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ARTICLE INFO ABSTRACT

Keywords: Radiation-induced defect production in tungsten was studied by a combination of experimental and simulation
Tungsten methods. The analysis of structural defects was performed using multi-energy Rutherford backscattering spec-
]C)e}i;?s troscopy in channeling configuration (multi-energy C-RBS). To create different microstructures, (111) tungsten

. (W) single crystals were irradiated with W ions at two different doses (0.02 and 0.2 dpa) at 290 K. Detailed

Displacement damage . . . . . .

R . transmission electron microscopy (TEM) analysis of the samples revealed the presence of dislocation lines and

Molecular dynamic simulations . A . .

TEM loops of different sizes. The RBSADEC code was used to simulate the measured C-RBS spectra, recorded with four
different He beam energies along the (111) direction. For the first time for tungsten, molecular dynamics (MD)
simulations of overlapping cascades were used as input. The well-known method of randomly displaced atoms
(RDA) was applied for comparison. RDA does not provide a satisfactory understanding of the nature of the
induced defect structure. With MD, a very good agreement between the simulated and experimental spectra was
obtained for the sample prepared at a lower dose, despite the fact that the absolute defect densities are two
orders of magnitude higher than those found with TEM. A discrepancy is observed for the high-dose-irradiated
sample, which is ascribed to the presence of extended defects such as dislocation lines, which are clearly
observed by TEM, but cannot be formed in finite size MD cells. RBSADEC with MD cells as input can describe
correctly the response of the RBS signal with analysing beam energy while RDA as input gives the wrong trend.

1. Introduction material. Heavy ion and neutron irradiation result in similar structural

damage because: neutrons first impact on a W atom (primary

Tungsten (W) is one of the main material candidates for the plasma-
facing components in future fusion reactors because of its favourable
properties such as high melting temperature, high thermal conductivity
and low intrinsic hydrogen isotope (HI) retention. However, in a future
thermonuclear fusion environment the 14 MeV neutrons from the D-T
fusion reaction will create defects in the crystal lattice, altering the
material properties. Due to the nature of the displacement damage
caused by neutrons, irradiation with high-energy ions (such as MeV W
ions) is a good proxy for neutron irradiation [1,2], excluding trans-
mutation, helium production and most importantly activation of the
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knock-on-atom), which is knocked out of its position with a significant
energy transfer. This energetic W ion then causes further displacement
damage in the material and is, therefore, responsible for most of the
displacement damage caused during a neutron impact. In the context of
heavy ion or neutron irradiation, displacement damage refers to the
displacement of lattice atoms from their equilibrium position in the
crystal lattice and the subsequent creation of lattice defects such as
vacancies, self-interstitial atoms, vacancy clusters, voids and dislocation
lines/loops.

In material science, there are many well-established methods used
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for characterizing a material structure and its defects [3], such as
transmission electron microscopy (TEM) [4] and positron annihilation
spectroscopy (PAS) [5]. Although these are powerful techniques
commonly used for defect characterization, they only address very
specific aspects of material characterization. TEM can only visualize
large defects such as dislocation loops and lines or large vacancy clusters
(nano voids) and does not work on bulk samples. PAS can characterize
small defects such as single vacancies [6], but the sensitivity to the
atomic structure and chemical environment details are lost at large
defect complexes [7]. There are many articles on the characterization of
defects in tungsten at different damage doses and temperatures using the
above mentioned methods TEM and PAS, e.g. [8,9], but there are only a
few reports on the ion channeling technique. Ion channeling is a
well-established method for studying material properties related to its
crystal structure, in particular lattice disorder and defects evolution
induced by ion irradiation [10-12].

In this work Rutherford Backscattering Spectrometry in channeling
configuration (C-RBS) [12,13] is used to study the defects produced by
heavy ion irradiation in the bulk of single-crystal tungsten. To quantify
the crystal structure disorder, the change in the ion yield of the back-
scattered ions along a specific crystallographic direction is measured
[10]. Applying sophisticated software algorithms (overview in [14]), a
depth profile of disorder in the damaged crystal (disorder refers to all
types of structural imperfections such as point defects, extended defects,
distortions etc.) can be obtained from the C-RBS spectrum. However,
interpreting the C-RBS spectra and understanding the underlying atomic
structures remains a challenge. A number of methods were developed to
extract the depth profile of radiation damage using various iterative
procedures, such as Monte Carlo simulations (e.g. [15] and references
within [16]). However, none of these methods are able to provide a
detailed insight into the actual damage structure. Only recently, a
software algorithm called RBSADEC (RBS from Arbitrary DEfected
Crystals) was developed, which is able to correlate the C-RBS spectra
with complex structures of defects, providing insightful information
about the type of defects present in the damaged crystal [14,16]. The
structure used for the RBSADEC simulations is generated in independent
molecular dynamics (MD) simulations of radiation damage build-up.

The aim of this research is to further develop RBSADEC for the
interpretation of the C-RBS measurements in tungsten single crystals.
The main motivation of this work is to study the strength of C-RBS in
detecting specific defect types and to answer the question whether the
method can provide complementary or additional information
compared to TEM and PAS data. For this purpose, different micro-
structures were prepared in the material, each containing a dominant
defect type. The so-called multi-energy beam C-RBS analysis method
was applied in our study as it is known that each type of ion-irradiation-
produced defect has a particular influence on the analyzing He beam
depending on the energy (i.e., direct backscattering or enhanced
dechanneling of the probing beam) [12,17]. Such an approach will
provide more detailed information about the type of defects and their
local extent.

