length. In order to explore the possibility to significantly reduce the injector size
and its cost as well as to improve the reliability of its work it is proposed to go to another type
of accelerator: from linear to circular (HTSC sabot moves like the circular motion of a wheel,
Fig. 11). The work program includes: (i) calculation of the optimal characteristics of the circular
accelerator (PMG diameter, magnetic field profile, number of cycles, number and parameters
of the coils); (ii) manufacturing of circular accelerator mock-ups and mock tests.

(a) Linear PMG

(b) Circular PMG

FIG. 11. Linear and circular motion of the same HTSC-sabot mock-up.
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4.6. Unit for HTSC-sabot separation from “CFT+protective cover”
Acceleration of the “HTSC-sabot + CFT + Protective cover” unit inside the hybrid injector goes
up to velosities 200−400 m/s with the following HTSC-sabot electromagnetic deceleration.
Then sabot is delivered to the sabot feeder, and the assembly cycle of the sabot with CFT and
protective cover is carried out again.
4.7. System for target tracking and on-line characterization
After the HTSC-sabot separation the “CFT + Protective cover” unit moves under inertia
followed by the unit injection into a reaction chamber. Before injection it is neseccary to control
the target quality and trajectory. As was shown in [2, 11] the Fourier holography of image
recognition is a promising way for on-line characterization of a flying target. In such a scheme
the recognition signal is maximal in case of good conformity between the real and etalon
images. Besides the operation rate of such a scheme is several usec. A simulation model was
developed in the form of complete computer program HOLOGRAM. A set of computer
experiments have shown that this approach allows: (i) recognition of the target imperfections
in both low- & high- harmonics; (ii) quality control of both a single target and a target batch;
and (iii) simultaneous control of an injected target quality, its velocity and trajectory.
4.8. “CFT-&-Protective Cover” flight inside the reaction chamber
“We have analysed the cover and the target interaction with the reactor chamber environment
using the Direct Simulation Monte Carlo (DSMC) approach as well as using results of
numerical studies of gas flows interaction with bodies [27]. The following parameters were
used in our estimations: injection speed is 250 m/s, residual gas is Xe at 0.5 Torr pressure,
reactor chamber radius is 5 m, a cylindrical cover from solid Xe with a mass of 87 mg, the
target mass is 5 mg. Just this cover design we consider in our target survival program. In our
drag force estimations two cases were considered: solitary and joint flight of target and cover.
Correction for the solitary case (effect of wake) is about 30%. The estimations showed that, due
to the drag force action, the distance between the target and the cover rises from the initial 1
mm at the moment of injection up to 15 mm at the centre of reaction chamber. Thus, the drag
force provides necessary separation of the cover and target inside the reaction chamber. The
protective cover forms a wake region with reduced flow velocity and temperature and
effectively reduces the gas heat flow by a factor of 4-to-5, which is in a good agreement with
calculations reported by Valmianski [25].
Thus, the concept of protecting the direct drive CFT by a cover moving ahead can be considered
as a possible way of solving the target delivery problem. Note, that the problem of fuel core
survival is the more difficult the higher the target temperature at the moment of injection.
Estimations showed that radiation heat flow from the chamber wall is an order of magnitude
higher than the gas heat transfer. Therefore, the CFT injection at 5 K is more preferable than
near 17 K, which is possible only for the ultrafine fuel structure”10.
4.9. The physical layout of the FST-TL
Schematic of the FST-TL based on the above key elements is shown in Fig. 12. In Fig. 12 the
following designations are accepted: 1 – FST-LM, 2 – module for protective cover preparation,
3 – module for repeatable assembly the units “HTSC-sabot + CFT + Protective cover”, 4 –
noncontact hybrid accelerator, 5 – unit for HTSC-sabot separation from “CFT + Protective
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cover”, 6 – system for CFT tracking and on-line characterization, 7 – wall of the reaction
chamber, 8 − CFT & Protective cover flight inside the reaction chamber. The physical layout
of the FST-TL operation includes the following steps:
 Delivery of the SC with a batch of fuel filled shells to the FST-LM (Fig. 12, pos. 1). The
SC placement inside the cylindrical protection-sluice module of the FST-LM;
 SC pre-cooling to achieve the shells optimum temperature before their input to the LC;
 SC depressurization followed with shells one-by-one gravitational injection into the LC;
 FST-layering stage: layer symmetrisation and freezing during the shells rolling along the
LC under gravity;
 Delivery of the finished CFT into the target collector under gravity;
 Protective cover preparation (pos. 2);
 Repeatable injection of the CFTs from the collector into the module of their assembly with
HTSC-sabots and Protective covers (pos. 3);
 “HTSC-sabot + CFT + Protective cover” assembly followed by their delivery to the hybrid
noncontact accelerator “EM-AC + PMG” (pos. 4);
 “HTSC-sabot + CFT + Protective cover” acceleration up to 200−400 m/s inside “EM-AC
+ PMG”;
 HTSC-sabot magnetic deceleration (pos. 5) and “CFT + Protective cover” motion to the
reaction chamber;
 On-line control of the flying CFTs trajectory and quality using the Fourier holography
approach (pos. 6);
 Repeatable injection of the CFTs and Protective covers into the reaction chamber (pos. 8),
and their flight to the area of CFTs irradiation by a laser.
 Synchronous operation of all elements of the FST-TL at cryogenic temperatures (T < 18 K)
will implement the repeatable arrival of the CFTs and the laser pulses into a specified region
of the reaction chamber.
Note, that a full-scaled scenario of the FST-TL operation in a batch mode has been
demonstrated at the LPI on a reduced scale for the targets under 2 mm in diameter:
 Fuel filling of a batch of 5 to 25 free standing targets at one time (up to 1000 atm D2 at 300
K) [29],
 Fuel layering inside free standing and line-moving targets using FST-layering method
(cryogenic layer thickness up to 100 μm) [1−6],
 Levitating HTSC-Sabot acceleration in the mutually normal magnetic fields (it gains a
speed up to ~ 1 m/s, which remains the same over a 22.5-cm-track length, time of movement
is 0.22 s) [19],
 Target injection into the test chamber at a rate of 0.1 Hz an cryogenic temperature T = 4.2
K [1−6],
 Target tracking using the Fourier holography approach [2,11].
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FIG. 12. Schematic of the FST-TL based on the above key elements.

5. CONCLUSION
Free standing cryogenic target with an isotropic hydrogen fuel is a central element of IFE power
plant. “This is due to the fact that the progress in plasma implosion up to intensive fusion
reactions lies in formation of a given fuel structure that needs to be isotropic for reaching fusion
conditions”10. The target needs to be delivered to the chamber centre with a high accuracy and a
high repetition rate. Fusion reactions need to occur approximately ten times a second, and an
FST-TL becomes an integral part of any fusion reactor.
The objective of the study was to develop conceptual designs of FST-TL including IFE target
muss-manufacturing followed by their rep-rate delivery at the reactor chamber. Performance
requirements for these systems are quantified and examined for high-gain direct-drive
cryogenic targets. It aims to make a qualitative leap in the transition from 2-mm CFTs to 4-mm
CFTs. Detailed modelling and proof-of-principle experiments are outlined and discussed.
A credible path to solve the issue is the FST layering method developed at the LPI. This method
(rapid fuel layering inside moving free standing targets) is a unique and has no analogy in the
world. Therefore, the FST approach for mass-production layering in line-moving, high-gain
direct-drive cryogenic targets has been mathematically and experimentally analysed. “In this
report, the results of modelling the FST layering time, τForm, have been presented for targets
which are the shells of ~ 4 mm in diameter with a wall from compact and porous polymers. The
layer thickness is ~ 200 μm for pure solid fuel and ~ 250 μm for in-porous solid fuel. The
computation shows: τForm < 23 s for D2 fuel and τForm < 30 s for D−T fuel. So rapid fuel layering
is a necessary condition for producing targets in the massive numbers and for producing fuel as
isotropic ultrafine layers. Low tritium inventory due to minimization of time and space for all
production steps is certainly inherent in the FST layering method”12.
The experimental modelling has shown that in the case of the BODNER-Target rolling time τrol
inside the n-fold LCs (n = 2, 3) is more than the calculated FST-layering time τform. It means
that the BODNER-Target can be successfully fabricated in such LCs by the FST-layering
method.
The next important issue is the safe, stable and friction-free delivery of the CFTs. A promising
way for noncontact manipulation, positioning and transport of the free standing CTFs is using
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the quantum levitation of a target carrier (sabot) made from HTSCs for creating innovative
maglev transport systems. For this reason, the possibilities to develop the hybrid accelerator of
a linear type based on the HTSC levitation in the magnetic field were analysed as well. The LPI
has made the major efforts to create such “accelerator, which is a combination of the
acceleration system (field coils generating the traveling magnetic waves) and the levitation
system (PMG including a magnetic track). The obtained results have shown that the HTSCs
can be successfully used to maintain a friction-free motion of the HTSC-sabots over the PMG,
and also to provide a required stability of the levitation height over the whole acceleration
length due to the pinning effect”12. This process of locking by height and orientation reduces
any undesirable wobble during HTSC-sabots movement (adjustable HTSC-sabots dynamics).
All this “indicate that we have an effective set of tools (quantum levitation and quantum
locking) for a noncontact acceleration of the HTSC-Sabots in the mutually normal magnetic
fields generated by the field coil and the PMG-system”10.
A principle advantage of the hybrid noncontact accelerator with an adjustable dynamic over the
existing acceleration systems is that it allows one to exclude the friction between the sabot and
injector guiding tube, and as a consequence, to protect the CFT against the thermal damage and
to reduce the risks from wedging of the sabot in the injector guiding tube. Additionally, using
the driving body from MgB2 superconducting coils as a sabot component (critical current 5000
A at magnetic induction 0.25 T) guarantees the achievement of the required injection velocities
200 m/s under 400 g overload at 5 m acceleration length. Further development of this direction
is associated with the change to another type of accelerator − from linear to circular to explore
the possibility to significantly reduce the injector size, cost and as well as to improve the
reliability of its work.
Taking into account the above, the conception of the FST-TL has been developed based on the
FST layering method, noncontact delivery system, and on-line characterization and tracking of
a flying target in the reactor chamber. The investigations presented in showed that the method
of coherent optics based on Fourier holography can be successfully applied to control the
parameters of the injected targets.
Thus, a unique scientific, engineering and technological base developed at the LPI allows creating
a FST-TL prototype for mass targets producing and their delivery at the required rates. The IFE
targets with ultrafine cryogenic layers offer prospects of using the isotropic fuel structure for
plasma generation with an intensive thermonuclear reaction. Such targets for application to high
repetition rate laser facilities allow one to test the reactor-scaled technologies and to run a
pioneering research of laser direct drive using, for the first time, isotropic hydrogen fuel in the
target compression experiments.
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Abstract
By means of 1-ns laser interferometry and self-luminescence photographing the dynamics of
interaction processes of plasma/fast ion beams generated in Dense Plasma Focus (DPF) devices with
solid-state targets has been investigated. Specimens of materials perspective for use in chambers of the
mainstream nuclear fusion facilities (mainly with inertial plasma confinement like NIF, Z-machine,
Iskra-6), intended both for the first wall and for constructions, have been irradiated in the abovementioned laboratory simulators of the main-stream fusion facilities. Parallel and sequential irradiations
of the above samples by DPF, plasma gun, plasma accelerator and laser (in two modes of its operation)
made in cooperation with other CRP participants allowed obtaining information on the specificity of
actions of short powerful pulses of plasma/fast ion and laser beams and long plasma and laser pulses
upon these targets at dissimilar successions of the irradiations. The experiments gave data on the
character of damageability of surface layer and bulk of the targets. Optical microscopy, SEM, Atomic
Emission Spectroscopy, images in secondary electrons and in characteristic X ray luminescence of
different elements, tribological measurements, as well as X ray elemental and structure analyses, precise
weighing of samples before and after irradiation, gave results on damageability for specimens of the
above-mentioned materials and composites on their base. Analysis of the results obtained has “shown
that a so-called Integral Damage Factor may be used only within the restricted ranges of parameters of
an irradiation. It was also found that in the regime of irradiation with the well-developed gas dynamic
motion of secondary plasma the overall amount of radiation energy will be spent preferentially either
on large masses removed from the material’s surface or on heating of a small amount of matter to high
temperature (and consequently into its fast movement) depending on power flux density and
characteristics of pulses of irradiation”13.

1.

