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Neutron induced damage in future nuclear materials can be studied using heavy ion beams only if the differences
in the microstructure evolution are well understood. Large variations in the damage dose rate, caused by
scanning of the ion beam, can alter the microstructure compared to steady-state irradiation. We study the effect
of scanning on the microstructure by irradiating pure iron with a 10 MeV Fe ion beam to a dose of 0.2 dpa. The
beam is scanned in one direction with frequencies of 200 Hz and 10 kHz. Different shapes of the beam are also

used to study the effect of dose variation. All of the irradiations are conducted at room temperature using the
DiFU chamber at RBI. TEM analysis shows differences between the narrow beam and defocused irradiation
modes, including unusual void formation observed at 10 kHz. A wider beam reduces the effect of scanning speed
and no voids are found in this scanning case.

1. Introduction

The development of future fusion power plants requires an extensive
database of material behavior under neutron radiation and the resulting
radiation damage [1]. Experiments under such conditions have not been
technically feasible so far due to the lack of an intense fusion neutron
source such as IFMIF-DONES [2 3]. Heavy ion irradiation in the MeV
range, either in single beam or dual beam mode, is among the methods
used to study defects generated in these conditions [4 5]. This method
enables significant doses to be achieved within several days, though it
requires accounting for differences in fundamental physics and a limited
analysis area.

The dose rate in ion irradiation experiments, measured in dpa/s
(displacements per atom per second), is larger than that of a typical
reactor environment by one to two orders of magnitude [5]. To obtain a
uniform dose over the sample surface, so called scanning or rastering of
the beam over the sample surface is often employed. In this way a
further increase in the instant dose rate is created, as well as large var-
iations in the dose rate over time. Though in some designs fusion re-
actors operate in pulsed mode such dose rate variations are in general
considered to be neutron atypical and they have the potential to affect
the evolution of microstructure under irradiation [6].

A few studies of this rastering or pulsing effect have been conducted
comparing the microstructure obtained with a scanned beam to that
obtained with the constant beam or “defocused” irradiation mode [7 8
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9]. Lee et al. [7], investigated pulsing effects with periods of 60 sand 1 s
in a Ni irradiated austenitic stainless steel alloy. Low (1 dpa) and high
(70 dpa) dose samples irradiated at high temperature with and without
helium co-injection exhibited reductions in size of both interstitial loops
and voids when pulsing. This was attributed to the pulsing period being
comparable to the vacancy lifetime of < 1 s. Getto et al. [8] conducted a
similar study of Fe irradiated iron alloys pre-implanted with different
quantities of He and observed similar suppression of microstructural
evolution when scanning. In the discussion it is suggested that raster
scanning at frequencies of over 500 Hz with the experimental conditions
shown should eliminate pulsing effects. Finally, and most similar to the
present study, Gigax et al. [9] irradiated pure iron at frequencies of
0.244,1.94 and 15.6 Hz, as well as with a defocused beam at 450 °C. The
scanning in all cases showed a reduction in the void swelling compared
to the defocused case, and the swelling further decreased with an in-
crease in scanning frequency. Such a decrease is explained by the va-
cancy emission during the beam-off period. Similar studies in tungsten,
another fusion-relevant material, report variation of the microstructure
depending on the dose rate [10 11], but no difference in deuterium
retention depending on the dose rate or irradiation mode [12].
Scanning of the beam is essentially pulsing on a microstructural
level. Related research in semiconductors involves the use of pulsing
beams to study defect diffusion in cascades [13 14]. Here it is found that
the disorder, i.e. damage, as measured with RBS in channelling mode,
depends on the pulsing rate of the beam. Based on the available data the
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ASTM E521-16 [15] standard currently recommends to use a defocused
beam spot in ion irradiations of nuclear materials with a small amount of
homogenization (“wobbling”) [5] if needed.

From a theoretical point of view, the generation and destruction of
defects in time can be modelled with kinetic rate theory for which
detailed work exists [6 16 17 18]. More recently simple models which
describe a radial diffusion of the defects from the cascade have been
shown to align with the experimental data [11 13]. In the limiting case
of very fast pulsing (i.e. high scanning frequencies) it is predicted that
the defect evolution would proceed as in the continuous case.

