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a b s t r a c t

Damage of tungsten due to helium ions of a PF device was studied. The tungsten was analyzed by SEM
and AFM after irradiation. SEM revealed fine bubbles of helium atoms with diameters of a few nano-
meters, which join and form larger bubbles and blisters on the surface of tungsten. This observation
confirmed the results of molecular dynamics simulation. SEM analysis after etching of the irradiated
surface indicated cavities with depth range of 35e85 nm.

The average fluence of helium ion of the PF device was calculated about 5.2 � 1015 cm�2 per shot, using
Lee code. Energy spectrum of helium ions was estimated using a Thomson parabola spectrometer as a
function of dN/dE f E�2.8 in the energy range of 10e200 keV. The characteristics of helium ion beamwas
imported to SRIM code. SRIM revealed that the maximum DPA and maximum helium concentration
occur in the depth range of 20e50 nm. SRIM also showed that at depth of 30 nm, all of the tungsten
atoms are displaced after 20 shots, while at depth of higher than 85 nm the destruction is insignificant.
There is a close match between SRIM results and the measured depths of cavities in SEM images of
tungsten after etching.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to its unique properties such as high melting point, high
resistance to friction, the low amount of activation due to exposure
to neutron flux, low steam pressure at melting temperature and
good thermodynamic properties [1e7], tungsten always is consid-
ered as one of the most promising materials for use in the first wall
of the fusion devices. Therefore, damage study and structural
changes of irradiated tungsten under similar conditions of the
fusion plasma, including the flux of high-energy ions, high heat
flux, and high-energy neutron flux, has always been subject of
various researches. Several simulation methods were developed,
and many experimental studies were conducted on the damage
study of plasma-facing tungsten, several of which are discussed
below.
dabadi).

by Elsevier Korea LLC. This is an
In tokamaks, the hydrogen isotopes and helium atoms cause
problems for the wall material. In the future DeT reactors, helium
will be added as fusion product. Early investigations showed that
helium is trapped at radiation induced defects such as vacancies in
metals [8e13]. Thus, helium irradiation of metals would cause
much stronger effects in comparison with hydrogen irradiation
[14e16]. Furthermore, it was found that helium atoms are trapped
strongly by themselves in metals [8e13]. However, the mechanism
of interaction between the helium atoms and the helium induced
defects is not clarified well.

L. Pentecoste et al. examined the process of implanting helium
ions with energy of 300 eV in tungsten at a temperature of 300 K
using molecular dynamics simulation. They found that there is a
close match between their simulation results with experimental
results. The simulation results showed that the behavior of helium
in tungsten has three stages: a single helium atom penetrates into
the tungsten until it encounters another helium atom. In this case,
diffusing is stopped and the two He atoms form a cluster which
become a trap site for other incoming He atoms. Helium clusters
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approach together, grow and coalesce on the tungsten surface until
He concentration becomes high enough to cause tungsten swelling
[8].

X. Li et al., using molecular dynamics, investigated the helium
interaction with tungsten defects. They showed that the binding
energy of helium and helium cluster is positive, which increases
with increasing helium cluster size. Also, the simulation results
showed that both the interstitials tungsten atoms and the vacancies
can promote the formation of helium clusters [9].

X. Shu et al., in another study performed a molecular dynamics
simulation of helium diffusion in tungsten in different tempera-
tures of 50e3000 K and also studied the dependence of the dis-
tribution of helium in tungsten by temperature [10].

X. Li et al. studied the distribution of helium clusters inside
tungsten and formation of bubbles in it. They showed that helium
easily forms bubbles in tungsten through self-trapping. They used
themean squared displacements (MSDs) to obtain the diffusivities of
helium clusters of different sizes in different temperatures in
tungsten. They also revealed that bubble formation strongly de-
pends on the temperature and diffusivities of the helium clusters in
tungsten [11].

The SRIM code has also been used in simulation of radiation
damage and calculation of displacements per atom (DPA). K. Yu
et al. compared the destructive effects of helium and hydrogen on
Ag/Ni multilayers of varying layer thickness (1e200 nm). They used
SRIM to obtain helium and hydrogen concentration profiles as well
as to obtain displacements as a function of depth. Ag/Ni nanolayer
samples were irradiated with hydrogen and helium ions equally to
2dpa doses. Their experiments showed that on the surface of the
sample irradiated by helium, bubble were formed, while on the
sample irradiatedwith proton, the dislocation loopswere observed.
They also showed that, due to proton irradiation, the lattice
distortion and radiation hardening were negligible compared to
helium irradiated layers, despite the same level of dose was applied
in each case [17].

