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Abstract 

 

To investigate the coupling between nuclear and electronic energy losses in UO2, we irradiated thin 

foils with 0.39 MeV Xe and/or 6 MeV Si ions at 93 K using single or simultaneous dual beam ion 

irradiations. The evolution of perfect dislocation loops was characterized by in situ transmission 

electron microscopy (TEM). Additional ex situ TEM characterizations at room temperature revealed 

for the first time in UO2 the presence of faulted Frank loops too small to be measured during in situ 

experiments and conventional bright field kinematical imaging conditions. 

For the single Xe irradiation, which favor dominant ballistic energy losses, we observed a continuous 

nucleation of small perfect dislocation loops, which increase in size for our last fluences by growing 

through mainly coalescence effect. Both the single Si and dual Xe & Si irradiations showed a coupling 

between nuclear and electronic energy losses, resulting in a significant loop density increase and a 

tangled line network formation, respectively. These phenomena occur at lower dpa levels, compared to 

the single Xe irradiation, likely resulting from the thermal spike effect of Si ions. The present results 

were compared to our previous work at 293 K to investigate the role of irradiation temperature on the 

energy losses coupling. For the Xe irradiation, the density increases and the loops are smaller at 93 K 

compared to 293 K, resulting from the uranium interstitials mobility being prevented or allowed. For 

the Si irradiation, the dislocation evolution kinetics are similar at both temperatures. The electronic 

excitations effect seems greater than the irradiation temperature effect in this temperature range. For 

the Xe & Si irradiation, the loop kinetics change resulting in a tangled line network formation is faster 

and thus the loop transformation into lines occurs at lower dpa levels at 93 K compared to 293 K. It 

appears that the irradiation temperature affecting the mobility of some small point defects reduces the 

electronic excitation effect in this case. 
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In pressurized water reactors, uranium dioxide (UO2) is the main material used as nuclear fuel. During 

in-pile irradiation, it is subjected to irradiation by various particles (neutrons, fission fragments, alpha 

and beta particles) and radiation (gamma). Several phenomena occur simultaneously such as: radiation 

damage accumulation, implantation of fission products, swelling. All these phenomena, coupled with 

an important thermal gradient between the pellet periphery and core, lead to significant changes in the 

material microstructure. 

The main source of irradiation damage is fission products (FPs). As they travel through matter, FPs 

lose energy through first mainly electronic interactions (collisions with electrons) and at the end of 

their path mainly by nuclear interactions (collisions with nuclei). However, in the reactor, it is difficult 

to know how the evolution of the microstructure is affected by the different irradiation parameters, 

given that they all act at the same time. It is therefore necessary to perform separate-effect studies, 

which is possible by using ion beam irradiations. In UO2, according to molecular dynamics (MD) 

simulations, atomic displacements induced by nuclear energy losses cause cascades of collisions in the 

crystalline structure. These cascades generate point defects, which lead to the formation of extended 

defects such as interstitial dislocation loops and small vacancy objects [1–6].  

In the literature, many ion irradiation studies have investigated the impact of the different irradiation 

parameters on the microstructure of UO2 or surrogate materials (such as CeO2 and ThO2). Several 

TEM characterization studies have focused on the creation and evolution of dislocations through 

irradiation with low-energy ions [5–15] or on the formation of ion tracks through irradiation with 

high-energy ions [16–19]. Recently, studies on the coupling between nuclear and electronic energy 

losses have been carried out in UO2 using simultaneous dual beam ion irradiations [20–22]. These 

studies have shown that the electronic contribution induces an acceleration of the evolution kinetics of 

interstitial-type loops in UO2, and that with a sufficient level of electronic energy loss, dislocation 

lines can be formed at lower dpa levels. However, these studies were carried out at room temperature, 

where the mobility of uranium interstitial clusters [23–26] is non-negligible and can induce point 

defect recombination at longer range and/or loop growth through interstitial absorption. The aim of the 

present work is to carry out a fundamental study of the coupled effect of nuclear and electronic energy 

losses in UO2, when the mobility of point defects has no or very few effect on the microstructure 

evolution during irradiation. It presents results obtained in situ by transmission electron microscopy 

(TEM) on thin foils irradiated with low-energy (0.39 MeV Xe) and/or "high-energy" (6 MeV Si) ions. 

Single and dual beam irradiations were carried out at 93 K on the JANNuS-Orsay facility. These 

results are also compared to the results of Bricout et al. [21] performed in the same conditions at 293 

K in order to investigate the irradiation temperature effect. 

 

2. Experimental procedures 

 

Polycrystalline pellets were made by sintering depleted UO2 powder at 1973 K for 4 h under Ar-H2 (5 

%). The pellets were cut into discs using a saw equipped with a diamond wire. After polishing of one 

side, they were annealed under an Ar-H2 (5 %) atmosphere at 1973 K for 24 h. They were mirror-

polished with colloidal silica suspension, and then annealed under Ar-H2 (5 %) atmosphere at 1673 K 

again for 4 h in order to maintain their stoichiometry (O/U = 2.00) and remove the damage induced by 

polishing. The average grain size was measured at 7.6 μm and the density at 97 % of the theoretical 

one (i.e. 10.95 g.cm
-3

). The tripod polishing technique was used to perform a mechanical thinning on 

the rough face, followed by a chemical etching that make use of a solution of nitric acid, glacial acetic 

acid and orthophosphoric acid at 393 K [27] to obtain thin UO2 foils with electron transparent areas. 