2. Experiment
2.1. Sample preparation

Tungsten (W) single crystal (SC) samples with surface orientation
(111) were purchased from Surface Preparation Laboratory B.V. The
crystals had a purity of 99,999 % and a surface normal aligned with an
accuracy < 0.4°. The top surface was polished to a roughness Ra < 30
nm and shaped into model SPL.EU.19. with a diameter of 12 mm, a
thickness of 1.5 mm and a side groove of 1 mm with a 0.6 mm hole for a
thermocouple, 3 mm deep. The (111) surface orientation was chosen
because it exhibits the “strongest” channelling axis for ions, as was
shown in [18]. Initial scanning electron microscopy (SEM) character-
ization of the as-received samples showed surface distortions, such as
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surface scratches and grooves, that would have made the planned ex-
periments impossible. Electron channeling patterns revealed a distorted
near-surface layer possibly formed due to mechanical polishing.
Therefore, an additional chemo mechanical vibration polishing pro-
cedure (vibro) had to be established and was proven successful by
positron annihilation lifetime spectroscopy (PALS) measurements.
Namely, for the additionally vibro-polished samples we obtained a
shorter positron lifetime, which decreased from 118 ps to 108 ps, when
comparing the as-received and vibro-polished samples, respectively,
indicating a better sample quality for the vibro-polished samples. After
polishing, the samples were high-temperature annealed by electron
beam heating at the Max-Planck-Institut fiir Plasmaphysik (IPP),
Garching: 5 min at 2350 K with a slow cooling ramp. The quality of the
final samples was assessed by SEM-based electron channeling contrast
imaging (ECCI), which produces a Kikuchi-like pattern strongly depen-
dent on the crystal structure of the single-crystal sample. In ECCI mode,
it is possible to detect the presence of dislocations and possible poly-
crystalline films (which prevent the formation of the pattern). The un-
disturbed channeling patterns obtained for all samples proved that the
samples were single crystals and that no polycrystalline layer had
formed on the surface. After successful initial preparation, the samples
were ready for the creation of defects by ion irradiation. For this pur-
pose, the cooled sample holder was modified with a 7° tilt and 11°
rotation, which was necessary for avoiding undesired channelling
orientation during irradiations. The samples were irradiated in the TOF
beam line of the tandem accelerator at IPP [19] with 10.8 MeV W ions at
290 K. The irradiation was performed by x- and y-scanning of the W
beam for lateral homogeneous implantation. The sample denoted as
“78¢’ was irradiated to a low W fluence of 5.8 x 106 m~2 with the aim to
produce dominantly single vacancies, as Hu et al. [8] showed for these
irradiation conditions. In [8] they focused mainly on characterization of
vacancy-type defects; however, as shown in [9,20], self-interstitial-type
defects such as dislocation loops and lines will be also present. At these
irradiation conditions (low dpa), dislocation loops are expected to be
dominant in the material [9,20]. As it was not clear from the beginning
whether a low-dose irradiated sample would have any effect on the
C-RBS signal, a sample with a higher dose was prepared in addition. The
sample denoted as ‘78f was irradiated with a W fluence of 5.8 x 107
m 2 and is referred to as the ‘heavily damaged standard’. For such high
W fluence/damage dose it was shown in [9] that numerous dislocation
lines are formed, replacing dislocation loops as the dominantly visible
defect. Using a displacement energy of 90 eV [21] and evaluating the
“vacancy.txt” output of the “Ion Distribution and Quick Calculation of
Damage” calculation option of the SRIM 2008.04 code [22], a
displacement-damaged zone extending down to 1.3 pm was created,
with a peak damage of 0.02 displacement per atom (dpa) at a depth of
0.6 um for sample 78g and 0.2 dpa for sample 78f. Sample 78g was half
covered during the W ion irradiation to have a defect-free single crystal
for reference. The damage rate for sample 78g (0.02 dpa) was 1.0 x 10~*
dpa/s. and for sample 78f (0.2 dpa) 1.2 x 1074 dpa/s. The peak damage
rates are two orders of magnitude higher.

2.2. Analysis techniques

The C-RBS measurements were performed at the Center for Micro
Analysis of Materials (CMAM) of the Universidad Auténoma de Madrid
(UAM), Spain, [23] where a 5 MV tandem accelerator is installed. The
standard C-RBS set-up is placed in a multipurpose chamber connected to
a beam line located at the 30° port of the switching magnet. The
experimental chamber has a goniometer (Panmure Instruments) with
3-axes of rotation (azimuthal rotation, poloidal rotation 6 and tilt),
allowing to position the sample at the proper angle (crystallographic
orientation) to perform the channeling measurements. RBS measure-
ments in channeling configuration were carried out with a helium beam
with energies of 4.5, 4, 3.5 and 3 MeV. Silicon particle detectors
(ORTEC, USA) with an energy resolution of 14-16.5 keV placed in IBM
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geometry and positioned at scattering angles of 170 and 150° were used
to measure the RBS spectra. The samples were analysed by RBS in
channeling orientation along the <111> direction. The procedure for
finding the axial channeling orientation consists of performing linear
scans ranging from —3° to +3° (step size 0.04°) for 6 or tilt angles,
keeping the other one fixed, and repeating the process until the crys-
tallographic orientation associated with the minimum backscattered
yield is found. In this way, we have identified the values of 6-tilt where
the minimum yield is measured. This method avoids unnecessary
additional irradiation of the sample. To collect the non-oriented
(so-called random) spectrum, 100 spectra were collected for a combi-
nation of 0 and tilt positions within a circle of a 3° angle around the
(111) direction and were added to the dataset.