In order to experimentally study the effects of hot plasma and
high energy ions on the surface and structural properties of various
materials proposed for the construction of nuclear fusion reactors, a
variety of devices, including accelerators, high-flux laser ionizing
apparatus, and plasma focus devices have been used [18e22].

In plasma focus device, due to the discharge of the capacitor
bank on the coaxial electrodes, electrical breakdown of the gas
inside the chamber occurs and current flows between anode and
cathodes. The current layer is moved by the Lorentz force toward
the end of the electrods, andwhen it reaches the top of the anode, it
is focused towards the central axis of the anode, forming a pinch.
The pinch has a very high density, very high temperature and very
short life. Due to the instability of m ¼ 0, the pinch collapses and
the trapped electrons in the pinch region collide with the surface of
the anode, causing the production of hard x-rays and also causes
particles to be sputtered above the anode [2,18,19,23]. After the
plasma collapses, the ions are also emitted by relatively high en-
ergies toward the opposite side of the electrons. The energy of ions
in plasma focus devices, regardless of operating energy of the de-
vice was measured from tens of keV to several MeVs [21,24].

Creation of similar conditions of turbulences and edge-localized
modes (ELMs) of Tokamaks that cause to ejection of high energy
ions, plasma flow, and shock wave towards the first wall of the
Tokamak, is the interesting characteristic of plasma focus device.
An edge-localized mode (ELM) is a disruptive instability occurring
in the edge region of a tokamak plasma. The development of edge-
localized modes poses a major challenge in magnetic fusion
research with tokamaks, as these instabilities can damage wall
components (in particular diverter plates) by ablating them away
due to their extremely high energy transfer rate (MW/m2).
In order to emphasize the compatibility of plasma focus device
with the technological needs of fusion devices, it should be noted
that themaximum thermal load density on the first wall material of
the modern tokamaks is about 1 MW/m2 and in the diverter area of
tokamaks and stellarator, it reaches 10 MW/m2. In future fusion
reactors, the expected thermal load will be about 103e104 MW/m2.
These thermal loads will be applied on the primary wall materials,
and ELMs will reach its maximum while plasma failure. The time
duration of pulses are in the range of microsecond and millisec-
onds. The plasma focus device can generate thermal load due to the
collapse of a hot and dense plasma of about 108 MW/m2, that
thermal load decreases by increasing the target distance from the
anode tip. These characteristics cause the plasma focus device to be
suitable for testing plasma facing materials [25,26].

Saw et al. examined the destructive effects of deuterium ions of
a 2.2 kJ plasma focus device at different distances from the pinched
plasma. Tungsten samples were irradiated using deuterium ions of
average energy of 56 keV and flux of 1028 m�2s�1. Depending on the
distance from the anode, cracks of up to 300e500 mm inwidth, and
cavities of up to 5 mm were observed on the surface of tungsten
[27].

Dutta et al. examined the radiation damage of irradiated tung-
sten by helium ions produced in a 2.6 kJ plasma focus device. They
placed tungsten samples at different angles to the anode axis, and
irradiated in 10 shots. They observed that uniform cracks of
1e4 mm-width were formed on tungsten. The XRD analysis of the
irradiated samples also showed that the peaks shifted to higher
angles [2].

M. Bhuyan et al. in another work, irradiated tungsten samples
using a plasma focus device in 20 shots of hydrogen at different
angles to the anode axis. They observed that exposing by high-
energy protons caused to formation of cracks and blisters, as well
as melting of tungsten surface due to the heat transfer of energetic
protons on the surface of tungsten. Hardness analysis results
showed that the hardness of the samples decreased slightly after
the irradiation with high energy protons. In addition, the results of
XRD showed that the peaks were shifted toward higher angles [20].

R. Niranjan et al. examined the surface changes of the materials
used in the construction of fusion reactors (tungsten, nickel,
stainless steel, molybdenum and copper) when exposed to the
fusion plasma of a plasma focus device. The SEM results showed
that with increasing the number of shots, the narrow cracks were
extended to deep and larger cracks [28].

M. Chernyshova et al., studied the effects of high-energy deu-
terons and hot plasma produced in the pf-1000 and pf-6 plasma
focus devices on the materials include low-activated ferritic and
austenitic stainless steels, alloy of Ti, as well as two types ofWand a
composite on its base were studied. They observed that with
increasing number of shots, narrow cracks transformed into deeper
and larger cracks [22].

The aim of this study is to study the effects of helium ion beam
of a plasma focus device on the tungsten surface using SEM and
AFM analysis, and compare the experimental results with the re-
sults of SRIM simulation code. This comparison requires measure-
ment and estimation (using Thomson parabola spectrometer,
Faraday cup and Lee code) the accurate characteristics of helium ion
beam (energy spectrum, fluence and time duration) and imported
them to SRIM code.