However, to our knowledge no studies have been conducted of the
effect of scanning frequencies in the 10 kHz range or of the effects of
beam shape. The purpose of this work is a further investigation of the
microstructural effects of beam scanning as a study of the best practices
of ion irradiation. We investigate different beam spots, shown sche-
matically in Fig. 1 and scanning frequencies of 200 Hz and 10 kHz as
well as a static beam. We refer to these beam spot shapes as the narrow
beam, wide beam, and defocused beam, respectively.

2. Methods

The study focuses on high-purity iron, produced under contract
EFDA-06-1901. The iron was processed to achieve a recrystallized state
through a 70 % cold reduction and subsequent heat treatment at 700 °C
for an hour, followed by natural cooling. Details about the alloy chem-
ical composition, the average grain size post heat treatment and dislo-
cation density can be found elsewhere [19 20]. The distribution of these
dislocations was found to be uneven across the sample, although the
density was very low. Before irradiation, 1 cm discs were cut from a
cylinder using a slow-speed diamond saw, polished using the conven-
tional route to a mirror finish, and electropolished with Struers’ Lec-
troPol using a sulfuric acid and methanol solution (4:1) at 15 °C.
Subsequently, they were ultrasonically cleaned in pure ethanol to avoid
oxidation phenomena. Self-ion irradiations were conducted at RBI in the
DiFU chamber of the Laboratory for ion beam interactions [21] using a
10 MeV Fe®* beam obtained from the Tandem Van de Graaff accelerator.
The beam’s energy is determined using a 90° analyzing magnet. To
obtain the desired shape and size of the stationary beam magnetic
quadrupole focusing is used. Scanning is then conducted using Danfysik
electrostatic scanning plates connected to high frequency Matsusada
amplifiers. The amplifiers obtain an input triangle wave signal from a
custom made scanning board, and amplify it to up to a voltage of + 10
kV. An oscilloscope was used to check the correct shape and frequency of
the amplifier signal. The shape of the irradiation spot is determined by a
slit system, and the current measurement is made using a Faraday cup
with a secondary electron suppression electrode. Plasma cleaning before
and after the irradiations and a liquid nitrogen cold trap were employed
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in order to minimize the carbon build-up [22]. A residual gas analyzer
was also employed during the entire experimental process. The vacuum
during the experiment remained on the order of 10" mbar with no high
mass impurities corresponding to carbon. Further details regarding the
experimental chamber can be found in a separate reference [21].

The damage profile is given in Fig. 2. It is calculated with SRIM using
the Kinchin-Pease method and a displacement energy of 40 eV [23]. The
0.2 dpa value stated refers to the average of the damage along the first
micrometer of the sample. This is the main area of interest in order to
avoid the injected interstitial effect and ensure a mostly uniform damage
profile. The recommendation to use the KP method is based on in-
consistencies found in the Full Cascade calculation, which claims to be
the more accurate method [23]. Recently the IRAD code [24], a modi-
fication of Iradina [25], was published which resolves these in-
consistencies. With this code in the full cascade mode we obtain an
approximately 25 % larger damage, i.e. 0.25 dpa. Both profiles are re-
ported in Fig. 2 along with the ion fluence of 1.1 x 10> ions/cm? for
reference.

The defocused beam was made by spreading the beam spot over a
wide area using the quadrupoles and then cutting the edges with the slit
system. Two different types of scanned beam spot were used, a narrow
spot of 1 mm FWHM of the size typically used for scanning and a “wide
beam” approximately 7 mm in FWHM. Scanning of the beam was con-
ducted only in the horizontal direction to simplify the analysis, a scan-
ning area of 1x1 cm? was defined using the slit system to cover the entire
sample. The frequency is defined using a custom-made program which
defines the scanning over a certain number of pixels. Both the dwell time
per pixel and total number of pixels can be adjusted. The values of the
dwell time for different frequencies are given in Table 1. Scanning was
conducted over 10 evenly spaced pixels for all of the scanned irradia-
tions. The frequency is therefore equal to f = 1/10T,, where Ty is the
dwell time. For the narrow beam spot the beam-on time is taken to be
identical to the dwell time, while the beam-off time is the remaining
time of the scanning period. This would not be an accurate picture for
the wide beam case as in this case the size of the beam spot is compa-
rable to the size of the irradiation area. Therefore, for the WB10000
sample the beam-on and beam-off times of 70 ps and 30 ps are estimated
as the time spent inside and outside the 7 mm FWHM of the beam during
a scan. In this way the values remain consistent with those reported in
the narrow beam case. However, it needs to be emphasized that the dose
rate is never exactly zero in this case as shown in Fig. 1.