Electron-transparent thin foils for TEM analyses were prepared by a
site-specific focused ion beam lift-out technique (FIB, Nanolab 650i, FEI
Inc.) at Jozef Stefan Institute (JSI), Slovenia. The W samples were
screwed into a custom Al holder, designed to minimize electron and ion
beam interference. The azimuthal orientation of the sample was deter-
mined by ECCI Using this setup, thin lamellae in precise crystallo-
graphic orientation exposing the [01-1] plane were successfully
produced from two differently processed samples. During thinning,
stepwise ion polishing was applied to minimize the ion-induced defects
[24]. The final lamellae were mounted on a Cu support grid and ana-
lysed in a conventional TEM (C-TEM, JEM-2100, JEOL Inc.) and a
scanning transmission electron microscope (STEM, ARM200CF, JEOL
Inc.). For qualitative comparison and to establish the same background
arising from the surface damage and artefacts induced during the sample
preparation process, all of the TEM samples were consequently prepared
in the same orientation, following the same thinning and
post-processing procedures.

2.3. Simulation

To gain insights into the damage structure of the irradiated W sam-
ples, the C-RBS experiment was simulated using the RBSADEC code [14,
25]. This code allows the generation of C-RBS spectra from atomistic
models of materials in which the damage was built up in molecular
dynamics (MD) simulations of overlapping collision cascades.

The MD simulations were performed in two steps. In the first step, a
number of successive overlapping cascades in the W-cell were simulated
using the PARCAS MD code [26-28] to generate a set of simulation cells
with the different levels of damage corresponding to different irradia-
tion doses. First, cubic W simulation cells were prepared with a side
length of about 20 nm oriented in (111) direction. The simulation cells
with the perfect BCC lattice were thermally equilibrated at 300 K. Each
collision cascade was initiated by a primary knock-on atom (PKA),
which was simulated by randomly selecting a lattice atom from the
center of the cell and giving it the energy of 10 keV. The dpa production
rate in the MD simulations was 2.45x10° dpa/s. A detailed description
of this procedure including the random shift of the cell before inserting a
new PKA can be found in previous work [29]. By increasing the number
of collision cascades, it is possible to generate the MD cells with the
damage levels corresponding to irradiation doses from 0 to almost 0.2
dpa according to the Norgett-Robinson-Torrens (NRT) equation [30].

In the second step of the MD simulations, a sample was prepared for
the C-RBS spectra simulations using the RBSADEC code. This was done
by selecting from the first step of the MD simulations (the overlapping
cascades) the MD cells with the damage corresponding to the gradually
increasing irradiation doses. These cells were stuck together along the z-
direction and relaxed in an additional MD simulation to ensure that all
cells were merged together in the most energetically favourable way,
and that the entire cell represented a single continuous structure with
the damage profile which can be compared to the experiment. In this
way, two different types of the MD cells were obtained, and we will
distinguish in the following between the primary cells (p-cells), i.e. the
20 nm MD cells in which the damage was built up in collision cascades,
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and the merged cells (m-cells), which were formed by stacking the p-
cells. In the m-cells, the direction of depth is along the z direction. The
total length of the m-cells is 1.5 um.

The increase in dpa in the p-cells to form the m-cell was assessed
from the SRIM calculations using the Kinchin-Pease (KP) method, where
the calculation of atomic displacements is based on the NRT equation
[30]. Therefore, the total number of overlapping cascades will be greater
in samples with higher fluence to achieve a corresponding irradiation
dose. The m-cells were then relaxed at 300 K and 0 Pa for 60 ps using the
MD code LAMMPS [31,32], followed by a quench to almost 0 Kin 10 ps.
After relaxation and quench, C-RBS simulated spectra were generated
from the m-cells. More information on the merging of MD cells can be
found in the supplementary materials.

In all the MD simulations, a Finnis-Sinclair type potential adjusted by
Ackland and Thetford [33] with a further modification at a short-range
interaction part (AT-ZN) [34] was used. This potential has shown
satisfactory results in terms of describing the evolution of radiation
defects in W [29].

3. Results
3.1. TEM analysis

The main features of the tungsten samples were identified by con-
ventional transmission electron microscopy (C-TEM). Selected area
electron diffraction (SAED) technique was used to determine the zone
axis (ZA) and orientation of the crystal planes, and the two-beam bright-
field weak-beam (BF WB) technique was used to analyze the defects.
Bright-field scanning transmission electron microscopy (BF-STEM) was
used to observe the structural defects in the material and to determine
the depth of the affected zone [35].

The BF-STEM technique was first used to observe the defects present
in the material and to determine the depth of the affected zone. Fig. 1
shows detailed micrographs for sample 78f (0.2 dpa, 290 K). The line
defects can be identified, following low-index crystal planes. Under the
bright field two-beam condition (TEM BF WB), the sample was tilted in
the direction of Burger vectors g(002) and g(011) to expose the defects
such as dislocations. It appears, that the dislocation loops form strings
parallel to (11-1) planes, where interatomic distances are much larger
than in (11-2), the plane which is actually perpendicular to the surface.
BF-STEM low-magnification overview micrographs and high-
magnification micrographs for defect identification are shown in
Fig. 2 for both samples 78f (0.2 dpa, 290 K) and 78g (0.02 dpa, 290 K).
The estimated damage depth from the low magnification overviews
corresponds well to the simulated damage depth profile: about 1.1 um
for 78f and 0.7 pm for 78g, marked as red lines in the images. In sample
78f (0.2 dpa, 290 K) a dense network of dislocation lines (DL) (length >
100 nm) is observed, which is already visible in the overview micro-
graphs. The directions of DL coincide with 110 > 111 > 11-2 > 111
crystal planes. For sample 78g (0.02 dpa, 290 K) only very short DL (~
20-30 nm) in (111) direction are observed, with predominance of U-
shaped loops around “black dots” (size ~10 nm).