INTRODUCTION

Maximal values of power flux density of “heat loads expected in fusion reactors (FR) with
inertial plasma confinement (IPC) may reach 108–109 W/cm2 [1]. Figures for these power flux
densities for FR with magnetic plasma confinement (MPC)”14 are the same or an order of
magnitude lower for the most dangerous emergency events that may happened there [2].
However, the overall energy released per unit area in FR with MPC is higher by 3 orders of
magnitude. It is so because the overall feeding energy, time durations of these heat-load actions
and irradiated areas are very different for the both cases in the contemporary main-stream fusion
facilities. E.g. the irradiation pulses in FR with IPC have durations about 10-9-10-6 s whereas
for FR with MPC they are of the order of 10-6–10-3 s correspondingly.
Investigations and testing of a large number of plasma-facing and construction materials
intended for utilization in FR of both types are carried out for several tens of years. In these
examinations the quasi-stationary plasma accelerators like QSPA Kh-50 [3], QSPA-T [4] and

13

GRIBKOV, V., et al., Comparative analysis of damageability produced by powerful pulsed ion/plasma streams
and laser radiation on the plasma-facing W samples, Radiation Physics and Chemistry 150 (2018) 20–29.
14
CHERNYSHOVA, M., et al., Interaction of powerful hot plasma and fast ion streams with materials in dense
plasma focus devices, Fusion Eng. Des. 113 (2016) 109–118.
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PSI [5], plasma guns like [6], electron beam heating like in [7] etc. are applied as imitators of
situations in FR. Many of such experimental researches are executed in the fields of testing
materials counted as the candidate ones (tungsten, CFC, SiC, various types of low-activated
stainless steels (SS), etc.) in conditions close to those expected in the mainstream fusion
facilities with MPC like ITER and Demo. The heat loads are produced usually in these
simulators by plasma streams and electron beams with pulse durations from tens μs till seconds.
On the other hand, the most dangerous for the first wall type of radiation presented in the FR
are streams of fast ions (see e.g. [8]). It is so because of their considerable energy content at the
FR operation, a short value of their projective range in solid matter, absence for the beams a socalled “detachment” effect (which is so important at plasma irradiation), and due to a specific
absorption mechanism with a characteristic Bragg peak [9]. These factors result in a very high
energy density released in the bulk of a material. However, sources of powerful beams of fast
ions like e.g. the RHEPP-1 accelerator (Sandia National Labs) [10] are very rare applied in
these simulation experiments. Works in which simulation of conditions typical for NR with IPC
is also sparsity. In these tests mainly soft X rays were used (see e.g. [11]). Yet X ray radiation
is the only one from a number of damage factors in chambers like NIF [1] or Z-machine [12]
and this type of radiation is not the most dangerous one.
It is well known that Dense Plasma Focus (DPF) devices [13] are able to generate very powerful
cumulating streams of hot (temperature Tpl ≈ 0.1…1.0 keV) and high-speed (velocity vpl ≥ 107
cm/s) deuterium plasma, beams of fast (Ei ≥ 100 keV till few MeV) deuterons, relativistic
electrons (Ee ≥ 100…1000 keV), soft and hard X ray and neutron radiations. The PF-6 (6 kJ)
[14] and PF-1000U (1.2 MJ) [15] installations of this type, operational at the IPPLM, Warsaw,
Poland, are the main facilities employed in the experiments in the frame of current CRP as
simulators of the conditions realized in fusion reactors (FR) with inertial plasma confinement
(IPC). They are applied for tests of perspective materials intended for use in future FR like NIF
[1] and Z-machine [12]. However, “certain results obtained in the experiments may be useful
also for FR with magnetic plasma confinement (MPC), in particular for their operation in
emergency regimes (like ELMs, VDE and disruption instability) [2]. The maximal discharge
currents of the above Dense Plasma Foci reach very high values of up to 0.76 MA and almost
3.0 MA for the devices correspondingly, i.e. setting a record for the machines of their respective
classes. Power flux density of these streams on the target’s surface may reach ~ 1010 W/cm2
and ~ 1013 W/cm2 for plasma and for fast ions respectively.
These two devices have provided an opportunity to test either large-size specimens with
characteristic lateral dimensions of up to about 30 cm with a few shots per day in the case of
the PF-1000U facility or small samples of about 1 cm size at the PF-6 device however providing
more than 100 shots per day. Yet the irradiated surface areas in these two dissimilar cases are
very different at these extreme conditions for the fast ion stream. Indeed, if in the case of the
PF-6 device a characteristic size of the ion beam “autograph” is not exceeded 0.2 cm, for the
PF-1000U facility it is of about 1-2 cm. It makes expansion of secondary (target’s) plasma
produced at the specimen’s surface almost flat (two dimensional) – not compared to the PF-6
situation. Moreover, each of these devices has a number of different contemporary diagnostics
that allows investigations of dissimilar features of irradiation processes of tested samples with
high temporal (1 ns), spatial (tens of µm), angular and spectral resolution.
In a course of the irradiation experiments, a number of important parameters including temporal
and spatial evolution of density of primary plasma (belonging to the DPF pinch and cumulating
plasma streams), power flux characteristics of fast ion and relativistic electron beams on targets
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under irradiation, soft and hard X ray and neutron radiations, angular and spatial distribution of
these radiations types, etc. has been monitored. The same features for secondary plasma,
produced by plasma and fast ion streams at the surface of a solid state target under tests, were
also observed”14.
“Radiation test experiments can be of two types: to find conditions at which the first-wall
materials remain unaffected or to investigate different types of their damageability produced in
harsher environment. Our experiments are of the second type”13. “Subsequent analysis of the
irradiated specimens has yielded information on the changes that has been occurred during the
experiments in the irradiated materials’ elemental and molecular contents, structure and
properties”14.
Main energy carriers and their parameters (individual energy of quasi-particles E, efficiency of
energy streams η, power flux density of an irradiation stream on the target’s surface P,
“absorbed dose D and pulse duration τ) expected (and already realized partially) in Nuclear
Fusion Reactors (NFR) with Inertial Plasma Confinement (IPC) are as follows:
 Soft X rays: Ehν ~ 10 keV; η ≤ 10%; P ≤ 109 W/cm2; D ~ 1–10 J/cm2; τ ≤ 10 ns;
 Ions: Ei ≤ a few MeV; η ~ 20–30% (50–50 fusion and debris)”13; P < 108 W/cm2; D ~ 20–
30 J/cm2; τ ≤ 0.5 μs;
 Neutrons: En ~ 14 MeV; η ~ 60–70%; P ≤ 5×109 W/cm2; D ≤ 20–30 J/cm2; τ ≤ 10 ns.
As it is seen from this estimations data and according to numerical simulations for the 154 MJ
yield in the National Ignition Facility (NIF) at its currently expected operation [1,16] “thermal
power for the chamber wall (diameter is 6.5 m) in ions counted as the most dangerous factor
would be about PNIF ~ 108 W/cm2.
In FR based on tokamaks with Magnetic Plasma Confinement (MPC) in the most severe
emergency regimes (ELMs, VDE, DI) of their operation the parameters of the heat load on the
chamber wall will be [2,17]: D ≤ 100 MJ/m2 = 104 J/cm2 ~ 1023 eV/cm2 with pulse durations τ
≥ 0.1 ms. Power flux density here will be: Ptok ~ 104 [J/cm2]/10-4 [s], i.e. Ptok ~ 108 W/cm2 again.
It means that fluence will be 1019–1020”13 of plasma ions of the individual energy 1–10 keV or
1017–1018 fast ions of the individual energy 0.1-1.0-MeV (accelerated ions).
Dense Plasma Focus (DPF) device [13] “used for testing of those materials that are counted as
perspective for the first-wall components of both types of NFR may ensure parameters (nature
of the heat carriers, their energy, pulse duration and doses) that are very well fitted to the
conditions expected in the reactors with inertial plasma confinement or even exceed them.
However, pulse durations of plasma/fast ion streams in a DPF in a majority of its regimes of
functioning as well as heat loads produced by them upon the targets are too short (~ 10-7–10-5 s)
compared with those obtained in tokamaks (where they are ~ 10-4–10-2 s) with magnetic plasma
confinement.
Indeed, typical power flux densities in a DPF may be in the range Ppl ~ 104–1010 W/cm2 for
plasma streams and Pfi ~ 106–1012 W/cm2 for the fast ions fluxes. I.e. on their upper level they
noticeably exceed the above-mentioned figures calculated for the plasma-facing components of
the main-stream FR of both types.
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It is evident that the parameter “dose” D is not able solely to describe heat loads in NFR: e.g. if
a certain dose (even large – say D~104 J/cm2 like in the tokamak’s emergency regime) will be
applied during a half of a century no bulk heating of a material will be observed practically –
only implantation of ions will take place.
The same is true for the power flux density P taken into consideration solely: e.g. at a very
modern accelerator of ions to the energy of approximately 100 MeV produced by femtosecond
laser pulses this parameter may reach a very high value of above P ~ 1014 W/cm2 quite easily;
but the full charge of the accelerated particles cannot be higher today than 10-14 C, i.e. the overall
dose will be < 1 mJ – so no wholesale heating of materials will be observed again.
In these circumstances a combination of both parameters looks very attractive. It seems that it
is able to describe the heat load in a proper way by means of a so-called Integral Damage Factor
(IDF) F:
F = (PD) 0.5 = P×τ 0.5

(1)

This parameter manifests that the linear decrease in time of action (pulse duration τ) results in
the same consequences (characteristics of damageability of materials) as it provides at the
simultaneous quadratic increase of the power flux density P”13.
In the end of nineties at irradiation of biomaterials with very powerful short pulses of X rays it
was found that the low-dose but high-power pulses produce the same effect (enzymes’
activation and inactivation) as the high dose radiation with low-power (i.e. quasi-continuous)
[18]. So, it was found that the better characteristic in radio-biology of pulsed powerful sources
would be not a dose (as it was counted before) but a product of dose and dose power: DP.
I.e. it appears that if one will increase a power flux density P of radiation say by an order of
magnitude (i.e. the intensity of irradiation of enzymes) to obtain the same effect as in a previous
case a “dose D needs to be decreased also by an order of its value. But because a dose D enters
also into the P expression as a numerator: P = D/τ, decreasing dose and preserving the power
flux density an order of magnitude higher, one has to decrease the denominator τ by two orders
of magnitude”13.
Square root of PD gives the Integral Damage Factor F, which was introduced in the radiation
material science earlier [19]. Its sense looks quite understandable: deficiency of energy (dose)
of radiation may be compensated by intensity of its action to produce similar features of
damages in materials.
At a first sight this “Integral Damage Factor” (IDF) F:
F2 = D×P = D2/τ = P2τ or F = P×τ0.5

(2)

may help in the case of simulation of tokamak conditions on its first wall when one uses a DPF
facility.
Indeed, “short pulse durations in a DPF (10-8–10-7 s) seem may be compensated by a much
higher power flux density available in the Dense Plasma Focus device. Namely: Ftok = 108×(104 0.5
) = 106 [W∙s0.5∙cm-2] for tokamaks, and FDPF = 1010×(10-8)0.5 = 106 [W∙s0.5∙cm-2] for a DPF
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plasma stream appeared to be the same. However, an analysis of the conditions here shows that
the situation is not so simple.
Indeed, if one will successively increase a power flux density of radiations P from implantation
level (about 102 W/cm2) to the figures of about 1012 W/cm2 and above the following stages of
materials’ influence will be passed through:
 Implantation”13, i.e. a low-temperature process by which ions of one element are injected
into a solid target, thereby changing the physical, chemical, or electrical properties of the
target without material’s heating;
 Heating of target’s material “plus embrittlement, cracking;
 Melting with spattering, droplet formation;
 Evaporation with droplet spraying;
 Ablation of various types;
 First stage of ionization;
 Second stage of ionization.
And at each stage except the first one besides energy spending to material’s heating, some part
of irradiation energy will be expended (removed from the pure heat) for an increase of entropy
(“a measure of the devaluation of energy”) of the system: the latent heat of melting and the
same factors of evaporation, for sublimation of material (ablation), for successive stages of
ionization of secondary plasma, etc. Thus, not the whole energy (dose) of irradiation will be
transformed into pure heating/ionizing of the material and consequently into damageability of
it.
It means that the Integral Damage Factor (IDF) can work only inside the restricted limits of
doses or power flux densities (e.g. in the range of thermal loads that produced upon a material
supporting its first stage of ionization, but not resulted in the second stage); and each time the
situation needs to be carefully analysed beforehand.
Thus, the best situation for materials testing is to use the heating devices with parameters (heat
carriers, D, P and τ,”13 region and mechanisms of absorption, etc.) as close as possible to those
that are existed in the real NFR; thus for FR with IPC a DPF device is good, “however for
tokamaks it would be better to apply devices having longer pulses of thermal loads”13.
2.

DEVICES

In the works provided in the frame of the current CRP besides the tests executed solely with the
DPF devices we have decided to compare heat action of hot plasma and fast ion streams from
a number of DPF devices with the influences produced by the plasma radiations of plasma
accelerators (PA) and plasma guns (PG) as well as with effects performed by a laser operating
either in a free-running (FR) mode (i.e. with long pulses similar to those observed in tokamaks)
or in a Q-switched (QS) regime with short pulses (observed in NFR with IPC and in DPF
devices). And these experiments have been provided in parallel and in sequential irradiation
sessions with identical samples.
So, the plan for the current investigations was as follows. First, damageability of various
materials produced by hot plasma (HPS) and fast ion streams (FIS) from a DPF device need to
be investigated. Second, the results of action of plasma and fast ions of DPF with about the
same short pulse duration of laser light in a Q-switched mode of laser operation have to be
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compared. Third, to compare consequences of the DPF influence upon materials with the
corresponding features formed by long pulses of laser radiation, working in a free-running mode
comparable with long pulses as in tokamaks needs to be confronted. Forth, the same parameters
for the materials’ irradiation obtained in a DPF device and at irradiation by Plasma Accelerator
and Plasma Gun operated both having long pulses (similar to those acting in a NFR with MPC)
need to be contended. Finally, the sequential sessions with DPF, PA and PG in different
successions have to be provided to see features of damageability in these more complicated
cases. To fulfil the tasks the chief Dense Plasma Focus (DPF) devices PF-6 (Figs 1–2) [14],
operating in this year mainly on the energy level of ≤ 3 kJ, and PF-1000U facility (Fig. 3) [15]
that worked in the range of energy level 160–400 kJ, have been implemented.

2

1

a)

b)

FIG. 1. (a) The photographs of the PF-6 device (1) with the movable stand (2) containing the fast
neutron/X ray probe; (b) the discharge chamber of the PF-6 machine shown by an arrow.

Fig. 2 demonstrates a sample of tungsten fixed in a holder that is attached to the lid of a special
DPF chamber of the device PF-6. This assemblage was used in the device for the experiments
in radiation material science, i.e. for testing specimens under the action of plasma streams and
fast ion beams generated in the DPF.

b
a
c
FIG. 2. A holder (a) and a specimen of tungsten (b) attached to the lid of the chamber (c) of the PF-6
device.
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Besides this set-up, the DPF facility PF-1000U (Fig. 3) [15] was applied for irradiations of
targets. Both devices used deuterium as working gas.

FIG. 3. The discharge chamber of the PF-1000U facility (an external view).