Shapes of the beam were adjusted using a scintillating quartz. The
profile of the wide beam was measured also with the custom made beam
profile monitoring system as described in [21] and shown in Fig. 1. With
the wide beam case a static beam irradiation (without scanning) was
also made as a control. All of the experiments were made at room
temperature. Potential beam heating was monitored by an IR camera

Beam profile without scanning
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Fig. 1. Left - schematic depiction of the dose rate with different beam shapes used and their image on the scintillating quartz. Right — the wide beam shape as

measured on the beam profile monitoring system [21].
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Fig. 2. Dpa and ion implanted concentration inside the sample.

Table 1

The scanning parameters of the samples analyzed. The average dose rate is approximately the same for all samples, but the peak dose varies due to the scanning effect,

as shown schematically in Fig. 1.

Sample Description Pixel dwell time (ps) Beam-on time (ys) Beam-off time (ps) Peak dose rate (dpa/s)
LDO (defocused) o o © 2.4x10°
LD200 (200 Hz narrow beam) 500 500 4500 2.4x10*
LD10000 (10 kHz narrow beam) 10 10 90 2.4x10*
WB static (wide beam) 0 o © 3.9x10°
WB10000 (10 kHz wide beam) 10 70 30 3.9x10°

and a thermocouple mounted on one of the samples. Neither the camera
nor the thermocouple detected significant heating, with the maximum
temperature recorded being 34° C.

S/TEM analysis of the irradiated materials required the extraction of
lamellae, approximately 5 x 4 um in size and 50 nm thick, from areas of
interest regarding the material’s response. Conducted at the University
of Zaragoza’s Advanced Microscopy Laboratory (LMA, Zaragoza, Spain),
a Helios 600 Dual Beam microscope facilitated the sample preparation.
The protocol began with an electron beam-deposited platinum protec-
tive layer (1.4 um thick, 12 x 1 um area) at 30 kV and 93 pA. Subsequent
rough thinning by a Gallium ion beam defined two trapezoidal sections
flanking the platinum, progressing to a 1 um thickness. The platinum-

welded lamellae were then secured onto a copper TEM grid. The final
thinning, cautious to prevent over-reduction and potential microstruc-
tural alteration, was performed at low beam currents and polished with
voltages down to 2 kV, including a grid rotation for uniformity. The final
step consisted in a Low Ar kV ion polishing, using PIPS. Observations of
these lamellae utilized a 200 kV JEOL 2100HT and a JeolTEM/STEM
3000F, at CNME (Complutense University of Madrid, Spain).

3. Results and discussion

Most radiation-induced defects appear as black dots several nano-
meters in diameter (Fig. 3 and Fig. 4). These are embryo-type dislocation

Fig. 3. TEM images of different samples showing “black dot” type defects using a defocused beam (left) and rastered at 200 Hz (right).



T. Dunatov et al.

Nuclear Materials and Energy 38 (2024) 101628

LD 10000

Fig. 4. TEM images of the LD10000 sample. Left — the black dot type dislocation defects are visible. Right — Image of the voids observed in the 10 kHz narrow beam
irradiated sample. Overfocused (black contrast) and underfocused (white contrast) micrographs.

loops (also known as black dots) too small to determine their burger
vector just analyzing the shape and knowing the habit plane as pub-
lished in [26]. It is well known that at room temperature the point de-
fects are not sufficiently mobile to cluster into larger dislocations, so
they create the initial state of eventual loops. Pinning of the dots to
mechanically induced dislocations is also observed. Surprisingly, on the
sample irradiated at 10 kHz void formation was also discovered as seen
in Fig. 4.