The dislocation density was estimated from BF-STEM micrographs of
the 2 um? area; using the line intercept method [36] it is for sample 78f
1.93 (+£0.14)x10'* m™2 and for sample 78g it is 3.19 (+0.15)x10'*
m 2. Since the dislocation density is not uniform throughout the irra-
diated depth, the 2 um? area was further segmented into 100 nm thick
regions and the dislocation density in each segment was calculated by
the line-length method [37] (Fig. 3). The total number of dislocations
counted in sample 78f (0.2 dpa, 290 K) is almost twice as low as in 78g,
250 vs. 409. In sample 78f, the average defect length is 100 nm; 15% of
them are identified as loops and 85% as lines. Loops comprise 21% of the
total length and lines 79%. In sample 78g (0.02 dpa, 290 K), the average
defect length is 50 nm; 14% of them are loops, 86% are lines. The
number of the lines and loops is similar. The difference suggests larger
defects in 78f compared to 78g; among these, the loops are relatively
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ZA[110]

TEM - BF WB

Fig. 1. a) C-TEM overview micrograph of the TEM lamella for sample 78f (0.2 dpa, 290 K) with marked main features. b) The SAED pattern, indexed for W and
viewed in ZA [1-10]. c¢) BF-STEM reveals the defects (black lines), observed in the first 1.6 pm below the surface. d) Bright-field weak-beam (TEM-BF WB)
micrograph with corresponding SAED with marked two-beam condition for identification of dislocation lines and loops in the sample. e) The marked inset shows the

strings of dislocation loops following the {111} planes.
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Fig. 2. BF-STEM cross-sectional micrographs of sample 78f (red; 0.2 dpa, 290 K) and sample 78g (green; 0.02 dpa, 290 K). The first left most column shows the
overview BF-STEM micrographs with marked implantation depth (red dotted line), while the second and the third columns are magnified near-surface regions with

defects (marked arrows).

larger in 78f compared to 78g. In sample 78g it can be observed that
there are defects also beyond the damaged depth, which we attribute to
the Ga ion beam used for lamella thinning. For this reason, we compare
our dislocation density with those obtained in [9], where conventional
3 mm disk specimens were prepared by electropolishing, thus avoiding
the presence of FIB-induced defects. In [9], the lowest damage dose was
0.05 dpa. Multiplying the volume loop density of 2.1x10%? m~ with the

loop diameter of 8x10~° m, both given in Fig. 3 in [9], the resulting loop
density for 0.05 dpa is 1.68x10'*m~2. No lines were observed at this
dose. A similar loop diameter was observed on a W (100) single crystal
damaged to a damage dose of 0.04 dpa [20]. At a damage dose of 0.2
dpa, a loop density of 8.4x10'®> m~2 and a line density of 1.5x10'* m—2
were observed in [9], which together give a dislocation density of
2.3x10'"* m™2. Comparing these dislocation densities with those



S. Markelj et al.

4.0 T T v T T v T T T v T T
...m- 78f (0.2 dpa, 290 K) -
35- 2 —o—78g (0.02 dpa, 290 K) _|
1N\
_ 30- 7 ]
e |
o 2549, i
=, | ".,,.....-lv-....
=
2 2.0 w .
[} *
© 4
-
0 1.5- .
1.0 E W
'i.,..l
0.5 d T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400
Range [nm]

Acta Materialia 263 (2024) 119499

60 v T d T v T v T d T v T v T
w78 (0.2 dpa, 290 K) |
. - —o—78g (0.02 dpa, 290 K)
504 . .a % §
w 3
) ]
40 - . w . . .
- "o oo M.
@) SO /NS J
3 AN NN ™
g 30 1 / SR o\ - 4
VAN
o] ."._ 1
PR L]
10 — o A
M T T T M T M T T T M T M T
0 200 400 600 800 1000 1200 1400
Range [nm]

Fig. 3. Left: Depth distribution of the dislocation density derived by the line-length method for sample 78f (0.2 dpa, 290 K, red data) and sample 78g (0.02 dpa, 290

K, green data). Right: Depth distribution of the total number of dislocations.

obtained from our study (Fig. 3), we can see that the density is over-
estimated by a factor of two for our sample 78g with 0.02 dpa. However,
the dislocation density obtained in our case for the 0.2 dpa sample is in
good agreement with the one from [9]. The TEM sample preparation
procedure in [9] avoids FIB-induced damage; however, the sample is
prepared parallel to the surface, and only a limited depth can be
analyzed. In this case, the TEM sample was thinned at the peak of the
SRIM-calculated damage profile.

3.2. C-RBS measurements

The RBS measurements were performed in channeling configuration
on the samples. As mentioned above, the multi-energy ion beam analysis
was used. For this purpose, four He beam energies were used: 4.5, 4.0,
3.5 and 3.0 MeV, impinging the samples along the (111) direction.
Spectra of samples 78g (0.02 dpa, 290 K) and 78f (0.2 dpa, 290 K)
measured at 4.5 MeV “He energy with the RBS detector at 170° scat-
tering angle are shown in Fig. 4. As mentioned before, sample 78g was

Depth [um]
3.0 2.5 2.0 1.5 1.0 0.5 0.0
4000 — T T . .
4 RBS:C, 4.5 MeV 4-|e, Q=12 ij, Fixed Detector i

0 ||||||!&
1000 1500 2000 2500 3000 3500 4000 4500
Energy (keV)

Fig. 4. C-RBS spectra in (111) channeling direction obtained at 4.5 MeV at
170° scattering angle. The channeling spectrum obtained on the non-irradiated
half of sample is called “Pristine”. The “Random”, spectrum was obtained by
adding 100 spectra collected for a combination of theta, tilt positions around
the (111) direction.

half covered during the W-ion irradiation in order to have a defect-free
single crystal for reference. RBS spectra were acquired on both sides: on
the undamaged side, denoted as Pristine’, and on the W-ion irradiated,
damaged side (0.02 dpa, 290 K) of the single crystal. Moreover, the
undamaged side of the sample was used to obtain also the so-called
‘Random’ spectrum. All these four spectra are shown in Fig. 4. The
spectrum labelled as ‘Random’ was obtained as described above in the
Experiment section. Starting from the aligned (111) orientation, the
sample was rotated around with a combination of 6 and tilt angles, in the
0 range from —3° to 3° and in a tilt range from —3° to 3°. All recorded
spectra are then summed into the Random spectrum.