In Fig. 4 one may see the target’s assemblage placed in a cathode part of the device in front of
the anode of the PF-1000U chamber. “Black hole in the centre is the anode orifice made to
prevent evaporation of copper from the anode by electron beam. White areas near the black
hole are damaged parts of the anode’s surface produced by hot plasma in previous
discharges”14.
Cathode tubes

Target

Anode

FIG. 4. The double-forged W [16] target in the holder inside the PF-1000U chamber in front of its
anode, i.e. in a cathode part. Reproduced from CHERNYSHOVA, M., et al., Interaction of powerful
hot plasma and fast ion streams with materials in dense plasma focus devices, Fusion Eng. Des. 113
(2016)14.

During some sets of tests, it had a modified anode with a conical central insert intended to
improve plasma stream formation and having a hole (see Fig. 5) to prevent evaporation of
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copper (anode’s material) correspondingly during the radiation material science experiments.
The holder of the tungsten target is shown in Fig. 6.

a

d
c

b

FIG. 5. The internal part of the chamber of the PF-1000U facility with the anode (a) having a conical
insert with a hole in its central part, the cathode tubes (b), and the supporting rod (c) keeping a holder
(d) of the target under irradiation.

1
1

3

3

2

2

(a)

(b)

FIG. 6. A supporting rod (1), a holder (2) and a tungsten target (3) inside the PF-1000U chamber. (a)
The virgin tungsten sample; (b) the same sample after irradiation.

After a number of conditioning shots on both devices they have started generating neutrons and
hard X rays. Monitoring of current derivative of a discharge gave data on the eminence of the
particular discharge. The “quality” of the discharge and the power of the ion beam were
estimated by comparing a sharpness of the current derivative peak and the neutron yield
correspondingly. Usually the neutron yield is observed by two methods – by using data obtained
with a silver activation counter and by examination of oscilloscope traces of a time-resolved
fast probe. This probe is based on a photomultiplier tube with a plastic scintillator (PMT+S),
and it has temporal resolution about 2 ns. Fig. 7 presents current derivative of the discharge of
the PF-6 device whereas Fig. 8 – signals of hard X rays and neutrons obtained with PMT+S.
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Investigations of the interaction processes of deuterium plasma streams and beams of fast
deuterons with the targets under tests [3] have been provided in this case by integral in time
photographing of the processes in a visible spectrum of light (the overall duration of the
processes takes about a microsecond) during plasma irradiation and with laser interferometry
(temporal resolution is determined by the laser pulse duration, which is 1 ns). Examples of
pictures obtained by these two techniques are presented in Figs. 8 and 9 correspondingly.
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FIG. 7. Oscilloscope traces of the current derivatives of the discharges produced at the PF-6 device.
(a) “bad” shot; (b) “good” shot.
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FIG. 8. PMT+S oscilloscope traces of the discharges produced at the PF-6 device: (a) “bad” shot; (b)
“good” shot.

During the tests, the specimens were placed on Z axis of DPF chambers perpendicular to it by
their flat surface “(with one exception – see below) at small distances from the DPF anodes (see
e.g. Fig. 5): in the PF-1000U these distances were 7 and 11.5 cm whereas in the PF-6 device
they were 3.4 and 8 cm.
The devices PF-6 and PF-1000U generate very powerful pulses of hot dense (Tpl ~ 1 keV, npl ~
1018 cm-3) deuterium plasma (HP) jets (velocity vpl ≥ 107 cm/s) with pulse durations τpl ~ 50 and
100 ns of maximal power flux densities on the target’s surface up to PHP ~ 109 and 1010 W/cm2
as well as fast ion (deuteron) streams (FIS) (deuterons’ energy Ed ~ 0.05–1.0 MeV) with pulse
durations τd ~ 20 and 50 ns with maximal power flux densities right up to PFIS ~ 1011 W/cm2
and 1012 W/cm2 respectively. From these figures one may see that DPF may be a very well
simulator of conditions taking place on the walls of FR with IPC. It is also able to model an
initial phase (the most powerful one) of the Type-I ELMs effects (this phase haven’t been
investigated in tokamaks with nanosecond time resolution yet but certainly it lasts shorter than
1 μs). At the same time the so-called “integral damage factor” (IDF) F = P×τ0.5 [19] provides
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(with certain reservations – see above) an opportunity to simulate the above-mentioned
radiation loads (predictable for both reactors types) by the plasma/ion streams generated in
DPF.
Indeed, a very high power flux density P of DPF compensates too short pulses (compared with
those in FR with MPC) τ of HP and FIS (in FR with IPC pulse durations of irradiations are of
the same order as in DPF). This IDF has restricted ranges of applicability – both in time intervals
and in the ranges of power flux densities, but it was discussed above in the first paragraph of
the paper.
With a special anode’s geometry of a DPF chamber an extraordinary regime of operation can
extend heat load duration up to 30 µs in the PF-6 device and up to 100 µs in the PF-1000U
facility correspondingly [20] that is comparable with the periods of tokamak emergency events.
Also, it is very important to mention here that the heat loads in these experiments with DPF
devices are produced just by streams of the same nature (hot plasma and fast ions) having
parameters as expected on the first wall in the future FR modules (plasma temperature ~ 1 keV,
fast ion energies ~ 0.1–1.0 MeV) in the FR of both types.
Distances from the anode to a specimen ensured almost the same maximal power flux density
in both devices”14 – yet in the PF-6 on a much smaller area. Sample holders were constructed
in a way that enabled to preserve the surface of the samples from any holder material
redeposition upon them in a maximal extent (Figs 2, 4, and 6).
The “anodes of both devices have holes in the centre. This prevents the powerful relativistic
electron beam (REB) (striking the anode’s surfaces) from evaporating the anode’s material
(copper). During the devices’ operation the following parameters were monitored: current
derivative by magnetic probes, full discharge current by Rogowski coil, neutron and X ray
pulses by 6 photomultiplier tubes with scintillators (time resolution of this last technique was ≈
2 ns, Figs 1(a) and 8), plasma dynamics visualization provided by time-integrated
photographing in visual range, by 1 ns 4 frame self-luminescence and by 16-frame laser
interferometry, absolute neutron yield using Ag, In, Y and Be activation counters, etc. Each
sample was subjected to 1, 2, 4, 5, 8, and 16 consecutive shots”14.
Also, “for these experiments a new DPF device Vikhr’ has been put into operation by our
colleagues at IMET RAS. Its front view with open discharge chamber fitted for material
experiments are shown in Fig. 9 together with the oscilloscope traces taken for current
derivatives for all 4 channels of the device”13.
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(a)

(b)

FIG. 9. The newly assembled “Vikhr’” device (IMET RAS. (a) Front view; (b) 4 oscilloscope traces of
current derivatives measured at 4 capacitors. Ec =5.6 kJ; U0 = 20 kV; Idisch ≈ 500 kA. Reproduced
from GRIBKOV, V., et al., Comparative analysis of damageability produced by powerful pulsed
ion/plasma streams and laser radiation on the plasma-facing W samples, Radiation Physics and
Chemistry 150 (2018)13.

It was implemented in parallel experiments with the PF-6, PF-1000U facilities (IPPLM, 2 kJ
and 400 kJ) and with the Bora machine (ICTP, 5 kJ) [21]. Besides our previous results obtained
at the device PF-5M (IMET RAS, 2 kJ), described in [22] are discussed in comparison with the
current new data.
A single-cascade laser device GOS-1001 [23] “with flat resonator that is able to work in a freerunning (FR) mode (P = 105–107 W/cm2, τ = 0.7 ms, individual spike duration ≈ 800 ns, offduty factor 2-10 µs) or in a Q-spoiled (QS) regime (P = 109–1011 W/cm2, τ = 80 ns) was applied
for the laser heating of a target in these two different regimes”13 (see Fig. 10).

(a)

(b)

FIG. 10. (a) A laser device GOS-1001; (b) oscilloscope trace of a pulse in a free-running (FR) mode
(τ = 0.7 ms, individual spike duration 0.8 µs, off-duty factor 2-10 µs). Reproduced from GRIBKOV,
V., et al., Comparative analysis of damageability produced by powerful pulsed ion/plasma streams
and laser radiation on the plasma-facing W samples, Radiation Physics and Chemistry 150 (2018)13.
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3.

MATERIALS, IRRADIATION CONDITIONS, ANALYSIS TECHNIQUES

The “samples for investigation were selected among materials counted as perspective ones for
both types of FR. The main idea of the current experiments was to compare damageability of
several types of mock-ups subjecting them to radiation loads that exceed the expected ones in
FR with IPC”14. We investigated double-forged W supplied by the IAEA and investigated in
FZJ, Germany [24] (later these specimens are named as DF “with numbers), tungsten
manufactured in R.F. by powder metallurgy, composite material on its base with 1% addition
of disperse particles of La2O3, aluminium, low-activated ferritic steel “Eurofer”, austenitic and
ODS steels, Ti β-alloy”14, vanadium, different types of ceramics, and others.
“A number of analytical techniques were applied for investigation of the irradiated samples
(both their surface layers (SL) and bulks of materials) before and after irradiation.
Among them classical optical and scanning electron microscopy as well as atomic emission
spectroscopy were used to understand character and parameters of damageability of the sample
surface layers. Atomic force microscopy was applied to measure surface roughness after
irradiation”14. Tomographic atom probe was implemented for investigation of oxide particles
in the irradiated ODS Eurofer [25]. X ray structure and elemental analysis, weighing of
specimens as well as measurements of their micro-(nano-) hardness were applied before and
after irradiation. Surface layers (SL) and metallographic sections of our samples were
investigated by Scanning Electron Microscopy (SEM) (using the microanalyzer EVO 40) and
by Atomic Emission Spectroscopy (AES) (using a glow discharge spectrometer SA-2000,
“LECO” company). Some results obtained through application of the above-mentioned
techniques are presented below.
The main material for current testing was double forged tungsten manufactured in Julich,
Germany [24]. “Size of samples was 12×12×5 mm3.
Irradiation of the samples at PF-1000U, PF-6, Bora, PF-5M and Vikhr’ has been provided by
hot deuterium (or hydrogen sometimes) plasma streams (HPS) at the power flux densities of
PHPS = 108-10 W/cm2 with typical pulse durations 50–100 ns and by fast ions (deuterons) beams
with energy of particles Ei ≥ 100 keV at power flux densities in the range PFIS ~ 108–1012 W/cm2
with typical pulse durations 10–50 ns depending on the particular device.
Because of geometrical factors connected with the sizes of the devices the above-mentioned
values of P (in particular for fast ion streams) in small devices has been realized on minor areas
of the targets with the characteristic sizes about Ø ~ 0.1-0.4 cm whereas at the big facility PF1000U the whole irradiated surface was about tens cm2.
Experiments on interaction of laser radiation (LR) with materials have been provided in air by
using a laser GOS-1001 in the above-mentioned two modes of operation – in a free-running
(FR) mode and in a Q-switched (QS) regime.
In the first mode we mainly used for irradiation PLR ≈ 3×105 W/cm2 with the overall pulse
duration 0.7 ms, focal spot d ≈ 0.6 cm (defocused laser irradiation), and another regime with
PLR ≈ 3×106 W/cm2 with the same overall pulse duration 0.7 ms, but with focal spot d ≈ 0.2 cm
(relatively sharp focusing of laser radiation).
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The QS regime has been realized with the parameters: PLR ≈ 109-10 W/cm2 with the pulse
duration 80 ns, focal spot d ≈ 0.1-0.3 cm. In all cases the number of pulses was N = 2–8”13.
A number of specimens made of different materials that are intended for use in ITF chambers
as plasma-facing elements (and in the main-stream Nuclear Fusion Devices with magnetic
plasma confinement as well) have been tested in this year. At NIF the chamber is made at
present time of aluminium alloy. At Z-machine stainless steel is applied. In the present-day
tokamaks beryllium was used for the first wall because of its low-Z number whereas in divertors
tungsten and some ceramic materials (CFC, SiC…) were implemented due to their high
temperature of melting. However, for the next-step facilities (LIFE, Jupiter, DEMO) other
materials having higher heat, corrosion and radiation resistance are foreseen. We have provided
tests with our DPF devices for a number of samples in the experimental conditions that are very
close or even harsher compared with environment realized in the present day nuclear fusion
facilities. Below the irradiation conditions are presented for two types of materials. Tests of
another material’s specimens have been provided in the analogous manner.
Tungsten (Z = 74, A = 183,84 u, Tmelt = 3695 K (3422°C)) is considered as material promising
for use in the elements of the first wall and divertor in the ITER project [24,26,27] and probably
for the first wall of FR with IPC. It was tested in a number of experiments in the conditions
close to the natural ones (see e.g. [28–30]). This work was aimed at investigation of
damageability in the surface layer and the bulk of targets made of double forged tungsten (DF
W, supplied to us by the International Research Center of Julich (Germany) and by the IAEA)
caused due to an irradiation of these samples using plasma focus facilities PF-6 and PF-1000U.
The samples of sintered tungsten, PLANSEE double forged type, were made by means of a
powder metallurgy technique with a subsequent deformation according to a double forging
scheme. The samples were 12 × 12 mm2 in size with a thickness of 5 mm. The samples were
stamped DF (double forged) and had a numerical designation. In this study, such equally
prepared samples were irradiated in the above-mentioned experimental facilities in different
regimes (see Table 1) using deuterium as working gas.
Vanadium (Z = 23, A = 50.9415 u, Tmelt = 2160 К (1887 °C)) alloys are perspective lowactivated constructions’ materials for the first wall of FRs. The main aim of the researches is
an investigation of structure changes produced on the surface of vanadium samples by
deuterium plasma and fast ion beams with dissimilar power flux densities irradiating a specimen
(Table 2).
Irradiation of samples was provided at the PF-6 device with the bank energy of about 2 kJ.
Working gas – deuterium. Plasma density in the irradiating stream is npl  1018 cm-3; velocity
of the plasma jet – vpl  107 cm/s; pulse duration of it – 50 ns. Pulse duration of a stream of fast
deuterons – 10–20 ns. The device had a copper anode with the insert made of rhenium. Samples
under irradiation were plates 20×20 mm and 13×13 mm with thickness 0.3 mm cut from a coldrolled strip of the grade ВНМ1. All specimens were irradiated in 3 different conditions
presented in the Table 2.
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TABLE 1. IRRADIATION REGIMES FOR W SAMPLES IN PF-1000U AND PF-6
DEVICES13,14
Irradiation
facility
Plasma focus
PF-6