Voids are observed in clusters, seemingly aligned along crystallo-
graphic planes. Similar behavior is seen in irradiations conducted under
strain [27]. Such a partially ordered microstructure also resembles so-
called void super-lattices. These are highly ordered lattices of defects
which are found under certain conditions, generally having the same
lattice structure as the metal itself [28 29]. Quantitative analysis of the
defect sizes was performed manually using the ImageJ software package
[30]. The distribution of sizes was compared for images of similar res-
olution (~3 pixels/nm) to ensure consistency in the measurement. For
each image the counting was also divided in several sections, to confirm
there is no significant variation in defect size between them. Histograms
of the black dot distributions are shown in Fig. 5. In the defocused case,
defects are on average 3.4 nm in diameter. For the narrow beam scan-
ning mode an increase of the average size of defects to approximately 4
nm is observed in the 200 Hz scanning regime as well as a wider dis-
tribution of defect diameters. Increasing the scanning frequency to 10
kHz reduces the average defect size to a value of approximately 3.3 nm,
with a distribution close to the defocused case.

The distribution of voids peaks at an average diameter of 12 nm, with
the voids clustering together in groups of several as seen in Fig. 4. Larger
voids seem to be formed by the smaller ones combining.

LD 10000 void diameter
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Due to these unexpected results, STEM was also conducted to
confirm that the results are independent of the specific diffraction
conditions used in TEM. Indeed, it was confirmed that the defects are
randomly distributed without preferential ordering. Because of the
simpler interpretation STEM images were chosen as more suitable for
the analysis in the wide beam case (Fig. 6). The microstructure is similar
with all three samples studied, with the only notable difference being
the smaller standard deviation of the wide static beam case. No void
formation is observed in any of the wide beam irradiated samples. This
seems to indicate that the wide beam “wobbling” indeed reduces the
scanning effect as assumed.

The wider distribution of defect sizes when scanning can be
explained by the fluctuation in the dose rate during irradiation. A
cascade diffusion theory [31] predicts that the variance of the number of
defects collected by a cluster is a function of the defect diffusion time,
which depends on the dose rate. This variance becomes especially sig-
nificant for damage production in timescales on the order of the defect
diffusion time.

Previous studies have shown a decrease in defect size with the
scanning beam, opposite to that found here. However, those studies
were conducted at high temperature conditions, where vacancies are
more mobile. For instance, Lee et al. [7] suggest that the decrease in loop
size occurring at 1 dpa is a result of the residual vacancies from the
damage pulse arriving at dislocation loops during the beam-off time. The
low vacancy mobility at room temperature should reduce this effect.
Apart from the beam-off annealing, differences in dose rate should also
be considered, as the narrow beam scanned case has a larger instant dose
rate. One should therefore expect a larger equilibrium concentration of
defects during each scanning pulse. This should be the case for both the

Black dot size distributions
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Fig. 5. Distributions of voids and black dot type defects in the narrow beam irradiated samples.
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STEM defect size distributions
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Fig. 6. STEM images of the wide beam samples compared to the defocused irradiated sample, along with the distribution of defect sizes.

200 Hz and 10 kHz samples, however it is possible that the high fre-
quency pulsing does not reach an equilibrium state as will be discussed
later.

The void formation is very unexpected as the vacancies at room
temperature should not be sufficiently mobile to cluster into voids. In
the low dose and low temperature regime recombination of vacancies
and interstitials is expected to be the dominant interaction. While it is
possible that the narrow beam causes an instant local increase in the
temperature of the sample, such an increase would also be observed in
the sample irradiated at a lower frequency and the heating effect should
in fact be larger there.

Nucleation of voids can also be precipitated by impurities such as
carbon which is known to build-up in iron in ion-irradiation experiments
[32 33]. However, contamination mitigation methods ensured that the
vacuum was of high quality throughout and indeed EELS measurements

conducted alongside STEM found no significant contamination. The
possibility of carbon or other elements being included as an impurity in
the beam itself was excluded in previous tests [21], as no such impurities
were found deep in the samples and the 90° analyzing magnet provides
good filtering of the ion beam. Finally, since several samples were
mounted in the chamber at the same time, any contamination effect
would be seen in more than one sample.