As already mentioned, the yield for the random orientation is the
highest compared to the samples oriented in the channeling direction,
since it is considered as a non-aligned material with a huge quantity of
scattering centers. Such a spectrum is also obtained when a classical RBS
spectrum is recorded on a polycrystalline W. However, when the RBS
spectrum is recorded in the axial channelling direction (111), the pris-
tine sample exhibits a very low backscattering yield, meaning that the
outer most atoms efficiently shadow the more inner atoms of the lattice.
For all measured spectra in the channeling direction, a sharp small peak
is observed at the highest energy. This is the so-called surface peak, since
the surface has a different distribution of atoms than the bulk due to
surface reconstruction or surface impurities such as oxides. From the
pristine and random spectra, the minimum channeling yield ymin can be
calculated, which is defined as the ratio of the yield of the aligned
channel orientation to that of the random orientation at the channel just
below the surface peak (~ 20 channels behind) in the spectrum of the
pristine crystal [17]. According to spectra shown in Fig. 4, ymin ~ 1.3 %,
which means that this sample has a very good crystalline quality [13].
On the other hand, the damaged samples (78f: 0.2 dpa; 78g: 0.02 dpa)
exhibit intermediate backscatter yields compared to the other two
spectra; it can be seen that the sample that saw the largest dose shows a
higher yield, which means that its structure contains a larger concen-
tration of defects (and tends more towards an amorphous material than
sample that received a lower dose). It is important to note that the
channeling spectra recorded on W-irradiated samples do not show a
clear damage peak but are characterized by enhanced dechanneling
yield that increases with the analysing yield [17]. Similar behavior was
observed also on W damaged to high dose at elevated temperatures [10].
A process called dechanneling occurs when some channeled ions are
slightly deflected into a non-channeling direction, behaving as a beam in
random direction [38,13]. For this reason, in the case of the damaged
samples we can observe that the backscattering yield is only changing its
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slope, at an energy of 3.1 MeV for sample 78f and 3.3 MeV for sample
78g, as marked in the figure. There, the slope of the spectrum decreases
and approaches that of the spectrum of the pristine W. This is the
so-called ‘knee point’, where the first high energy yield is due to chan-
neled ions backscattering directly from the displaced atoms in the
sample and after that the signal is due to dechanneling [38]. The depth
scale shown on the top axis is estimated on the basis of the stopping
power from SRIM with surface energy approximation [13]. It can be
observed that the knee point for the sample 78f is at about 1.2 ym and for
the sample 78g it is at 0.8 um, which is in very good agreement with the
observed depth of the defects observed by TEM analysis. We can deduce
from the graphs that the RBS-C technique is sensitive to the damage
induced by the irradiation, even for the low dose. When the damage in
the crystal is increased, the backscattering yield is increased due to the
presence of more/larger defects in the crystal. This is observed in the
graphs by an increase in the backscattering yield.

When collecting the spectra for “Random”, for each point of (6; tilt),
the spectrum for backscattered yield was recorded on pristine sample
and the integral of the spectra was calculated in the region of interest
just below the surface peak. The integral value is assigned to the
orientation (0; tilt). For the present experiment, this was obtained for
100 (6; tilt) combinations, resulting in the 3D crown that is shown in
Fig. 5a. The minima in the 3D crown show the positions of the planar
channels. By connecting the minima one obtains in the cross section the
axial (111) channeling direction. Fig. 5b shows the angular scan for 6
from —2° to 2° at a fixed tilt angle (0°), where the data present the in-
tegral of the backscattered yield on the pristine sample. The integral of
the spectra was calculated in the region of interest just below the surface
peak. It can be seen that the (111) axial channel is deep and well-
defined. The minimum backscattering yield is close to zero in the
(111) axial channel orientation showing the high crystalline quality
(low defect concentration) of the pristine substrate. The calculated half-
angle 12 (pristine) is 0.89°.

3.3. Modeling

In order to understand the nature of defects in the irradiated W
samples, we compare the C-RBS spectra obtained in the experiments
with simulations using the RBSADEC code [14,25] for all four damage
levels, i.e. pristine, damaged to 0.2 dpa (78f) and to 0.02 dpa (78g) and
fully disordered (Random). The temperature of the simulated targets
was set to 290 K. The detection angle and resolution in the simulation
were set to be the same as was in the experiment: The detector was at a
scattering angle of 170° and had a resolution of 16.5 keV, as was

¢
N
S
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determined from the rise of the RBS edge in the experimental data.

Before comparing the C-RBS spectra from MD simulations of over-
lapping cascades with the experimental spectra, we used the common
approach of randomly displaced atoms (RDA) to estimate the damage
profile, which can reproduce the C-RBS spectra measured in the exper-
iments. First, we constructed a new atomistic W cell with a size similar to
the m-cells (1.5 ym in z-direction and 19 x 20 nm? in lateral dimension).
The z-direction of the cell is along the (111) axis. In the pristine structure
we randomly displaced atoms gradually from the surface to the bulk and
compared the simulated C-RBS signal with the experimental one. The
atoms were allowed to be randomly displaced in a region with a volume
of one-unit cell. When a good agreement between these signals is ach-
ieved, the atoms from the next layer (deeper into the bulk) are displaced.
Finally, the complete C-RBS spectrum of a simulated structure looks
identical to the experimental one and the damage profile expressed in
RDAs is obtained. Note that in these simulations, the structure is not
relaxed, hence, no information about the nature and the structure of the
defects can be deduced.