Plasma focus
PF-1000U

Parameters and operating modes used

Value

Deuterium plasma density, npl, cm–3
Plasma flow velocity, cm/s
Power flux density of plasma flow on the target’s
surface, qpl, W/cm2
Duration of the plasma flow pulse, τpl, ns
Power flux density of the fast ion beam (Ei ≥ 100
keV) on the target’s surface, qfi, W/cm2
Pulse duration of the fast ion beam flux, τfi, ns
Distance from anode to sample, mm
Discharge current, I, kA
Deuterium plasma density (working gas D2), npl, cm–

1018–1019
up to 3 × 107
109–1010
50

3

Plasma flow velocity, Vpl, cm/s
Power flux density of the plasma stream on the
target’s surface, qpl, W/cm2
Duration of the plasma stream pulse, τpl, ns
Power flux density of the fast ion beam (Ei ≥ 100
keV) on the target’s surface, qfi, W/cm2
Pulse duration of the fast ion beam, τfi, ns
Discharge current, I, MA
Sample position
Distances from the anode surface, mm (i.е. the
sample was immersed inside the pinch (hot plasma
column) having a length of about ~100 mm)

1010–1011
10-50
34
≤ 340
1018–1019
up to 3 × 107
109–1010
50-100
1011–1012
10-50
≤ 2.0
Normal to the
plasma flow
70
and 150

TABLE 2. EXPERIMENTAL CONDITIONS OF IRRADIATION OF VANADIUM AT THE
PF-6 DEVICE13,14
No. of
samples
1
2
3
4
5
6
7
8
9
10
11
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Zone
(according to a
distance from
the anode)
I
II

III

Name of
a sample

Distance
from the
anode

V1
V4
V5
V6
V7
V2
V3
В7
В8
В9
V-II

3,5
8
8
8
8
13
13
13
13
13
13

Number
Power flux
Power flux
of
density of
density of fast
pulses plasma stream,
ion stream,
q, W/cm2
q, W/cm2
10
2
10
1012
1
2
108-109
1010-1011
4
8
2
4
1
107
108
6
12
21

4.
INVESTIGATIONS OF THE PHYSICAL PROCESSES OF PLASMA-WALL
INTERACTION TAKING PLACE AT IRRADIATIONS OF MANUFACTURED TARGETS
OF DIFFERENT MATERIALS FOR APPLICATIONS IN NUCLEAR FUSION REACTORS
Fig. 11 shows the following sequence of images of the irradiation procedure: the “1 ns selfluminescence image of the pinch (line A – anode’s surface) at its maximal compression, Fig.
11(a), the 1-ns interferometric plasma images (IPI) at the beginning of the first compression
without a target, Fig. 11(b), IPI with a target during its irradiation by hot plasma (HP) jets
followed by secondary plasma (SP) formation after the target irradiation, Fig. 11(c), IPI with a
target after its irradiation by a powerful stream of fast ions (FIS) with a well-developed
secondary plasma, Fig. 11(d), and IPI of the late stage of the target irradiation with an unloading
(rarefaction) wave (UW) in front of the target (the part of the cloud adjacent to the target’s
surface and non-transparent for laser light) and a shock wave (SW) on the back side of the
target, Fig. 11 (e) (PF-1000U device)”14.
↑Z
UW SW

Pinch

↑Z

SP

↑Z

Target

↑Z

↑Z

A
(a)

(b)

(c)

(d)

(e)

FIG. 11. (a) The 1-ns self-luminescence image of the pinch at its maximal compression; (b) the
interferometric plasma image (IPI) at the beginning of the first compression without a target; (c) the
IPI of the DPF with a target at the beginning of its irradiation; (d) the well-developed secondary
plasma after the target irradiation by FIS; (e) the late stage of the target irradiation with unloading
(rarefaction) wave in front of the target and a shock wave behind the back side of the target. Line “A”
represents the anode’s surface. Reproduced from CHERNYSHOVA, M., et al., Interaction of powerful
hot plasma and fast ion streams with materials in dense plasma focus devices, Fusion Eng. Des. 113
(2016)14.

The “target was a large ferritic steel plate (2-mm thick) placed at a distance of 11.5 cm from
the anode lid perpendicular to Z axis. Therefore, streams of hot plasma (HP) and fast ions (FIS)
irradiated it normally to its surface layer (SL). Measurements of the boundary expansion speed
in case (d) – vpl = 2 × 107 cm/s – gave us the temperature estimation [20] of the SP cloud for
steel: Tsp ≥ 100 eV.
As it is depicted in Figs 12(b)–(d) of an interferometric picture Fig 12(a) gives the beginning
of the secondary plasma production. There are some restrictions implied on the upper limit of
measurable electron density here [20]. It is important to mention that the IPI of the later stages
when the secondary plasma is well-developed (case Fig. 12(d)) cannot be processed for two
reasons: interferometric fringes are condensed too much and, consequently, cannot be
distinguished from each other; plasma boundaries spread outside the optical window
(interferometric frame) that is not allowed to measure a fringe shift”14.
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↑Anod↑Pinch↑Target
(a)

(b)

(c)

(d)

FIG. 12. (a) IPI of the secondary plasma propagating in the opposite direction to the movement of the
primary plasma stream; (b) lines of constant density; (c, d) the IPI processing are showing the 3D
electron density distribution for later stage than in the case of the image. Target – 2-mm ferritic steel
sheet; PF-1000U facility. Reproduced from CHERNYSHOVA, M., et al., Interaction of powerful hot
plasma and fast ion streams with materials in dense plasma focus devices, Fusion Eng. Des. 113
(2016)14.

Investigations of the interaction processes of deuterium plasma streams and beams of fast
deuterons with the targets under tests have been provided also by the in-time integral
photographing of the processes in a visible spectrum of light (the overall duration of the
processes takes about a microsecond) during plasma irradiation provided in parallel with laser
interferometry (temporal resolution is determined by the laser pulse duration, which is 1 ns).
Examples of pictures obtained by these two techniques are presented in Figs 13–14
correspondingly. It was done with the anode configuration shown in Fig. 5.

1 - Primary deuterium plasma
2 - Secondary tungsten plasma

4 - Anode
3 - Shock-wave front in deuterium plasma

(a)

(b)

1

2
3

(c)
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FIG. 13. (a, b, c) Three pictures of time-integrated plasma luminescence images obtained in a visible
range of radiation with a primary deuterium plasma torch (1) formed near the anode (4), a secondary
tungsten plasma cloud (2), and a shock-wave front in deuterium plasma (3) formed at spreading of a
secondary tungsten plasma “plunger”. Note at the Fig. 8(b) two shock fronts produced very likely by
two lines “burnt out” in different moments of time at dissimilar temperatures.

In Figs 13 (a)–(c), besides luminescence of primary deuterium plasma (1) located near the
anode’s conical insert (4) on the right-hand side of the pictures one may clearly see a light
emission produced by a cloud of secondary tungsten plasma (2) in front of the target – on the
left-hand side of the image near the target’s holder. It has a hemispherical shape, and it is evident
that this secondary plasma bunch is spreading in the direction opposite to the movement of the
primary plasma stream.
Moreover, one may also observe a shock-wave front (also of a hemispherical shape) (3)
distinctly seen ahead of the secondary plasma cloud at a distance from a target of about two
times larger compared with the size of the secondary plasma bunch luminescence.
At first sight it seems strange – the photograph is an integral over time. Why it looks as an
instant print? Such pictures were observed in our previous experiments also in soft X ray range
of radiation of the pinch plasma [31]. It was found there by spectroscopic investigations that
certain line emission that is higher by intensity compared with bremsstrahlung background and
much shorter by time duration (because of fast “burn-out” of the corresponding ionization
stage) is able to produce such an effect. It takes place here at pushing of deuterium gas (plasma)
by a secondary tungsten plasma “plunger” spreading from the target surface. This fact testifies
a high temperature of secondary plasma [20].
The 16-frame interferometric methodology (1-ns laser pulse duration and 20 to 30 ns time
intervals between frames) gives an opportunity to measure a velocity of expansion of the
secondary plasma edge in the direction from the target (Fig. 14). It allows in its turn to estimate
an initial temperature of plasma in the secondary plasma cloud [20]. This method has shown
that the temperature appears to be of the order of 100 eV. This figure is supported by the
observation of a shock wave from this cloud within a deuterium plasma torch (Figs 13–14).
Discontinuities and specificity in the primary pinch plasma column (Fig. 14(f)) are evidenced
the fact that this secondary tungsten plasma cloud is produced namely by a powerful stream of
fast deuterons [20].
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W target

Deuterium
pinch
(primary)
plasma

Anode

Anode

(a)

(b)
W target

Anode

Anode

(c)

(d)
W target
Secondary
tungsten
plasma

Anode

(e)

Anode

(f)

FIG. 14. (a, b) Laser interferometric pictures (1-ns time resolution) showing the process of spreading
of the primary deuterium plasma to the tungsten specimen; (c) the event of collecting of it near the
target surface (d, e, f) a creation of the secondary tungsten plasma cloud near the target’s surface and
its expansion in the direction opposite to the movement path of the primary deuterium plasma stream.
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5.

RESULTS AND DISCUSSIONS

5.1. DPF action upon materials
After producing irradiations of samples of the above-mentioned materials with a different
number of pulses, an analytical investigation of the specimens “were carried out. Fig. 15 depicts
SEM images of the surface of the ferritic steel “Eurofer” – virgin (Fig. 15(a)), after 1 shot (Fig.
15(b)) and after 5 shots (Fig. 15(c)) of the PF-6 device. A wave-like structure of the surface
with initial traces of the micro cracks nucleation (Fig. 15(b)) is observed after 1 shot of the PF6 device. A strongly developed wave-like structure of the surface of the same material melted
with a fracturing pattern and pores (Fig. 15(c)) becomes apparent after 5 shots of the same
device produced under similar conditions as in the case of Fig. 15(b). The characteristic
wavelength of the wave-like structure is about a hundred µm”14.

(a)

(b)

(c)

FIG. 15. SEM images of the stainless steel “Eurofer”. (a) Virgin material; (b) after 1 shot of PF-6; (c)
after 5 shots of PF-6.

“After 8 pulses and in zones of the maximal power flux densities the damage of the ferritic steel
surface acquires a new feature (see Fig. 16, PF-6, 8 shots, zone of the FIS action). The material
in this case was melted after irradiation during the action of the secondary plasma. In addition
to the same types of damageability as depicted in Fig. 14b and c one may observe a number of
bubbles (Fig. 16(b)) with broken covers (Figs 16(c)–(d)). In this case, the bubbles’ diameters
typically range from 100 μm down to less than 10 μm”14.
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(a)

(b)

(c)

(d)

FIG. 16. SEM images of the SL of a flat sample of the ferritic steel after its irradiation in the zone of
maximal power flux density of the FIS pulse. (a) Virgin surface; (b, c, d) after irradiation by 8 pulses of
FIS (different magnifications) with opened bubbles (dissimilar magnifications). Reproduced from
CHERNYSHOVA, M., et al., Interaction of powerful hot plasma and fast ion streams with materials in
dense plasma focus devices, Fusion Eng. Des. 113 (2016)14.

“In the next set of experiments a hexahedral tube made of austenitic steel 25Cr12Mn20W (see
its chemical composition in Table 3 was irradiated in the geometry of Fig. 17. Just contrary to
the above-mentioned situation blisters were observed in the experiments”14.
TABLE 3. CHEMICAL COMPOSITION OF THE AUSTENITIC STAINLESS STEEL15
Steel
25Cr12Mn20W

C
0.26

Cr
12.9

Mn
19.3

Elements, mass %
Si
W
V
0.13 2.0 0.15

Sc
0.1

P
0.04

S
0.008

The “tube was placed in the cathode part of the DPF chamber along its Z-axis. The distance
between the “hot” end of the tube and the anode was the same as in the previously described
case (for the flat target). However, in this case the hot plasma jet and the powerful stream of

15
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fast ions stroke together only the internal tube surface because the most powerful part of the
beam of fast ions at this distance from the anode was propagated inside the angle of about 7°”14.

FIG. 17. The layout drawing of the austenitic tube positioning inside the PF-1000U chamber.
Reproduced from CHERNYSHOVA, M., et al., Interaction of powerful hot plasma and fast ion streams
with materials in dense plasma focus devices, Fusion Eng. Des. 113 (2016)14.

“The outer surface of the tube was irradiated mainly by a stream of HP. Both streams (HP and
FIS) irradiated the SLs of the tube tangentially. Because of this geometry the values of power
flux densities of HP and FIS on both surfaces were in this case about 1–2 orders of magnitude
lower compared with the flat target oriented perpendicular to the streams. 4 pulses have been
provided (i.e. 2 times less compared with the flat sample of the ferritic steel). Blisters here were
of smaller sizes (lower than 1.0–0.1 μm – see Fig. 18) in relation to the above bubbles”14.

1 μm

(a)

(b)

FIG. 18. (a) Blisters observed on the internal surface of the austenitic steel tube at its “hot” side
(SEM); (b) concentration distribution of deuterium and oxygen in the material’s depth: 1 – deuterium
on the internal surface, 2 – deuterium on the external surface, 3 – oxygen on the internal surface, 4 –
oxygen on the external surface of the tube (data obtained by the atomic emission spectroscopy).
Reproduced from CHERNYSHOVA, M., et al., Interaction of powerful hot plasma and fast ion streams
with materials in dense plasma focus devices, Fusion Eng. Des. 113 (2016)14.