2. Experimental setup

The 2.7 kJ plasma focus device, MTPF-2, with a capacitor bank of
13.5 mF, maximum charge voltage of 20 kV, total inductance of
158 nH, and peak discharge current of 100 kA, was used as a source
of high-energy helium ions to irradiate samples. The structure of
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the electrodes of this device is shown in Fig. 1a.
The plasma focus device was tested at different charging volt-

ages of 11e16 kV and different pressures of 0.5e1.4 mbar of helium
gas. The optimum working conditions of the device to achieve the
strongest pinch of helium plasma was determined 1.1 mbar and
12 kV. A Rogowski coil was used to record the current derivative
signal. Samples of current signal and current derivative signal are
indicated in Fig. 1b.

Tungsten samples were prepared at size of 10� 10� 1mm3. The
surface of the specimens was polished and annealed before being
irradiated. Tungsten samples were placed at 6 cm distance from the
anode and were exposed in 20 shots under helium ions.

The length of anode and cathodes is 145 mm, the radius of
anode is 14.5 mm, radius of cathode rods is 5 mm, and twelve
cathode rods are symmetrically arranged around the anode. Anode
and cathodes are made of copper. A cavity with a radius of 6 mm
and a depth of 50 mmwas made at the tip of the anode in order to
reduce the ejection of copper particles toward tungsten surface,
during plasma column disruption.
Fig. 1. (a) Structure of the MTPF-2 plasma focus device. (b) Typ
A Thomson parabola spectrometer (TPS) was used to measure
the energy spectrum of helium ions of the plasma focus device.
Operation of Thomson spectrometer is based on using an electric
field, generated by a potential difference across a pair of electrodes,
and a magnetic field, generated by a pair of permanent magnets or
Electromagnet. The lines in these fields are parallel and they are
perpendicular to the ions’ flight direction. When ion beam is passed
across these fields, the ions are deflected and different parabola
curves are produced on surface of the detector. The deflection value
depends on the charge-to-mass ratio. Therefore, each parabola is
related to one ion type, and length of the parabola depends on the
energy range.

In the deflector section of the TPS, magnetic flux density was
0.18 T, and an electric field of 370 kV/m, was applied. CR-39 nuclear
track detector was used to register the track of helium ions. By
measuring the concentration of tracks in the parabola and calcu-
lating the position of each energy on the detector, the energy dis-
tribution of the ions was obtained. Energy spectrum of helium ions
was estimated using the Thomson parabola spectrometer as a
ical signals of current and current derivative of the device.
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function of dN/dE f E�2.8 in the energy range of 10e200 keV.
In this work the intensity and time-resolved distribution of

helium ion beam of the plasma focus device were investigated
using a Faraday cup (FC). The FC generally consists of a small
aperture and a deep collector. It removes all electrons accompa-
nying the incident beam if it is biased at a negative potential. Those
secondary electrons produced via the collision of incoming beam to
the collector surface can also be removed by the negative bias
voltage. Thus, the FC was biased at �150 V.

In order to reduce the production of secondary electrons, a layer
of graphite material was placed inside of the inner cup. The FC has a
cap with aperture of 500 mm and insulated with polyethylene. The
dimension of FC has to provide an apparent resistance of 51 U, in
order to match RG58 data transmission cables. In this study,
Faraday cup was placed at 0� relative to axis of the anode and fixed
at distance of 12 cm from top of the anode by a holder.

The pulse-width of the recorded pulses by Faraday cup was
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obtained in the range of 30e50 ns. The area under the pulse is
proportional to the fluence of absorbed helium ions by Faraday cup.
In almost all experiments, the ion pulse starts with a delay of about
100e150 ns after the start of the current dip on the Rogowski
signal.

Results of the experiments showed that, the fluence of helium
ion beam is highly pressure-dependent and it decreases in working
pressures away from optimum pressure. The maximum ion flux
was obtained at the pressure of 1.1 mbar.

3. Results and discussion

3.1. Characterization of plasma focus by Lee code

The current derivative signals measured by Rogowski coil was
integrated, calibrated and imported to the Lee code [29]. Charac-
teristics of helium ion beam of the MTPF-2 plasma focus device,
including number of helium ions in each shot and the resulting
properties of the fast ion beam (FIB) and fast plasma stream (FPS)
per shot at exit of the focus pinch for the irradiated samples were
calculated by Lee code. Results are shown in Table 1. The parame-
ters are averaged over 20 shots of the device in each irradiation
experiment. These parameters are used to calculate displacements
per atom (DPA) and also to calculate the depth profile and density
Table 1
Some of the characteristics of helium ion beam from the MTPF-2 plasma focus de-
vice, calculated by the Lee code.