It would therefore seem more likely that the void creation effect is a
consequence of the short beam-on time. The characteristic diffusion
length of an interstitial during a pulse can be found as L = v/Dz, where
D = Doexp( —4£) is the defect diffusion constant and 7 the beam-on time.
From literature the migration energy of interstitials in pure iron is
approximately 0.2 eV [34], taking this value and a value of Dy = 1.25 x
10" em?/s calculated from the Debye frequency and geometric param-
eters of iron, we obtain values of L = 23 nm and L = 166 nm for the 10
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ps and 500 ps pulses respectively. As stated before statistical fluctuations
of defect arrival times at sinks are expected to become important for
extremely short pulses. This is stated in [31] as the condition that r<<ﬁ,
where k is the effective sink strength in units of m~!. Short diffusion
lengths therefore correspond to non-equilibrium states and large sta-
tistical fluctuations.

Detailed rate theory calculations [6 17] take into account all the
aspects of defect loss to sinks. By neglecting defect recombination, Gurol
and Ghoniem [18] obtain simple expressions which show the growth of
the vacancy concentration in time during very fast pulsing. This is
caused by the slow diffusion of vacancies, which means that they are not
completely lost during the beam-off time. Interstitials, however, are
significantly more mobile and are quickly lost to sinks so that they never
increase above the equilibrium value. The literature regarding defect
super-lattice formation [28 29] notes that some vacancy clusters (loops)
are formed directly from the collisional cascade (cascade collapse) and it
is suggested that this contributes to the super-lattice formation. The
incomplete ordering observed here does not exhibit all of the properties
of a superlattice, but we believe that this cascade effect could be relevant
in the high-frequency results of the present work. We suggest therefore
that the void creation and clustering is a combination of the non-
equilibrium state of the defects and the cascade collapse effect. A
more detailed understanding of the process would require further data at
higher doses and temperatures, as well as a more in depth theoretical
calculation which is beyond the scope of this paper.

4. Conclusions

In this study, self-ion irradiation of iron to a dose of 0.2 dpa reveals
differences in defect evolution depending on the irradiation mode. Key
observations include the identification of larger defects and a broader
distribution of defect sizes in the low-frequency scanning mode
compared to the defocused mode. Notably, the high-frequency (10 kHz)
narrow beam scanning mode was associated with the nucleation of large
voids, a phenomenon not observed under other irradiation conditions.
This suggests that the very short pulsing periods characteristic of high-
frequency scanning do not reproduce the constant beam case.

The results seem to qualitatively indicate that the variation of the
dose rate induces variation of the defect arrival times and defect growth
rate. The very short beam-on time in the 10 kHz narrow beam scanned
case is the likely cause of the void nucleation which is not observed in
the other samples. Scanning with a narrow beam at high frequency
therefore does not reproduce the defocused microstructure at fre-
quencies of this magnitude. Basic defect diffusion length calculations
suggest that this is due to the beam-on time which is not large enough to
reach an equilibrium state. Our results also suggest that defocused beam
scanning, or “wobbling,” can mitigate some of the effects seen with
narrow beam scanning, producing a microstructure more akin to that
observed with defocused irradiation. The implications of these findings
can be significant in the context of developing materials for nuclear
fusion applications where radiation tolerance is critical, and ion irra-
diation is one of the methods used.

For future work, we recommend:

e Extending the study to include a broader range of materials,
including other metals and alloys more relevant to nuclear applica-
tions, to assess the generalizability of our findings.

Investigating the effects of beam scanning modes at higher doses and
temperatures to better understand the mechanisms driving the
observed microstructural changes and to explore the potential for
tailoring material properties through controlled irradiation
strategies.

Employing advanced modeling techniques to simulate the defect
evolution under various irradiation conditions, providing deeper
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insights into the physical processes at play and guiding experimental
efforts.
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