In principle, at least 3 reasons may result in bubbles formation on a “surface layer: boiling of
basic material, evaporation of light components of alloys (e.g. manganese within a stainless
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steel specimen) and implantation of the ions of the working gas (hydrogen isotopes) into the
first-wall material – blisters in the true sense.
The surface layers and metallographic sections of the samples were investigated by SEM and
by AES. The blisters appeared in the “hot” part of the tube facing the anode of the chamber. In
this case the blisters are not opened (Fig. 18(a)).
A remarkably higher concentration of deuterium in the internal part of the tube compared with
its content in the external nanolayer (Fig. 18(b)) was observed.
Presence of deuterium in the nanolayers under investigation supports the fact that after pulsed
penetration through the specimen’s surface, deuterium was never fully eliminated from it by
evaporation or diffusion. On the contrary, deuterium was preserved inside the crystal lattice and
in blisters. Interestingly, chemical interaction of implanted deuterium with interstitial atoms of
the specimen’s impurities is very unlikely under these circumstances due to a low level of bond
energy between the deuterons and these elements [32–34]. The same fact relates to oxygen that
was presented in the DPF chamber as an impurity element in the working gas.
As a matter of fact, deuterons may have been partially diluted inside the lattice or captured by
trapping centres. In the first case, atoms of deuterium left the SL very fast via a diffusion process
through an irradiated surface into the chamber volume or into the bulk of the material. The
trapping process of atoms was very likely accompanied by creation of vacancy complexes
(binding energy of hydrogen with vacancy in iron is 0.5 eV, with the vacancy cluster, 0.7–0.8
eV) [34].
On the other hand, deuterium was trapped by means of interactions of deuterons with lattice
defects of the type of atoms of impurities, pores, oxycarbonitride particles present in the
material, e.g. the binding energy of the hydrogen atom with the interstitial atoms of carbon and
oxygen is within the limits 0.05-0.08 eV [33, 34]. It is highly probable that binding energy of a
deuterium atom is within the same spectrum.
At the same time according to theoretical calculations [35] the binding energy of hydrogen atom
with impurity interstitial atoms (Не, С, N, О) is noticeably higher but still not exceed 0.2 eV.
This figure is several times less compared with the binding energy of hydrogen atom with
vacancies or vacancy clusters in iron.
Subsequent sequential pulsed actions of the energy streams upon the tube’s material resulted
again in explosion-like melting, partial evaporation and boiling of the liquid phase of the SL.
Deuterium atoms (implanted in previous shots) present in the specimens together with extrinsic
oxygen and carbon contributed to yielded gas inclusions – bubbles [36] inside the melted
volume. Some of them escaped through the free surface whereas others implanted mainly into
the nanolayers and deeper parts of the irradiated tube”14.
Fig. 19 presents optical microscopic pictures of the surfaces of tungsten samples manufactured
by powder technology in R.F. Fig. 19 (a) and specimens of the DF type (Figs 19 (b)–(d) samples
DF35, DF37 and DF38) [24] after their irradiation in the PF-1000U facility by 2 (Figs 19(a)–
(b), Figs 19(c)–(d) sequential pulses. Figs 19(e)–(f) are SEM images of a part of the area of DF
specimen Fig. 19(d).
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The specimen DF21 has been irradiated in a PF-6 plasma focus facility (10 pulses) at the same
power flux density as the previous samples. Surface of the sample was investigated with SEM.
On the surface one can see (Figs 20(a)–(b)) a wavy relief and the presence of crests and coil
structures. There are microcracks that appeared at the stage of solidification of the molten
surface microlayer. It needs to be noted that after the beam-plasma actions exerted on tungsten
in DPF facilities, the irradiated surface contains pores that are presented in the initial state.
The damage character in the comparable specimens is about the same. It is a surface with ridges
and with cracks. However, in DF samples ridges are more profound and microcracks net
“developing along the grain “body” (the “trans crystalline” damage) is appeared. The degree of
the damageability was increased with the number of pulses (Figs 19(c)–(d)). Nevertheless, the
nature of microstructure defects remained the same: a structure with ridges, intergranular and
trans crystalline cracks”14.
In the variety of energy loads used in this study (the power flux density of plasma flows and
fast ion streams q = 106–1012 W/cm2 for a pulse duration in the range of tens of nanoseconds),
the character of material damage and destruction depends to a great extent not only on the
magnitude and the duration of separate energy pulses generated by a testing facility but also on
the number of energy pulses acting upon the material.

(a)

(b)

(e)

(c)

(d)

(f)

FIG. 19. Optical microscopic pictures of the surfaces of tungsten samples manufactured in R.F. (a) 2
pulses samples DF35, DF37 and DF38; (b) 2 pulses; (c) 4 pulses; (d) 8 pulses; (e, f) SEM pictures of
DF38 at P ~ 1012 W/cm2. Reproduced from CHERNYSHOVA, M., et al., Interaction of powerful hot
plasma and fast ion streams with materials in dense plasma focus devices, Fusion Eng. Des. 113
(2016)14.
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FIG. 20. SEM image of the irradiated surface of DF W sample DF21 exposed in a PF-6 plasma focus
facility (10 pulses).

In general, the nature of the material destruction is of shock-wave and thermal-fatigue character.
Microcracks appear in the irradiated layer and propagate both parallel to the irradiated surface
and at an angle to the surface. In all cases there is a rupture of the material and the formation of
microcracks parallel to the surface and wedge-shaped ones on the boundaries of the blocks.
Results of the precise weighing of the samples having equal areas (1×1 cm2) of their irradiation
are presented in Table 4. As depicted in the table, the average mass loss in both cases (FZJ and
IMET samples) was decreased. This change is about 0.01  0.002 g/shot.
TABLE 4. MASS CHANGE AFTER IRRADIATION OF W SAMPLES14
No. of a sample Mass before
irradiation
DF38 (FZJ)
13.0453
DF39 (FZJ)
12.8765
No. 1 (IMET)
28.6880

Mass after
irradiation
12.9564
12.8329
28.6280

Number of
irradiation pulses
8
4
8

Mass change
- 0.0889
- 0.0436
- 0.060

However, in parallel with “erosion process the total mass of the sample is influenced also by
the redepositing of different elements of the DPF chamber and cathode material upon the
sample’s surface as it was found after irradiation (see Fig. 21 – elemental analysis of the sample
DF9). The same processes (redepositing of materials and absorption of hydrogen isotopes) take
place in fusion reactors”14. Thus, the data presented in the Table 4 reflect both processes – mass
loss and mass increase, so the data represent the relative mass changes – not the absolute ones.
However, one may see that in this case evaporation was dominated over the redepositing.
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Intensity (a.u.)
FIG. 21. Elemental analysis of the tungsten DF9 sample after its irradiation by 8 pulses.

A comparative study was also conducted for the samples of the “tungsten composite of the
following type: W-1%La2O3, i.e. tungsten with addition of dispersed particles of La2O3. Interest
in this material is connected with its easier machinability in comparison with pure tungsten”14.
Fig. 22 depicts images of this sample’s surface layer (SL) irradiated also in the PF-1000U
facility as for the DF9 specimen by 8 shots and at the same distance as above for the DF tungsten
sample. These images are as follows: after its analysis by SEM (Fig. 22(a)), in secondary
electrons (Fig. 22(b)) and in some characteristic lines (Figs 22(c)–(e)).

(a)

(b)

(d)

(c)

(e)

FIG. 22. (a) SEM images of the W-1%La2O3 target after its irradiation in the PF-1000U facility; (b)
images in secondary electrons (c) characteristic line radiations of La; (d) C; (e) O.
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Microstructure of the SL contains “cracks and porosity. In proximity to cracks, the material
tends to peel. Pictures of the same part of the sample scanned in the characteristic line radiation
for elements La, O, and C show their higher concentrations in lighter zones”14.
Then the titanium alloy NR4 of the type β-alloy Ti – V – Cr, bbc lattice, has been “irradiated in
the PF-6 device. The sample was placed at the distance of 3.4 cm from the anode and it has
been subjected by 5 pulses. The β-alloy of titanium is a complex doped high-strength alloy. It
contains V, Cr, Fe, Mo, Sn, Si, and Al. Initial elemental content of the SL of the Ti alloy sample
is presented in Table 5”14. The remnant is titanium.
TABLE 5. INITIAL ELEMENTAL CONTENT OF THE SL OF THE SAMPLE OF THE
TITANIUM β-ALLOY14
Element
V
Cr
Fe
Mo
Sn
Al
O
Si

Atomic number
23
24
26
12
50
13
8
14

Norm. concentration [wt. %]
18
7
1.5
5
1.5
0.5
n/a
1.5

Fig. 23(a) depicts the SEM image of the surface layer of the β-alloy of titanium after irradiation.
One may see that damageability bears about the same character as for tungsten and tungsten
composite: macro cracks have approximately the same size in all 3 cases, and a thin net of
cracks are observed in between. Fig. 23(b) is the X ray elemental analysis investigations of the
Ti alloy sample NR4 in the area 8 after its irradiation in the PF-6 device.

(a)

(b)

FIG. 23. (a) SEM analysis; (b) X ray elemental analysis investigations of the Ti alloy sample NR4
(area 8) after its irradiation in the PF-6 device.

“Elemental contents of the SL of the Ti alloy specimen in zones 8 (typical sample area across
the surface) and 7 (black spot of the size ~ 10 μm that differs from surrounding areas) after its
irradiation are presented”14 in Tables 6 and 7 and in Fig. 24. The remnant is titanium.
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TABLE 6. ELEMENTAL CONTENT OF THE SL OF THE SAMPLE IN ZONE 8 OF
SAMPLE NR414
Element
С
Al
S
V
Cr
Fe
Sn

Atomic
number
6
13
16
23
24
26
50

Series
K-series
K-series
K-series
K-series
K-series
K-series
L-series

Norm. concentration
[wt. %]
0.00
0.33
1.80
17.35
5.61
1.43
2.67

Norm. concentration
[at. %]
0.00
0.60
2.75
16.66
5.28
1.25
1.10

TABLE 7. ELEMENTAL CONTENT OF THE TI ALLOY (SAMPLE NR4, ZONE 7,
BLACK SPOT) AFTER ITS IRRADIATION IN THE PF-6 DEVICE14
Element
С
O
Mo
Al
Si
S
Ti
V
Cr
Fe
Sn

Atomic
number
6
8
12
13
14
16
22
23
24
26
50

Series
K-series
K-series
K-series
K-series
K-series
K-series
K-series
K-series
K-series
K-series
L-series

Norm. concentration
[wt. %]
0.00
29.36
5.03
0.26
5.07
1.00
43.14
10.62
3.33
0.78
1.41

Norm. concentration [at.
%]
0.00
53.00
5.98
0.28
5.21
0.90
26.01
6.02
1.85
0.40
0.34

FIG. 24. X ray elemental analysis of the NR4 sample of Ti alloy in the area 7 (black spot).

Concentrations changes of the “elements initially presented in the SL of the titanium alloy show
that during irradiation experiments in zone 8 they were mainly evaporated (concentration
decreasing of elements is observed except Sn) by powerful streams of deuterium plasma and
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fast deuterons. An increase of Ti concentration here is explained namely by “washing-out” of
these elements having low melting temperature (like Mo that disappeared at all).
Although virgin material did not contain the elements S, Mg and O, which were found after
irradiation (see Tables 6 and 7). However, these materials existed in the construction and
functional elements of the working chamber of PF-6 device: oxygen and sulphur were the
impurity components of corrosion-resistant steel Cr16N10T that was used for the working
chamber of the facility and for its cathode’s cylinder. In addition, diagnostic windows, insulator
and special target holder (placed inside the DPF chamber) contained S, Mg and Si that may be
redeposited on the sample. Appearance of S in a SL observed all over the samples (see zone 8
in Fig. 23 and Table 5) was realized mainly by ion-atomic mechanism.
On the other hand, Mg, Si and O present only as separate inclusions viewed as dark spots (see
Region 7 in Fig. 23 and Table 7). It indicates that these materials were very likely evaporated
by a cluster mechanism and captured by the surface of our specimen as separate particles
(droplets with dimensions from one till tens of micrometres). In particular it is related to oxygen
because there is a high affinity between titanium and oxygen [37, 38]. Taking into account a
very high concentration of oxygen in these particles (see Table 7) we may assume that these
droplets represent the complicated oxides”14.
5.2. Laser influence upon materials
In Figs 25(a)–(b) two SEM images of tungsten samples “irradiated by laser light in a FR mode
(a) and (b) at power flux density 3×105 W/cm2 are presented.
One may see multiple craters having dimensions about 1–4 µm and cracks with length up to 20
µm. Figs 25(c)–(d) presents a comparison of SEM microphotography of W specimen irradiated
by LR in a FR mode but at higher power flux density (PLR = 3×106 W/cm2) with tungsten sample
that has been irradiated in the Vikhr’ device at much higher power – PDPF ~ 1010 W/cm2.
Difference in the pictures related to the LR for two regimes (two values of power flux density)
is mainly in the size of the above-mentioned defects: at higher power flux density they have
larger dimensions.
One may see a certain similarity of all pictures for LR and of DPF actions in Fig. 25 in spite of
noticeable different values of P, very diverse pulse durations, rather dissimilar F (an order of
magnitude) and various numbers of pulses N. In both regimes processes of partial evaporation,
melting and crystallization of SL were observed.
They are accompanied by a creation of a wave-like relief, droplets structures and
microcracks”13. The microcracks are directed as in parallel to the surface so at a certain angle
to it into the depth, developing mainly along the borders of grains.
However, analysis has shown that the microcracks created by LR with long pulse durations had
higher sizes compared with those produced by plasma/ion irradiation in the DPF (with the short
ones). Their length and width are increased with growing of N and may reach of several hundred
µm.
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(a)

(b)

10 µm
(c)

10 µm
(d)

FIG. 25. (a, b )SEM microphotography images of two areas of the SL of W samples in zones of LR
action in the FR mode: N = 8, τ = 0.7 ms, P = 3×105 W/cm2; (c) SEM microphotography of areas of
the SL of W samples: in zones of LR action in the FR mode: N = 8, τ = 0.7 ms, PLR = 3×106 W/cm2;
(d) after irradiation in the PF-6 device: N = 4, τ = 20/100 ns, PDPF ~ 1010 W/cm2. Reproduced from
GRIBKOV, V., et al., Comparative analysis of damageability produced by powerful pulsed ion/plasma
streams and laser radiation on the plasma-facing W samples, Radiation Physics and Chemistry 150
(2018)13.