Parameter Unites Value

Ipeak kA 95
Ipinch kA 45
FIB beam energy J 3
FIB energy Flux � 1012 Wm�2 5.6
Jb flux ions (ion beam generated by pinch column) � 1027 m�2 s�1 1.7
Fluence ions (ion beam generated by pinch column) � 1019 m�2 5.2
Pinch Duration ns 30.7
of helium atoms inside tungsten.
3.2. SRIM simulation

The Monte Carlo based calculation code SRIM (Stopping and
Range of Ions inMatter) was used to calculate the radiation damage
of irradiated tungsten as quantified parameters. The energy of he-
lium ions of plasma focus was sampled from a dN=dEfE�2:8

spectrum function in the energy range of 10e200 keV. The Quick
Calculation mode of SRIM was used in this study. The helium ion
range in tungsten, as well as the number of displacements of
tungsten atoms per unit length of ion range as a function of depth
were calculated. Damage rate is presented as DPA (displacement
per atom) parameter and is calculated by the following formula. In
this formula, ion fluence is 5.2 � 1015 cm�2 per shot as was calcu-
lated by the Lee code.
“DPA per shot” is the number of displaced tungsten atoms by
helium ions per shot of plasma focus device. The DPA and con-
centration of helium ions as a function of depth are shown in Fig. 2.
Depth profile of helium concentration and DPA are almost similar,
which is due to their obvious relation: The helium atoms are
accumulated in the vacancies left by the displaced tungsten atoms.

According to Fig. 2, the highest concentration of helium is
estimated to be in the range of 25e50 nm from tungsten surface,
and the highest DPA occurs at a depth of 20e25 nm. Since the
helium ions recoil the W atoms and penetrate inside the material,
the diagram of helium concentration is slightly shifted toward
higher depths.

At depth of 30 nm from tungsten surface about 16% of tungsten
atoms are displaced per shot of plasma focus and helium concen-
tration is increased by 1.1% after one shot. It can be concluded that
after 20 shots, approximately all of the W atoms at depth of 30 nm
are displaced. At the depth of 60 nm about 5% of the W atoms are
displaced by helium ions in each shot, but it cannot deduced that all
of the W atoms in this depth are displaced after 20 shots.

3.3. SEM imaging

The SEM image of the tungsten sample before irradiation is
shown in Fig. 3, which revealed a smooth surface, without any
cracks or cavities. After exposure in 20 shots of helium, the
destruction was clearly observed on the surface of the tungsten
samples. To investigate the damage morphology, SEM images were
recorded perpendicular to the surface of the samples, and at an
angle of 20� with respect to the horizon of the surface.

In the micrograph of the surface of the irradiated tungsten in
Fig. 4 there are dense bubbles formed by the accumulation of he-
lium ions. They are joined together to form clusters of helium
bubbles. In the magnified image of Fig. 4-b very fine bubbles of
about 10 nm and less are joining and creating larger bubbles. In
Fig. 4(a), red circles labelled ‘a' and ‘b' show the bubbles are getting



Fig. 2. Displacements per atom (DPA) per shot, and helium concentration as a function of depth in irradiated tungsten. (Calculated using SRIM code).

Fig. 3. SEM of tungsten sample before irradiation.

Fig. 4. SEM image of irradiated tu
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larger and joining together to form blisters of up to 200 nm and
larger, on the surface of tungsten.

Fig. 5 shows SEM image of the irradiated tungsten surface, taken
at 20� angle from the surface. The surface is covered with the
bubbles. This lateral image revealed two characteristics of the
irradiated surface. (i) Height of the bubbles on the surface ranges
from few nanometers up to few hundreds of nanometers. (ii) The
image indicated regions with high concentration of blisters, below
which the surface is swollen (distinguished by red circles in Fig. 5),
and in some cases the surface is blown out (the magnified image in
Fig. 5).

Formation of the bubbles is due to the accumulation of helium
atoms in the location of crystal defects such as interstitial defects,
lattice dislocations and vacancies. Irradiation of tungsten increases
the temperature of the surface up to several thousands �C. Tem-
perature of the sample has a major role in changing the lattice
ngsten by 20 shots of helium.



Fig. 5. SEM micrograph (taken at 20� angle) of irradiated tungsten by 20 shots of helium.
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defects induced by irradiation, including vacancies/interstitials,
vacancies coalescence and the displacement of interstitial defects
in the lattice as well as the diffusion of helium atoms in thematerial
[8e13].