According to the best fit of the simulated and experimental spectra,
shown in Fig. 6, the RDA profiles for the two damaged samples are
presented in Fig. 7. There, the RDA profiles are represented by the lines
with different colors, while the blue-shaded profile shows the calculated
primary damage profile of 10.8 MeV W-ions with a maximum damage
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S 4000 4
o
—
S 3000
o
2 2000 -
>

1000 4

- -~ — A
0

1500 2000 2500

Energy (keV)
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Fig. 6. C-RBS experimental and simulated spectra at “He energy of 3 MeV for
the two damaged samples together with the ones for the pristine and random.
The simulations were performed using randomly displaced atoms and their
depth profiles were adjusted to fit the experimental spectra.
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Fig. 5. a) 3D backscattering yield plot (“crown™) showing the backscatter yield for the pristine half of sample 78g with 3 MeV “He for combinations of 0 and tilt. b)
Backscattered yield measured as a function of rotation angle 0 for 0° tilt at 4.5 MeV “He energy.
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Fig. 7. RDA profiles of damaged samples (samples’ ID’s and the corresponding
irradiation conditions are indicated) and the dpa profile of 10.8 MeV W ions on
W calculated by SRIM (the blue-shaded area) for which the maximum damage
dose is 0.2 dpa.

dose of 0.2 dpa. The primary damage profile was calculated by SRIM
using the *Quick calculation of Damage’ option, with an incident angle
of 7° and a threshold displacement energy of 90 eV [39,21]. Comparison
of Figs. 6 and 7 leads to the following observations:

i) To fit the surface peaks of the C-RBS spectra generated from the
samples 78g and 78f (see Fig. 6), it was necessary to insert RDAs
in the surface region, with a rather larger value of approximately
8 % of all atoms in this region, as can be seen in Fig. 7 (sharp
peaks in the surface region). However, it should be noted that a
similar surface peak is also found in the pristine sample. Thus, it is
likely that this small peak indicating surface disorder is not
related to the irradiation-induced damage but could originate for
example from surface oxide, as already mentioned in section 3.2.

ii) The maximum damage dose produced by W-ion irradiation at
290 K in sample 78f is ten times the maximum dose in sample 78g
according to the SRIM calculations (0.2 dpa and 0.02 dpa,
respectively). However, the maximum values of RDA required to
reproduce the C-RBS spectra of samples 78f and 78g in the bulk
region differ only by a factor of 1.8, as shown in Fig. 7 (15 RDA vs.
8.5 RDA, respectively). Moreover, the depths of the peaks of the
RDA profiles that were used to fit the experimental C-RBS spectra
do not coincide with the depth of the damage peak that was
predicted by SRIM, especially for the high dose sample 78f. We
also see that the higher the damage dose the deeper the RDA peak
is located.

iii) The deeper location of the RDAs compared to SRIM prediction (e.
g., beyond 1200 nm) which was necessary to reproduce the C-RBS
spectra could be explained by significant dechanneling by larger
structural defects. Indeed, large dislocation lines or dislocation
loops were observed by TEM. They were formed at shallower
depths, but provide strong contribution to the spectra, effectively
corresponding to the deeper RDAs.

From the analysis of Figs. 6 and 7 it is clearly concluded that the RDA
depth profiles, which are able to reproduce the experimentally measured
C-RBS spectra, unfortunately, do not provide a satisfactory under-
standing of the nature of the induced defect structure in irradiated W
samples. Therefore, this lack of agreement motivated us to use the
RBSADEC code to simulate the C-RBS spectra from the atomistic models
of the W lattice with realistic damage structure produced in collision
cascades by means of MD simulations.

Two MD m-cells were prepared according to the recipe previously
described in the Section 2.3 for the two W-ion irradiated samples: 78g
and 78f, with damage dose of 0.02 dpa and 0.2 dpa, respectively. Fig. 8
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Fig. 8. Distributions of dislocation densities in the MD m-cells built to imitate
the damage structure corresponding to the samples 78f and 78g, shown by red
and green solid lines, respectively. The dashed lines of the corresponding colors
show the depth distributions of the number of overlapping cascades simulated
to achieve the corresponding irradiation dose. The dpa profile of 10.8 MeV W
ions on W calculated by SRIM, for which the maximum damage dose is 0.2 dpa,
is represented by the blue-shaded region as in Fig. 7 (arrows pointing to the
right y-axis indicate the number of cascades).

shows the depth distribution of the dislocation densities in the MD m-
cells for these two samples. The dislocation densities in the MD cells
were detected using the dislocation analysis method in OVITO [40].
Dominant dislocation structures in our simulations were identified as
1%<111> dislocation loops of interstitial type. For both m-cells, the
dislocation densities were basically constant in the first 1 um region, in
which the average densities are around 0.7 x10®m™2 and
1.0 x10'® m™2 for samples 78g (0.02 dpa) and 78f (0.2 dpa),
respectively.

Fig. 9 shows the experimental C-RBS spectra obtained using the He
beam of different incident energies (3 - 4.5 MeV) on the <111>-oriented
W targets (dots) and the corresponding simulated spectra generated
from the MD structures (solid lines). The spectra of the samples 78f and
78g are shown as red and green lines, respectively. The agreement be-
tween the simulated and experimental spectra for sample 78g (0.02 dpa,
290 K) is excellent. Some peak-like signals are visible in the C-RBS
spectra (for example, the one in the spectrum of sample 78g measured
with 4.5 MeV He ions at about 2.7 MeV). These signals are caused by
artificial dislocations in the interface between the merged p-cells that
were not joined smoothly. Since the total number of peaks is limited and
their magnitude is relatively small, this interface effect should not have a
significant influence on the simulations, for example by changing the
main trend of the C-RBS curve.