In Fig. 26 “one may see SEM micrographs of another zone of a tungsten sample with different
magnifications after its irradiation by LR in a FR mode with the same power flux density as in
the previous case: PLR = 3×106 W/cm2 and N = 8. These pictures demonstrate additional feature
of the damageability produced by laser radiation in a FR mode compared with the irradiation
of W in a DPF device. Namely, craters that are observed in this case has a very large dimensions
whereas they are absent in the experiments with DPF at the conditions”13 of Fig. 25.
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C
A
B

(a)

(b)

(c)

(d)

FIG. 26. (a) SEM microphotographs of W surface after an action of LR working in a FR mode; (b)
with craters A, B and C shown with dissimilar magnification; (c) submicron structures; (d) submicron
structures observed in zone C. PLR = 3×106 W/cm2, N = 8. Reproduced from GRIBKOV, V., et al.,
Comparative analysis of damageability produced by powerful pulsed ion/plasma streams and laser
radiation on the plasma-facing W samples, Radiation Physics and Chemistry 150 (2018)13.

In the previous experiment with PF-5M device [39] “functioning in softer regime of the DPF
operation at power flux density much lower compared with the conditions presented in Fig. 25
(at P ~ 107–108 W/cm2 for both plasma and fast ion streams of the PF-5M) blisters were
produced. In that case a gas phase of the blisters contains the implanted hydrogen as well as
volatile compounds of hydrogen isotopes with elements of impurities (C, N, O) existed in virgin
material.
Contrary to that in our present case of the LR action streams of hydrogen ions are absent.
Moreover, in Fig. 26(b) one may see finer craters of secondary and tertiary generation existing
inside the large craters. Note that defects in the form of craters were also observed in the case
of plasma irradiation of tungsten samples in the plasma accelerator facilities”13 [40]. This
phenomenon will be discussed later.
Surprisingly the pictures of Figs 25(c)–(d) “look quite similar. One may see that at the action
of a laser that operates in a FR mode with bigger focal spot and consequently at lower power
flux density (i.e. at PLR ~ 3×105 W/cm2) no melting of a SL is observed.
Moreover, in this case about the same net of microcracks was obtained as at tungsten irradiation
by plasma/ion streams in the DPF Vikhr’ that is operated at much higher power flux density
PDPF ~ 1011 W/cm2. In the DPF at such values of P no melting takes also place but here evidently
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– due to dissimilar reason: the above streams produce ablation of the material, i.e. sublimation
without liquid phase.
In the previous experiment with PF-5M device [39] functioning in softer regime of the DPF
operation at power flux density much lower compared with the conditions presented in Fig. 25
(at P ~ 107-8 W/cm2 for both plasma and fast ion streams of the PF-5M) blisters were produced.
In that case a gas phase of the blisters contains the implanted hydrogen as well as volatile
compounds of hydrogen isotopes with elements of impurities (C, N, O) existed in virgin
material”13.
Fig. 27 presents SEM photomicrographs of some areas of tungsten target after its irradiation in
the DPF Vikhr’ at higher power flux density than in the above experiments in comparison with
the sample irradiated by LR in a FR mode with much lower power flux density.
“But the similarity in the micrographs with corresponding nets of cracks shows that in both
cases about the same thermal stresses in the SL of the material were obtained”13.

200 µm

200 µm
(a)

(b)

FIG. 27. (a) SEM photomicrographs of some areas of tungsten target after its irradiation in the DPF
Vikhr’ at the power flux density PDPF ~ 1011 W/cm2, N = 4 pulses; (b) by laser light in the regime of a
free running mode at the power flux density PLR ~ 3×105 W/cm2, N = 4 pulses. Reproduced from
GRIBKOV, V., et al., Comparative analysis of damageability produced by powerful pulsed ion/plasma
streams and laser radiation on the plasma-facing W samples, Radiation Physics and Chemistry 150
(2018)13.

“Now let’s compare results of actions of plasma/ion streams in a DPF with those obtained at
irradiations by light of laser working in QS regime, i.e. at about similar pulse durations. The
picture that was observed in the case of laser irradiation of tungsten target in this case is quite
different compared with both FR mode and with the DPF case with the same P (Fig. 25). Fig.
28 presents scheme and results of LR action in a QS regime: PLR = 109–1010 W/cm2, τ = 80 ns,
N = 8.
In a central zone (CZ) an intensive evaporation of the material’ SL took place with a creation
here of a wave-like relief and with a presence of prolonged influxes and droplet structures.
Heights of the roughness elements in this area are about a few µm.
In the zone of thermal influence (ZTI) heating of the SL by LR and its melting were much lower
with heights of the roughness components less than a hundred nm. In this regime of irradiation
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– in contrast to the regime of the FR mode – surface microcracks are absent. However,
interphase boundaries that separate microparticles of W sintered during the initial state of the
material’s manufacturing are clearly observed.
The most typical defects in the ZTI are craters (as it was in the case of FR mode of Fig. 26) that
have sizes from a few µm till several tens of µm”13.

30 µm

LL

A

LPP
30 µm

B

ZTI
CZ (b)

(a)

(d)

(c)

(e)

FIG. 28. Scheme of laser irradiation (b) and microphotographs (SEM) of areas (different
magnifications) of the surface of W target after its irradiation by a laser working in a QS regime PLR
= 109-10 W/cm2, τ = 80 ns, N = 8: a) and d) – a central zone (a focal spot) of LR; c) and e) – a zone of
thermal influence of a laser-produced flame (A - craters, B - interphase boundary); LL – laser light,
LPP – laser-produced plasma, CZ – central zone (zone of the focal spot), ZTI - zone of thermal
influence of the plasma cloud. Reproduced from GRIBKOV, V., et al., Comparative analysis of
damageability produced by powerful pulsed ion/plasma streams and laser radiation on the plasmafacing W samples, Radiation Physics and Chemistry 150 (2018)13.

5.3. Damageability and microstructure in a metallographic section
In Fig. 29 the SEM images of the metallographic sections of the tungsten specimens are
presented. At the transverse section of the W sample after its laser irradiation in the Q-switched
mode (Fig. 29(b)) a stratification of the material is observed. “It appears as cracks and
discontinuity flaws oriented in parallel to the surface and situated at the depths of about 100 –
200 µm. The same effect becomes apparent at the irradiation of W by deuterium”13 plasma/ion
streams in the PF-1000U facility at the value PDPF ~ 1012 W/cm2 (N = 8) and in the PF-6 plasma
focus facility (10 pulses) at PDPF ~ 1011 W/cm2. One may see that in the DPF case the
stratification is pronounced more strongly.
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100 µm

(a)

(c)

(b)

(d)

FIG. 29. SEM photomicrograph images of the metallographic sections of DF tungsten samples with
stratification, parallel cracks and discontinuity flaws appeared after irradiation by HPS/FIS in the
PF-1000U facility. (a) PDPF ~ 1012 W/cm2 (N = 8) and by LR in QS regime; (b) PLR ~ 1010 W/cm2 (N =
8); (c) the character of damage in the edge metallographic section of DF tungsten sample DF21
irradiated in a PF-6 plasma focus facility (10 pulses); (d) PDPF ~ 1011 W/cm2. Reproduced from
GRIBKOV, V., et al., Comparative analysis of damageability produced by powerful pulsed ion/plasma
streams and laser radiation on the plasma-facing W samples, Radiation Physics and Chemistry 150
(2018)13.

The depth of a noticeably damaged layer, wherein a disruption in the integrity of the material
occurs, is about 200 μm in almost all the studied irradiation modes (see Figs 20(c)–(d). “The
nature of the phenomenon may result from two factors:
― An influence of thermomechanical stresses upon structural state of the materials;
― An action of acoustic and shock waves (SW) generated in the bulk of the sample at the very
high power flux density of the energy streams.
Later the discussions of both cases will be presented”13.
5.4. Erosion of the W samples in the result of irradiations
“Erosion of targets that produced inside the PF-1000U facility at a step-up approaching of them
to the device’s anode looks as follows (see Table 8)”13.
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TABLE 8. EROSION OF W SAMPLES IN PF-1000U FACILITY13
Number of samples
Distance from anode to sample, L
cm
Thickness of the layer removed in
a single shot, h × 10-2 µm

1
65

2
45

3
35

4
30

5
25

1.23

2.67

3.90

6.96

6

7
15

205

Weighing of samples before and after irradiation of them by LR in both regimes and by
deuterium HPS/FIS has shown that erosion of the samples in these experiments is developed in
dissimilar ways.
“A summary table collecting data on the targets erosion (thickness of the removed layer) in all
the experiments done in this set looks as follows (see Table 9)”13.
TABLE 9. SUMMARY TABLE OF EROSION OF SAMPLES13
Device

Pulse durations
(ions/plasma), ns

Bora
PF-1000U
PF-1000U
PF-1000U

20/50
50/100
50/100
50/100

Power flux
density,
W/cm2
109 – 1010
109 – 1010
1011 – 1012
1011 – 1012

Vikhr’
PF-6
LR QS
LR FR
LR FR

20/50
20/50
80
0.7×106
0.7×106

1010 – 1011
1010 – 1012
(2 – 7) × 109
105
5 × 106

Distance from
anode, cm

Sample’s
material

3.4
45 – 25
12 – 15
8 – 15
3.4
3.4
–
–
–

W
W
W
Al2O3, CFC,
SiC
W
W
W
W
W

Thickness of
the layer, µm
0.01 – 0.1
0.01 – 0.07
2.5
1–3
1
2
1
0.2
≥ 10

“From this table one may see that the initially weak erosion observed at the large-distance
irradiations is then remarkably changed into the very strong one (up to 2 µm) when a distance
from the anode to the target inside the DPF chamber becomes less than 25 cm. It is resulted
from the transportation properties of the super-Alfven stream of fast ions (see below) in this
device”13.
5.5. Numerical simulations and discussions
“Time demanded for a generation of thermo-mechanical stresses in W targets (that might result
in stratification, parallel cracks and discontinuity flaws observed in SEM pictures of
metallographic sections) can be estimated from the formula [41]:
t ~ ρcl2/χ

(3)

where ρ, c, χ and l are specific density, specific heat, thermo conductivity and depth of heat
penetration. For l ~ 100 µm the demanded time interval t is about 0.2 ms. It is possible for
experiments of this type produced with plasma accelerators but it is longer by 4 orders of
magnitude than the interaction time in a DPF and for LR in QS mode realized in the case of
present experiments. One may clearly see it from the numerical modelling (see Fig. 30)
provided on the base of the work”13 [41].
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X µm
(a)

X µm
(b)

FIG. 30. (a) Temperature distributions by depth in different time moments at irradiation of tungsten
targets by laser radiation in a QS mode; (b) by plasma/ion beam in a DPF. Reproduced from
GRIBKOV, V., et al., Comparative analysis of damageability produced by powerful pulsed ion/plasma
streams and laser radiation on the plasma-facing W samples, Radiation Physics and Chemistry 150
(2018)13.

Thus, it is clear that thermal stresses appeared in SL in the “depths l ≥ 100 µm from the irradiated
surface in laser and DPF experiments are negligible and cannot result in the observed
stratification of material.
The most plausible mechanism of generation of these stratifications is connected with the
shock-wave (SW) production and its action upon the defects of technological nature that were
produced in material at its manufacturing – very likely during its double forging.
Numerical simulation of a SW [41] production gave data on a pressure distribution with depth
for both (laser and fast ion streams) actions at close parameters of the two streams: PLR = 1010
W/cm2 and PDPF = 1011 W/cm2 correspondingly with their pulse durations τ ≈ 100 ns.
The calculations have shown that at the equal characteristics of both energy streams the
amplitudes of the SW generated by plasma/ion streams in a DPF are two times higher compared
with those produced by LR”13 (Fig. 31).

(a)

(b)

FIG. 31. Graphs of the SW pressure amplitudes changes with depth after irradiation of W by pulsed
LR in a QS mode (lower curves) and by plasma/ion streams in a DPF (upper curves) at two values of
the power flux densities. (a) P = 1010 W/cm2; (b) P = 1011 W/cm2. Reproduced from GRIBKOV, V., et
al., Comparative analysis of damageability produced by powerful pulsed ion/plasma streams and laser
radiation on the plasma-facing W samples, Radiation Physics and Chemistry 150 (2018)13.
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“That is why the stratification observed in a section after irradiation of a sample in a DPF is
more pronounced compared with the laser case.
This phenomenon results from the difference in absorption mechanisms and the regions of
absorption for the laser light photons and for the fast ions. Let’s discuss in more details the
irradiation conditions and the absorption mechanisms for both cases –plasma/fast ions and laser
light photons”13.
5.6. Irradiation conditions in the DPF devices
“In small DPF devices where currents are less than 0.5 MA ion beams are transported within
the angle 5º –10º in the direction of Z-axis of the DPF device along the whole length of its
chamber (in fact – not very far from the anode as the ion beam is a current, and its “way” – a
part of its closed circuit – represents an inductance). The situation differs in the case of IFIS >
IAlfven [42]. Scheme of dynamics of deuterium plasma streams and of fast deuterons beams in
the PF-1000U facility with its current IFIS ≈ 2 MA is presented”13 in Fig. 32.

2

1

Zone of the charge- and currentcompensation of the super-Alfven
beam of fast ions
Target (positions 1 and 2)
Zone of scattering of the noncompensated super-Alfven beam of
fast ions

FIG. 32. Scheme of dynamics of deuterium plasma streams and of fast deuterons streams in the PF1000U with the super-Alfven current IFIS ≈ 2 MA with 2 positions of a target. Reproduced from
GRIBKOV, V., et al., Comparative analysis of damageability produced by powerful pulsed ion/plasma
streams and laser radiation on the plasma-facing W samples, Radiation Physics and Chemistry 150
(2018)13.