The larger and more lattice defects cause the more helium
atoms to be trapped in the defect locations and thus increase the
size and surface density of the bubbles. On the other hand, helium
atoms are also trapped by other helium clusters. As a result, bubbles
grow and interconnect to form large blisters. In Fig. 5 (a) and (b),
the blisters are observed. By increasing the density of helium the
cluster swells, it causes the tungsten surface to swell and eventually
burst.

These observations are also in good agreement with the results
of molecular dynamics simulations. Interaction of helium ions with
tungsten surface was simulated by LAMMPS code and it was found
that helium clusters join together and form bubbles. The bubbles
then grow and coalesce on the tungsten surface until helium con-
centration becomes high enough to cause tungsten flaking [8e13].

The SEM images were also taken after etching the surface. The
acid solution that was used for etching was composed of hydrogen
peroxide (H2O2 with concentration of 21.3% w/w) and ammonia
(NH3 with concentration of 7.3% w/w). The samples were etched by
Fig. 6. SEM micrograph of irradiated
hand in etching solution under stirring for a certain time (45 s).
Subsequently, they were rinsed immediately using deionized wa-
ter, followed by a lift-off process in an ethanol-aceton mixture.

The etching is based on the fact that the etch rate along the
damage zone is larger than the etch rate for the virgin bulk mate-
rial. The etch rate, is a function of the damage density. The etching
process wipes out the bubbles from the surface and leaves cavities.
These cavities represent the surface below the blisters.

Perpendicular and 20� SEM micrographs of the surface after
etching are indicated in Figs. 6 and 7. In these two figures, the
tungsten surface is full of cavities with approximately 50e200 nm
in diameter. This is in agreement with size of the bubbles before
etching the surface.

Depth of the cavities is in the range of 35e85 nm. This de-
termines the maximum depth of damage or the maximum range of
helium ions, which is confirmed by SRIM simulations, as well. From
DPA diagram in Fig. 2, one can find that at depths higher than
80 nm, utmost 20% of the tungsten atoms are displaced by helium
ions, after 20 shots. At higher depths, this value is much less than
20% and therefore the damage was not destructive enough to be
sensitive to etching solution. This is a strong reason behind the fact
that we did not observe cavities deeper than 85 nm.
tungsten surface after etching.



Fig. 7. SEM micrograph (taken at 20� angle) of irradiated tungsten after etching.

Fig. 8. AFM image of tungsten sample before irradiation.
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3.4. AFM analysis

Tungsten samples before and after irradiation by 20 shots of
heliumwas analyzed by AFM as another morphology method. AFM
images are indicated in Figs. 8 and 9. Fig. 8 shows the surface before
Fig. 9. AFM image of irradiated tungsten b
irradiation. Some peaks with heights of lower than 34 nm are
observed. The irradiated surface in Fig. 9 is full of valleys and peaks
of up to 270 nm height, which represent the height of babbles
observed in the SEM micrograms of the tungsten surface.
y 20 shots of helium (before etching).
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4. Conclusion

In this study, the tungsten surface was irradiated by helium ions
generated in a plasma focus device. Results of the SEMmicrographs
showed that, due to the accumulation of helium bubbles, the blis-
ters are formed on the surface of the tungsten. Micrographs showed
that the bubbles are merging and enlarging. AFM images showed
that the height of the blisters reaches 265 nm on the tungsten
surface.

Formation and remaining of the blisters in tungsten surface is a
very important issue in application of tungsten in the first wall of
Tokamaks. The bursting of the blisters cause to insertion of nano-
particles of tungsten inside the plasma, which results in the loss of
energy from the plasma due to Bremsstrahlung radiation, and ul-
timately leads to a collapse/disruption of plasma.

The Lee code and Thomson parabola analyzer were used to
characterize helium ion beam of the MTPF-2 plasma focus device.
The ion beam characteristics were used to obtain the displacements
per atom per shot (DPA/shot) as well as the helium concentration at
different depths of tungsten by SRIM code. Maximum DPA/shotwas
obtained about 0.18 in 20 nm depth from tungsten surface. The
maximum density of helium in tungstenwas obtained about 1.1% at
a depth of 25e50 nm from the tungsten surface.

One of the key results of this research was to indicate a relation
between maximum depth of damage in the SEM images of irradi-
ated surface after etching, and the depth profile of DPA calculated
by the SRIM code. In other view, this relation has the potential to be
used to verify the method of energy measurement of ultra-short
duration pulsed ion beams, in which the energy measurement is
a challenging procedure due to limited time of measurement.
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