It is worth noting that in these simulations the spectra were gener-
ated directly from the simulated structures and no fitting was applied.
For sample 78f (0.2 dpa, 290 K) the simulated spectra are lower than the
experimental ones, showing the lower level of disorder in the simulation
cells at this dose compared to the experiment. We also note that in the
experiment the “knee” points are more pronounced when a higher “He
energy is used, especially, for the sample 78f (0.2 dpa, 290 K). No
distinct “knee” points are observed in the simulated spectra. To under-
stand the reason of this difference, a more detailed analysis of the
measured C-RBS spectra with increasing He energy is performed. The
evaluation of the dependence of the relative disorder level f; on the
energy of the probing ions is conducted using the following expression:

zydfyp
Yr—=Yp

Ja

where yq, ¥, and y, are the RBS backscattering yields in the damaged,
pristine and random spectra, respectively. The relative disorder levels
calculated after the “knee” points at a depth of 1.25 ym for the two
damage doses are given in Fig. 10. For the low dose sample 78g (0.02
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Fig. 9. Comparison between the measured C-RBS spectra (dots) and the spectra generated from W-targets containing realistic defects generated using molecular
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Fig. 10. Relative disorder levels as a function of energy calculated from ex-
periments (square), and simulations using the RDA (circle) and MD
(rthombus) methods.

dpa at 290 K) a good agreement between the simulated data and
experiment is observed. Both show very weak dependence on probing
ion energy, which indicates that both experimental and simulated
structures developed similar defects, which are predominantly disloca-
tion loops. However, for the high dose sample 78f (0.2 dpa at 290 K)
there is a discrepancy in the energy dependence observed for simulated
and experimental C-RBS spectra. The relative disorder in the experi-
mental samples increases with increase of the probing ion energy, while
it stays constant for the MD cells and even reduces in the RDA-based
simulated spectra. Clearly, RDA-type defects do not capture the nature
of the defects formed at this dose in W. The discrepancy between

experiment and MD m-cells can be explained by the presence of dislo-
cation lines, which are clearly visible in TEM images and have a much
larger lateral scale than those grown in the size-limited MD cells. Hence,
the analysis of the relative disorder level as a function of ion probing
energy can be used to assess the dominant defects in irradiated targets.

4. Discussion

Using the RBSADEC code, the C-RBS spectra of displacement-damaged
W targets were simulated containing realistic defects generated by MD
calculations. A very good agreement between the simulated and experi-
mental C-RBS spectra was obtained for the low dpa sample 78g (0.02 dpa,
290 K) up to 4 MeV, with some discrepancy at 4.5 MeV. Not so good
agreement was obtained for the high dpa sample 78f (0.2 dpa, 290 K). As
seen in Fig. 2, the TEM analysis of sample 78g showed that at this irra-
diation dose, the defects produced in collision cascades organized them-
selves predominantly in dislocation loops, while in the sample 78f under
much higher irradiation dose, the dislocation loops are no longer visible
and dislocation lines become more dominat. From the TEM analysis, a
dislocation density of 3.19 (10.15)><1014rn’2 was obtained for sample
78gand 1.93 (+0.14) x 10" m~2for sample 78f. The finite size of the MD
cells limits the development of the dislocation structure and the simula-
tions of overlapping cascades with both doses resulted in the formation of
loops only. The dislocation densities obtained by MD are slightly different
for the two samples, namely, about 0.7x10'® m~2 for sample 78g and
about 1x10'® m~2 for sample 78f. Despite the two orders of magnitude
difference between the dislocation densities that were obtained in the MD
simulations and deduced from the TEM images, the agreement between
the simulated and the measured spectra as well as the energy dependence
of the disorder level is very good for the low dpa sample 78g.

A plausible explanation for the similarity of the measured and
simulated C-RBS spectra despite significant difference on the dislocation
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densities could be found by analyzing the size effect of dislocation loops.
For this purpose, the C-RBS dechanneling of a [001]-oriented W lattice
with only %<111> dislocation loops of interstitial type in it was
calculated. Circular dislocation loops were inserted into the W targets
using the BABEL program [41], and then were relaxed by MD using a
conjugate gradient algorithm. The same AT-ZN [34] interatomic po-
tential was used in these simulations. In all targets, the total number of
inserted interstitial atoms is about the same. Three different loop radii, r,
were considered ranging from 3a to 11a, where a = 3.17 A is the lattice
constant of W. A visualization of dislocation loops after the static
relaxation is shown in Fig. 11. More details on the model W targets can
be found in the supplementary materials.

After generating C-RBS signals from these new structures using
different He ion energies, the dechanneling fractions induced by the
dislocation loops were calculated. Fig. 12 shows the dechanneling
fractions per dislocation density as a function of He energy. They do not
show a strong energy dependence in the high He energy range. How-
ever, it is surprising to observe that a larger number of dislocation loops
(the left column in Fig. 11) results in a lower dechanneling fraction per
dislocation density (blue dots in Fig. 12) than in the structure with larger
dislocation loops (the right column in Fig. 11), but with lower density
(violet dots in Fig. 12). From this we conclude that as the loop size in-
creases, the dechanneling fraction (per dislocation density) also in-
creases. This can be explained by a dipolar effect [42] which can
compensate the lattice distortion with decreaseing loop size. Thus, the
dechanneling fraction per dislocation density is expected to increase
with the loop size until the dipolar effect is no longer effective. This
explains the agreement observed between the spectra generated from

Fig. 11. Visualization of model W targets containing »<111> dislocation
loops with different sizes after static relaxation. The initial radii of the loops are
3a (left), 7a (middle) and 11a (right), where a is the lattice constant of W.
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Fig. 12. Dechanneling fractions per dislocation density induced by dislocation
loops of different sizes as a function of incident He energies. (The arrow in-
dicates the increase of the loop radius, r.).

the MD produced damage with smaller loops but higher density and the
experimental ones with much larger loop size but lower density. In [9], a
dislocation loop size of about 8 nm in diameter and a loop density of
1.68x10™* m~2 were observed for a damage dose of 0.05 dpa, giving a
radius of 12 a. Since those analyses were free from ion-induced defects in
the TEM lamella, this gives additional support to the explanation why
we obtained good agreement between MD and experiment.