“In the position of the target “1” power flux densities of both hemispherical plasma stream
(SW) and scattered fast ion stream become almost equal. Besides the penetration depth of fast
ions (energy EFIS ≥ 100 keV) into the material is two orders of magnitude larger than those for
the ions of the plasma stream (EiHPS ~ 1 keV). So, volumetric energy density of plasma stream
is higher compared with fast ion beam here. However, for plasma stream in this region a
detachment effect is observed (screening of the target’s surface by secondary plasma). Thus,
the volumetric energy release for the low-energy ions and for fast ion stream is about the same.
For the position “2” the power flux density of the concentrated stream of fast ions is 2 orders
of magnitude higher compared with the hemispherical plasma stream. Moreover, secondary
plasma produced by both streams is transparent for the fast ions having energy EFIS ≥ 100 keV
(so there is no detachment effect for the FIS).
This aggregate of the events explains a difference in the results obtained in small devices and
in the PF-1000U facility on the erosion of the W targets presented in a Table 9.
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However big and small devices has one more dissimilarity that makes secondary plasma in the
first one less transparent for plasma streams compared with the second one”13 (see Fig. 33). The
reason for this dissimilarity is the lateral size of the secondary plasma cloud, produced near the
target in these diverse cases.

(a)

(b)

FIG. 33. (a) Difference in the irradiation conditions of targets placed in a close vicinity to the anodes
in big and small DPF devices: a large area of irradiation by fast ion streams with the almost twodimensional secondary plasma cloud; (b) a low-diameter spot of irradiation with three-dimensional
(hemispherical) secondary plasma cloud correspondingly. Reproduced from GRIBKOV, V., et al.,
Comparative analysis of damageability produced by powerful pulsed ion/plasma streams and laser
radiation on the plasma-facing W samples, Radiation Physics and Chemistry 150 (2018)13.

“Analysis of the processes of interaction of fast ions with solid state [33] shows (see Fig. 34)
that each fast ion from the ion stream moves all the time of interaction inside the solid state
mainly in forward direction (Fig. 34(a) transferring its energy to the electron component of the
matter in a specific manner with a so-called Bragg’s peak in the end of its trajectory (Fig. 34(b)).
This energy is then transferred into ion lattice of the target, and for the time interval of the order
of 10-13 s displacements of atoms within the cascade of atomic collisions is ended.
Subsequently, during the time period Δt ~ 10-11 s the thermic rearrangement takes place within
the zone of the cascade that connected with the defects recombination.
The process of the cascade evolution during this period of time (~ 10-11 s) leads to the creation
of the so-called “thermal spikes” (Fig. 34(c)). Zones of the spikes have dimensions of the order
of the ion mean free paths, and in our cases of the action upon the targets of the high power
streams of fast ions in the DPF devices these zones within the target are overlapped.
Inside the layer of absorption, the very high power density and temperature are gained, and
besides, the pulse duration of the fast ion stream appeared to be shorter or comparable with the
time of the inertial confinement of the heated substance”13.

335

(a)

(b)

(c)

FIG. 34. (a) Scheme of the radiation damages (development of cascades of atomic
displacements) for light ions; (b)a graph of stopping power of ions with a so-called Bragg
peak; (c) a graph of a concentration (thermal) spike in a solid matter.
5.7. Irradiation conditions in the laser devices
“Interaction of powerful beams of laser light with solid matter differs from those for the ions.
Namely, energy of LR photons in the very beginning of a pulse is also transferred to the electron
subsystem of a crystal lattice of a solid state target (electron density ne = 1023 cm-3) inside a
very thin high-frequency skin layer of the surface having a thickness δ << 1 µm.
But immediately after this event upon the beginning of plasma production (ionization, ablation)
laser light cannot penetrate through plasma with density higher than the critical one (for Ndglass laser with the wave-length λ = 1.06 µm this critical density is ne cr = 1021 cm-3), and the
main part of energy of the laser pulse is absorbed in the expanding plasma near the point of this
critical density.
This laser energy absorbed by plasma propagating into space (neglecting reflection of light)
will be converted into two parts – thermal and kinetic ones. The absorbed laser energy in the
regime of the well-developed gas-dynamical motion of laser-produced plasma is divided among
the above-mentioned parts approximately equally [43]. Its kinetic part E may be presented as
follows:
E ~ M×T

(4)

where M – mass of the evaporated material and T is its temperature. From this relation one may
see that in dependence on conditions of matter heating by laser light we need to either evaporate
large masses of matter M with low temperature T (and expansion speed) or low masses with
high temperature. From the laws of conservation of energy and of momentum it is easy to draw
a conclusion that the above-mentioned variables are in linear dependence: the higher
temperature will be reached at laser irradiation (i.e. at the higher power flux density PLR) – the
lower mass will be evaporated proportionally. Yet the situation here is again not so simple
because of the absorption modes of the laser light inside the expanding plasma cloud and the
manner of its heating”13 (see Fig. 35).
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FIG. 35. Zones of absorption of laser radiation at sharp focusing (a, b and c – consecutive events
during the single pulse duration) and in the defocusing regime (d). Reproduced from GRIBKOV, V., et
al., Comparative analysis of damageability produced by powerful pulsed ion/plasma streams and laser
radiation on the plasma-facing W samples, Radiation Physics and Chemistry 150 (2018)13.

“In the Q-switched mode the picture usually looks as a single sequence (a, b, c). In this case a
formidable part of kinetic energy of a laser flare was converted into temperature (and
subsequently into a fast gas-dynamical motion) of hot plasma – not into its evaporated mass.
Yet in the free running mode the situation is different (see Fig. 36).
Estimations show that in a FR mode at sharp focusing and at relatively high power flux density
of LR when PLR = 3×106 W/cm2 the main energy of a single spike is absorbed within a plasma
cloud. This plasma is expanding into space very fast with velocity v ~ 5×105 cm/s leaving
surface of a target for the next spike open. This process is repeated with each spike (like in a,
b, c sequence at each individual spike). That is why a maximal value of the evaporated layer
was obtained namely here”13.

FIG. 36. A part of a laser spikes’ sequence at the FR mode of the laser operation. Reproduced
from GRIBKOV, V., et al., Comparative analysis of damageability produced by powerful pulsed
ion/plasma streams and laser radiation on the plasma-facing W samples, Radiation Physics and
Chemistry 150 (2018)13.
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“However contrary to that a self-consistent regime is possible: evaporation – absorption by
vapours – heating of vapours – bleaching of them – again evaporation and so on. If the
defocused laser beam will be used with relatively low power flux density (in the case of the
defocused laser beam with PLR = 3×105 W/cm2) the velocity of expansion will be several times
lower, the evaporated material cloud will be close to the two-dimensional shape, and screening
of the surface of the target will take place during next spike as in the case d). That is why a
relatively low thickness of the evaporated layer in this regime was realized. This phenomenon
is very similar to the detachment effect observed at the irradiation of a target by plasma streams.
The last phenomenon observed in these experiments that demands to be explained is why in the
case of LR in a FR mode (where there are no irradiating ions) the craters were obtained at power
flux densities PLR = 3×106 W/cm2 (FR mode) and PLR = 1010 W/cm2 (QS regime). It is possible
to suppose that they are conceived in processes of boiling, production of bubbles filled with
gas-forming impurities (oxygen, carbon, nitrogen) contained in virgin samples of W as well as
vapours of tungsten itself and floating up of them to the surface in a field of high-temperature
gradients. According to literature this process usually takes place at the irradiation of tungsten
samples by plasma stream with P = 4.4×105 W/cm2, τo = 0.25 ms in QSPA [44]. Because P of
LR exceeds the above figure by orders of magnitude such a process may happen in the case of
the experiments under discussion”13.
5.8. Irradiation of vanadium samples in DPF devices at different distances from the
anode
In Figs 37–38 one may see micro-photographic images of the surfaces of vanadium samples
after their irradiation by two pulses at dissimilar distances from the anode of the PF-6 device
obtained by SEM.

(a)

(b)

(c)

FIG. 37. (a) Microstructure of the vanadium sample surface irradiated by 2 pulses at distances 3.5;
(b) 8; (c) 14 cm from the anode (upper pictures – magnification 100X, lower images – magnifications
600X, 500X and 1000X correspondingly).
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(a)

(b)

(c)

FIG. 38. (a, b) Microstructures created on the tops of waves; (c) a droplet of vanadium that is
crystallized on the sample’s surface.

On the surfaces of vanadium samples independently on their distance from the anode some
blisters were found. On their borders traces of melting are observed whereas after cutting of the
blisters’ lids a new generation of smaller blisters may be seen inside the craters (Fig. 39).
Elemental content in blisters is similar to those observed in the surrounding zone but
additionally such elements as Ca, Cl, and Si (see Fig. 40) are seen.

FIG. 39. Blisters created on the surfaces of vanadium samples with the next generation of them with
smaller diameter inside the craters.

339

(b)

(c)
(a)

FIG. 40. (a) Blisters; (b) elemental content on the bottom of a blister (point 7); (c) the same for the
adjacent to it zone (point 6).

Because the anode of the PF-6 device in this experimental session had a rhenium insert in its
central part this element was evaporated during the experiment and precipitated on the surface
of vanadium samples in a shape of a small spheres (see Fig. 41).
In the irradiated vanadium specimens, one may see defects produced by a shock-wave
mechanism – ejection of particles (surface’ fragments) of a random character having sizes from
~ 1 µm up to several tens of µm (Fig. 42).

FIG. 41. A rhenium particle precipitated by a surface of the vanadium sample.

FIG. 42. Ejection of particles (surface’ fragments) of a random character having sizes from ~ 1 µm up
to several tens of µm at the power flux densities of the order of 107–108 W/cm2 observed at the surface
of a vanadium specimen placed 14 cm from the anode and irradiated by 4 pulses of deuterium plasma
and fast deuterons.
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Very likely these particles are produced at the shock wave escape from the bulk to the surface
of a sample. Investigations of such a phenomenon are described in a number of papers (see e.g.
[45, 46]).
6.
PARTICIPATION IN THE ROUND-ROBIN TESTS AMONG PARTICIPANTS OF
THE CRP WITH THE IDENTICAL SAMPLES OF MATERIALS.
During the reporting 3 years period our round-robin tests among the participants of the CRP
were devoted to the parallel and sequential irradiation of identical samples of tungsten in
various installations. The idea for the second type of experiments was to irradiate first the
specimens in powerful streams in DPF devices that have a short duration (less than 1 µs) and
then to subject the same targets to long plasma pulses in plasma guns and accelerators having
lower power flux densities but longer pulses. Also, the experiments were devoted to the
opposite process: to expose a specimen to the long pulse of plasma at a plasma gun or at a
plasma accelerator and afterwards to irradiate it in the Dense Plasma Focus device with a
powerful short-pulsed streams of hot plasma and fast ions beams.
We used in these mutual tests our DPF facilities PF-6 and PF-1000U with their parameters
presented in a Table 1. The parameters used for the specimens’ irradiation by the plasma gun
(A.F. Ioffe Physics Technical Institute, St. Petersburg, Russia) and by the plasma accelerator
QSPA (KIPT, Kharkov, Ukraine) are shown in a Table 10.
The samples of sintered tungsten, PLANSEE double forged type, were made by means of a
powder metallurgy technique with a subsequent deformation according to a double forging
scheme. The samples were 12 × 12 mm2 in size with a thickness of 5 mm. The samples were
stamped DF (double forged) and had a numerical designation.
In this study, such equally prepared samples were irradiated in several experimental facilities
using hydrogen isotopes as working gases (see Tables 1 and 10).
TABLE 10. PARAMETERS OF IRRADIATION FACILITIES FOR SAMPLES – THE
PLASMA GUN AND THE PLASMA ACCELERATOR QSPA KH-50
Irradiation facility
name
Plasma gun

Plasma accelerator
QSPA Kh-50

Parameters and operating modes used

Value

Working gas
Energy density, Q, MJ/m2
Pulse duration, τ, μs
Power flux density of plasma flow on the
target surface, q, W/cm2
Plasma density, npl, cm–3
Plasma flow velocity, vpl, cm/s
Sample position
Deuterium plasma density, npl, cm–3
Plasma flow velocity, vpl, cm/s
Energy density, Q, MJ/m2
Pulse duration, τ, ms
Power flux density of plasma flow on the
target surface, q, W/cm2
Discharge current, I, kA
Sample position

H2
0.8
15
≈ 5 × 106
~1016
~1.5 × 107
Normal to the plasma flow
1015–8×1016
4.2 × 107
0.75
0.25
3 × 105
700
Normal to the plasma flow
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Our main goal was to fulfil the conditions realized in the mainstream INF facilities. At the same
time, we used modes that simulate the impact of thermonuclear plasma in modern tokamaks
under severe extreme conditions such as plasma disruption instability, vertical displacements,
and ELMs.
The experiments with a plasma gun (PG) unit were provided at the A.F. Ioffe Physical
Technical Institute (Russia). The experiments with a QSPA Kh-50 plasma accelerator (PA)
were carried out at the Kharkov Institute of Physics and Technology (Ukraine). In contrast to
earlier studies wherein one type of irradiation devices was used, in this work we studied the
effect exerted on the material under the conditions created in the course of a sequential
irradiation of the material using two types of experimental units. In other words, the irradiation
of the target sample under study was carried out in two stages: at the first stage, an experimental
unit of one type was used, and at the second, final, stage, another unit with a different irradiation
mode was used. According to such a scheme, the irradiation of tungsten was performed using
PF units (PF-6 or PF-1000U) and using PG or PA units. In addition, the opposite situation was
also implemented: at the first stage, the radiation treatment of tungsten was carried out using
PA facilities, whereas the subsequent final irradiation was performed using a PF-6 unit (Table
11).
TABLE 11. DESCRIPTION OF CONDITIONS OF THE EXPERIMENTS ON THE
TUNGSTEN SAMPLES IRRADIATION AND DATA ON VARIATION OF TUNGSTEN
LATTICE PARAMETER AFTER THE FINAL IMPACT OF DEVICES
Experim Sampl
ent
e
number numbe
r
0

DF24

1

DF34

2

DF38

3

DF30

4
5

DF33
DF36

6
7

DF15
DF40

8

DF21

9

DF73

Lattice
Experimental facilities
Change in the Features of structural changes
used (number of
lattice
parameter of
according to XRD data
pulses, N)
irradiated
parameter of
compared to unirradiated
irradiated
DFW
sample
samples, a, DFW samples,
Å
Δa, Å
Without irradiation
3.1746
Pronounced texture along
(200) line
PF-6 (32)
3.1517
0.023
Initial texture weakening
(200)
PF-1000U (8)
3.1682
0.006
Initial texture weakening
(200)
PF-6 (8) + PG (16)
3.1620
0.013
Initial texture weakening
(200)
PF-6 (16) + PG (32)
3.1595
0.015
PF-1000U (2) + PG
3.1662
0.008
Initial texture weakening
(250)
(200)
PF-6 (4) + QSPA (10)
3.1657
0.009
PF-1000U (4) + QSPA
3.1644
0.010
Initial texture weakening
(10)
(200), more pronounced on
the reverse side
QSPA (10) + PF-6
3.1643
0.010
(10)
QSPA (10) + PF-6 (5)
3.1645
0.010
Initial texture weakening
(200)

The samples after irradiation were transmitted to our CRP partner – the A.A. Baikov Institute
of Metallurgy and Material Sciences RAS (IMET RAS) – for the analytical investigations of
damageability of them.
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Fig. 43 presents SEM pictures of W samples after its irradiation in the above plasma accelerator
before the DPF action (Fig. 43(a)) and after it (Fig. 43(b)). One may see that after the irradiation
in the PF-6 device the structure of the damaged surface became more fine and sharp.
The irradiated samples were examined at the IMET RAS with our participation by using a
NEOFOT-2 optical microscope and a LEO 430 scanning electron microscope (Japan). The edge
metallographic sections were prepared by means of mechanical grinding and polishing with
subsequent weak etching by a reagent having the following composition: 1 g of NaOH, 3.5 g
of K3Fe(CN)6, and 75 mL of water. The X ray diffraction (XRD) analysis was performed using
a Rubaky Ultima diffractometer (Japan), in CuKα radiation.
The detailed description of the results obtained in these analytical investigations may be found
in the report of the IMET RAS (Chief Scientific Investigator, E.V. Demina). Here we need to
present the most important issues of the investigations.

(a)

(b)

FIG. 43. (a) SEM images of samples of tungsten subjected to irradiation in plasma accelerator before
its irradiation in the PF-6 device; (b) after irradiation.

When at the first stage using a PF, and at the second stage using a plasma gun (PG) the energy
load on the samples increased in the series DF30, DF33, and DF36 owing to an increase in the
number of pulses N in the last sample. The analysis of the character and depth of damage on
the polished edge of the metallographic sections of a sample irradiated at the plasma gun shows
that the thickness of the damaged layer in all the samples amounts to about 200 μm. In this case,
loosening of the surface layer occurs there, as well as the formation of discontinuities (voids)
and regional shears. In addition, at a maximum load performed in the case of sample DF36
(maximum number of plasma gun pulses N = 250), one can observe a displacement of the
regions at a depth of about 100 μm. All the samples exhibit a decrease in tungsten lattice
parameter a by Δa ~ 0.01 Å and a weakened initial texture (200) in the molten surface layer.
When at the first stage of irradiation, the DF W samples were treated with ion and plasma fluxes
using DPF facilities (PF-6, 4 pulses and PF-1000U, 4 pulses), and at the subsequent final stage
using a plasma accelerator (PA) facility (10 pulses per series) on the irradiated surface of
samples DF15 and DF40 one can see a wavy structure more pronounced in the case of DF15,
accompanied by a network of microcracks. On the polished edge metallographic sections, there
are areas of the loosened surface layer, as well as shear zones of crystalline regions at a depth
of about 200 μm. Just as in the previous case of tungsten irradiation using the DPF and the PG
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facilities, after the final stage of tungsten irradiation with the use of PA, the concentration of
pores in the surface layer decreases in comparison with their content after preliminary
irradiation in a DPF facility.
7.

CONCLUSIONS

Physical processes taking place at “irradiation of materials perspective for use in the
mainstream nuclear fusion facilities with inertial plasma confinement in two devices of the
Dense Plasma Focus (DPF) type (PF-6 and PF-1000U) imitating conditions expected in the
first-wall materials in NIF and Z-machine have been investigated by a time integrated and 1 ns
4 frame self-luminescence photographing technique in a visible range as well as with the 16frame 1-ns laser interferometry. Results support previous data [20] that at the irradiation of a
target placed in the cathode part of the device at small distances from the anode the impact
consists of several stages: 1) propagation of a plasma jet (a cumulating stream produced at a
conical implosion of a plasma-current sheath about a Z axis of a DPF chamber) and generated
by it a shock-wave in the residual atmosphere of the DPF chamber to a target and collection of
hot plasma (HP) near its surface (power flux density of their action upon a target’s surface is
P ~ 1010 W/cm2); 2) production by this jet a secondary plasma (SP) cloud having relatively low
temperature (few eV); 3) irradiation a target by a stream of fast (~ 100 keV) ions (FIS) (P ~
1012 W/cm2) and production of secondary hot plasma (SHP) (temperature above 100 eV) by
this FIS; 4) generation of a shock wave (SW) inside the solid-state target that results in
subsequent unloading (rarefaction) wave generation there and in coming out of the SW into gas
from the backside of the target.
Ablation of the target material (like in FR with IPC) during the action of HP and FI stream (10100 ns) was observed in all cases. Melting, boiling, evaporation and ionization of target’s
material are detected on later stages during existence of secondary plasma near the target’s
surface.
Results of irradiation were investigated by optical microscopy, by images in secondary
electrons and in characteristic X ray luminescence of different elements”14. Tomographic atom
probe was implemented for investigation of oxide particles in the irradiated ODS Eurofer. X
ray structure and elemental analysis, weighing of specimens as well as measurements of their
micro (nano) hardness were applied before and after irradiation. Surface layers (SL) and
metallographic sections of samples were investigated by Scanning Electron Microscopy (SEM)
(using the microanalyzer EVO 40) and by Atomic Emission Spectroscopy (AES) (using a glow
discharge spectrometer SA-2000, “LECO” company).The “data were obtained for a number of
materials including low-activated ferritic and austenitic stainless steels, β-alloy of Ti,
vanadium, some ceramic materials, as well as for the specimens of double-forged tungsten –
DF, pure tungsten and its alloys manufactured by powder technology, and for composite
tungsten with disperse particles of La2O3, etc.
With an increase of the number of pulses of hot plasma and fast ion streams irradiating the
surface of tested materials, its morphology changes from a weak wave-like structure or ridges
on the surface to the strongly developed ones. It was melted with the appearance of the
fracturing pattern – first along the borders of grains and then with the intergranular net of micro
cracks. Macrocracks were observed for all materials except austenitic steel irradiated at the
noticeably lower power flux densities. The net of intergranular cracks appeared at the surfaces
of DF tungsten and Ti alloy specimens after a sequence of DPF shots.
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At the highest values of power flux densities multiple bubbles are appeared in steels. In the case
of ferritic steel samples at the irradiation produced normally to their surfaces with the power
flux density of about 1012 W/cm2 for the stream of fast deuterons, bubbles look opened without
covers and have sizes of 10–100 μm. In the case of austenitic stainless steel samples at their
oblique irradiation with the power flux density of both types of irradiations lower by 1–2 orders
of magnitude, blisters appeared in the internal surface of the tube. They look as closed bubbles
of the sizes smaller than 0.1–1.0 μm. Concentration of deuterium in this internal part of the tube
is remarkably higher compared with the external side of it.
Presence of deuterium within the surface nanolayers of irradiated austenitic steel explained on
the basis that after this pulsed implantation of deuterium into the bulk of a sample it did not go
out from it by diffusion or evaporation processes. Very likely, this capture of deuterons results
from blisters formation and due to their interaction with lattice defects of the types of impurity
atoms, pores and oxycarbonitride particles presented in the material.
Analysis of the mass changes due to target’s irradiation was done for W specimens. These
effects are a combination of two processes: erosion of targets’ material and redeposition of the
DPF chamber materials evaporated during operation of a device. Yet evaporation was
dominated over the redeposition with the resulting mass loss on the level of about 0.01 ± 0.002
g/shot”14.
In the case of pulsed irradiation of tungsten prepared using the double forging technique, the
main qualitative characteristics of the damaged irradiated SL obtained using DPF facilities are
the wavelike morphology of the surface and some types of structural defects that occur in the
SL such as droplet fragments, pores, and microcracks. Furthermore, cracks parallel to the
surface are formed owing to shock waves in the SL at a depth of ~200 μm that are hardly
developed. Microcracks appear in the irradiated layer and propagate both parallel to the
irradiated surface and at an angle to the surface. To all appearances, on the boundaries of the
blocks, there is a rupture of the material and the formation of microcracks parallel to the surface
and wedge-shaped ones.
One needs to note a change in the initial texture of tungsten after the irradiation in the modes
under study associated with the melting and recrystallization processes occurring in the
irradiated SL. In this case, the character of the texture formed under the conditions of radiation
impact on DF W using DPF facilities hardly changes. However, the observed decrease in the
lattice parameter after the radiation treatment of tungsten is mainly caused by the removal of
gas impurities from the SL, being mainly determined by a harder irradiation mode inherent in
PF facilities.
“Main features of degradation of the surface layer of double forged tungsten were determined
at different conditions of irradiation by plasma/ion streams in a DPF and by laser radiation in
the FR and QS regimes. Chief similarities and differences in damageability obtained in the
regimes are fixed – blisters, craters, porosity, microcracks, and discontinuity flaws etc. – that
are peculiar characteristics for each mode of irradiation. The observed dissimilarities that are
specific for each regime of irradiation are explained with the help of qualitative analysis,
estimations and by numerical modelling.
It is shown that a so-called Integral Damage Factor may be used only within the restricted
ranges of parameters of an irradiation.
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It was found that in the regime of irradiation with the well-developed gas dynamic motion of
secondary plasma energy of radiation will be spent preferentially either on large masses
removed from the material’s surface or on heating of a small amount of matter to high
temperature (and consequently into its fast movement) depending on power flux density and
characteristics of pulses of radiation.
Parallel use of plasma/fast ion streams from DPF and of laser (in FR and QS modes) irradiations
of targets looks perspective for tests of materials designed to withstand extreme thermal loads
in the mainstream fusion reactors with inertial and magnetic plasma confinement”13.
The investigated metallographic signs of damage in the irradiated double forged tungsten
(DFW) show that, under the conditions of a high-energy impact close to the conditions in the
IFR and to the plasma disruption mode and ELMs in fusion reactors with magnetic plasma
confinement, in the case of studied irradiation modes, the character of material degradation
depends to a greater extent on the source of the energy load than on the type of the content of
generated plasma (hydrogen plasma, deuterium plasma, or combined one with sequential
irradiation). In the range of energy loads used in this study (the power flux density of plasma
flows and fast ion flux q = 106–1012 W/cm2 for a pulse duration in the range of nano-, micro-,
and milliseconds), the character of material damage and destruction depends to a great extent
not only on the magnitude and the duration of separate energy pulses generated by a testing
facility but also on the number of energy pulses acting upon the material.
The depth of a noticeably damaged layer, wherein a disruption in the integrity of the material
occurs, is about 200 μm in almost all the studied irradiation modes which is much higher
compared even with the fast ion penetration depth into material.
In the case of pulsed irradiation of tungsten prepared using the double forging technique, the
main qualitative characteristics of the damaged irradiated surface layer (SL) obtained separately
using DPF, PG, and PA facilities (wavelike morphology of the surface and the types of
structural defects that occur in the SL such as droplet fragments, pores, and microcracks) at a
comparable number of pulses and under comparable conditions are close to each other.
When DF W is sequentially irradiated with energy flows, first in a hard mode using a DPF
facility and then in a softer mode using PG and PA facilities, one can observe a decrease in the
concentration of pores contained in the SL after irradiation using a DPF facility.
In the opposite situation, i.e., at the irradiation of tungsten using a PA facility at the first stage
and irradiation using a DPF facility at the final stage, one may observe some amplification of
the effect of formation of microcracks parallel to the surface in the depth of the SL. This is
connected with the fact that such microcracks occur at the preliminary stage of DFW radiation
treatment by PA in the zone of increased concentration of technological defects under the
influence of thermal stresses in the irradiated SL. The subsequent shock wave (SW) impact at
the final stage of DF W irradiation using DPF facilities promotes the development of the
microcracks under consideration.
In general, the nature of the material destruction is of shock-wave and thermal-fatigue character.
Microcracks appear in the irradiated layer and propagate both parallel to the irradiated surface
and at an angle to the surface. To all appearances, on the boundaries of the blocks, there is a
rupture of the material and the formation of microcracks parallel to the surface and wedgeshaped ones.
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In samples irradiated at relatively low power flux densities, i.e. at q = 107–108 W/cm2 for both
types of radiation – an ejection of microparticles (surface’s fragments) may be seen.
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LIST OF ABBREVIATIONS
CNT

carbon nanotubes

CPS

capillary-porous systems

FST

free standing target

FST-TL

free standing target-transmission line

HTSC

high-temperature superconductors

IFE

inertial fusion energy

LIBS

laser induced breakdown spectroscopy

MFE

magnetic fusion energy

PFI

proton fast ignition

PFM

plasma facing materials

SI

shock ignition

SBS

stimulated brillouin scattering

TBR

tritium breeding ratio
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