The same explanation does not apply to sample 78f with a much
higher dose of 0.2 dpa. In this sample, the TEM analysis shows mainly
dislocation lines and no loops. This is a crucial difference, which ex-
plains the poorer agreement between the two methods for the samples
irradiated at higher dose. Since it is not possible to develop the dislo-
cation loops beyond the simulation box, we cannot conclude whether
the dechanneling fraction will continue to increase when the dislocation
loops become large enough to become visible as lines in the TEM images.
While the limited size of the MD cells does prevent the formation of
micrometer-long dislocation networks, this is not a limitation of the
simulation by RBSADEC code since the RBS backscattering of individual
probing ions occurs from the dislocation core (which is a few A wide) or
from the highly strained atoms in its immediate vicinity (at most a few
nanometers from the core). The cell sizes of the MD simulation are much
larger than a few nanometers and are hence fully sufficient to describe
RBS/channeling also from dislocations. It is worth noticing that the
difference between the measured and simulated C-RBS spectra is less
dramatic at low *He ion energies. With increase of the *He ion energy
the difference is clearly increasing. The enhancement of the dechan-
neling from the dislocation structures at high energies of probing ions
remains to be understood. However, our results clearly indicate that the
use of different probing beam energies provides additional and com-
plementary information about the defect structure that is not accessible
by single energy C-RBS measurements. At the same time, the C-RBS
spectra obtained by using RDA do not provide any additional informa-
tion and do not follow the trend of the disorder level as a function of
energy of the probing beam. With the MD simulation the agreement in
the relative disorder level is better but not satisfactory. With such a
discrepancy in the dislocation density and the dependence on probing
energy, it is clear that the MD simulation needs to be further developed
in order to be able to explain the experimental results.

An explanation for the difference between the defect structures
observed in the experiment and MD simulations could be the different
damage dose rates between the experiment and MD. Indeed, the dose
rate in MD simulations is much higher than in the experiments carried
out here, due to the limited time- and size-scales reachable. However,
previous studies with tungsten have shown that these simulations [29]
do show comparable vacancy concentrations to experiments with tran-
sient grating spectroscopy [43] and deuterium retention measurements
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[44]. For other materials (high entropy alloys), these high dose simu-
lations [16] have yielded good agreement in the dislocation and defect
structures observed. In addition, even though the dose rate is higher, the
vacancies are immobile on simulation timescales, but practically also on
experimental timescales in tungsten. Therefore, vacancies should not be
dramatically affected by this discrepancy. On the other hand, in-
terstitials are very mobile, even on simulation timescales, eg. even in the
limited time reachable by MD they have time to combine and form
clusters, which is also seen. Thus, the effect of the dose rate discrepancy
should not be dramatic. The main difference is the size-scales reachable
in MD, which do not allow for extensive dislocation networks.

5. Conclusion

In this study, C-RBS spectra were measured in (111) axial direction
with a “He ion beam at four different energies on two W single crystal
samples irradiated with 10.8 MeV W ions at two different doses (78g:
0.02 dpa; 78f: 0.2 dpa) at 290 K and on the undamaged side of sample
78g. In addition, a Random spectrum was measured on the undamaged
side of sample 78g, corresponding to a non-aligned single crystal with a
large number of scattering centres. For the first time, measured spectra
were compared to simulated spectra using the RBSADEC code. For the
latter W targets containing realistic defects were generated using MD. A
very good agreement is reached between the simulated and the
measured spectra for the low dose sample 78g (0.02 dpa, 290 K), where
dislocation loops were observed both by TEM analysis and MD simula-
tions with overlapping cascades. In addition, a good agreement was
found for the energy dependence of the disorder level for this sample. An
explanation was given as to why we still observe a good agreement
between the measured and the simulated spectra, despite the difference
in the dislocation density between TEM and MD. For the high dose
sample 78f (0.2 dpa, 290 K) a discrepancy in the energy dependence was
observed for the simulated and experimental C-RBS spectra. The relative
disorder in the experiment increases with increase of the probing ion
energy, while it stays constant for the simulations with MD cells. In this
sample, the TEM analysis reveals mainly dislocation lines, while in the
MD simulation we obtain dislocation loops. Since it is not possible to
develop the dislocation loops beyond the simulation box, we cannot
grow the loops large enough to become visible as lines in the TEM im-
ages. For this reason, further development of the simulation approach
and understanding of how large structures affect the dechanneling of
ions is highly needed and further planned for future work.

Our results clearly show that the use of different probing beam en-
ergies provides additional and complementary information about the
defect structures that is not accessible by single energy C-RBS mea-
surements. For comparison, we have also simulated spectra using the
structures where the damage was created by RDA. We can conclude that
simulation of spectra by RDA does not give any additional information
on defect type and does not follow the trend of the disorder with increase
of the energy of the ion probing beam.

Finally, the main motivation for this work was to find out whether C-
RBS spectra can give us the information about the nature of defects, with
the help of simulations. This study is the first step of a broader goal to
create a database of different defects in materials and how the different
defects show up in C-RBS spectra. This would allow, on a longer times
scale, to study the evolution of defects in situ by C-RBS, for example
during annealing of the defects or during damage creation. With this
first study we have shown that the necessary prerequisite for the main
goal is the recoding of the C-RBS spectra with multiple-energy. There-
fore, the information about the nature of the defects can only be ob-
tained when the C-RBS spectra are recoded with multiple energies of the
probing beam. The study also revealed the weaknesses of the MD
modeling approach of limiting length scales which will be improved in
the future.
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