Irradiations were performed at the JANNuS-Orsay facility using the IRMA ion implantor and the 

ARAMIS accelerator [28] coupled with a TEM. All irradiations were conducted at 93 K to limit the 

defect mobility. The temperature was maintained constant at 93 K by cooling the sample holder with 

liquid nitrogen. The beam scanning parameters were adjusted to ensure a homogeneous fluence on the 

total surface of the thin foils. Irradiations were followed in situ using video monitoring available on-

                  



3 

 

site. Related to the previous study [21], and taking into account the available energy ranges in the 

JANNuS-Orsay facility, 0.39 MeV Xe and 6 MeV Si ions were selected to favor nuclear ((dE/dxnucl)) 

and electronic ((dE/dxelec)) energy losses in the thin foil, respectively. While 0.39 MeV Xe ions induce 

mainly ballistic damage, whose depth profile is well matched with the thickness of the thin foils 

(between 50 and 150 nm), 6 MeV Si ions are the best compromise in terms of electronic contribution. 

Indeed, these ions have the highest level of electronic energy losses of all the ions available in the 

JANNuS-Orsay facility, even if they have also a non-negligible level of nuclear energy losses in the 

thickness range of the thin foils. These irradiation parameters, presented on Fig. 1 and Tab. 1, were 

calculated using the Iradina code [29]. Atomic displacements and implanted ions profiles were 

determined using the full cascade mode (setting for each atom its replacement energy equal to its 

threshold displacement energy [30], [31]). Energy losses profiles were obtained using the ion profile 

only mode. The threshold displacement energies were set to 40 eV for U [32] and 20 eV for O [32,33]. 

All fluences were converted in dpa values, which were obtained from Iradina calculations and 

averaged over the measured thickness of the thin foils (around 150 nm). 

 
Fig. 1. Iradina calculations of (a) depth distribution of atomic displacements and implanted ions concentration calculated at 

the fluence of 1 × 1014 Xe/cm² and (b) depth distribution of nuclear and electronic energy losses of 0.39 MeV Xe and 6 MeV 

Si [29]. In this depth area, the atomic concentration of Si ions is zero and the averaged dpa value is equal to 0.01 dpa (for 1 × 

1014 Si/cm²). 

Tab. 1. Irradiation parameters for the Xe and Si ion beams. Energy losses and dpa values were averaged over the EELS 

measured thickness of the thin foils. 

Ion Xe
3+

 Si
3+

 

Energy (MeV) 0.39 6 

Ion flux (×10
11

 ions.cm
-2

.s
-1

) 1 2 

dpa flux (×10
-4

 dpa/s) 3.9 0.2 

Elec. energy losses (keV/nm) 0.3 5.3 

Nucl. energy losses (keV/nm) 2.1 0.04 

Ratio of energy losses (elec/nucl) 0.1 129.5 
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Several fluence steps were selected for detailed observations at 93 K of the UO2 thin foils 

microstructure by TEM. Various irradiations were performed: 

- Single beam irradiation with 0.39 MeV Xe
3+

 ions (up to 4 × 10
14

 Xe/cm²), which served as the 

reference for nuclear damage. Due to beam time restriction, it was not possible to achieve 

higher fluences. However, the same irradiation was carried out in our previous work [14] in a 

wider fluence range and can be directly compared (dpa should be averaged over the sample 

thickness of 50 nm). 

- Single beam irradiation with 6 MeV Si
3+

 ions (up to 7 × 10
14

 Si/cm²), to investigate the 

coupling between its predominant electronic energy losses and its own low nuclear 

contribution. 

- Simultaneous dual-beam irradiation with both Xe and Si ions (referred to as Xe & Si) to 

investigate the coupling between nuclear and electronic energy losses. Fluence steps were 

chosen to remain in the case where the beam with the predominant electronic contribution (Si 

ions) does not generate its own visible defects at the TEM scale but interacts with the defects 

created by the high nuclear contribution of the Xe ions. 

 

During the Xe & Si irradiation, the flux ratio between Si and Xe ion beams was maintained at a value 

of 2.0 ± 0.1. To prevent sample heating, the flux of 6 MeV Si ions was limited to 2.10
11

 ions.cm
-2

.s
-1

. 

During irradiation, a thermocouple, as close as possible to the thin foils, was used to monitor the 

temperature. Flux values in dpa, calculated with Iradina, are given in Tab. 1. 

The thickness of the samples was measured by electron energy loss spectrometry (EELS) using a GIF 

TRIDIEM GATAN. The value of the used collection semi-angle was 5.87 mrad. Thickness was 

deduced from the log-ratio method using the following formula [34]: 

     (
  
  
) ( )  

Where IT is the total intensity of the EELS spectrum, I0 the intensity of the zero-loss peak, and λ the 

electron mean free path for inelastic scattering. The value of λ was set to 175 nm, according to Reyes 

et al. [35] taking into account our used collection semi-angle. Data were acquired using Gatan Digital 

Micrograph software. The mean thicknesses of the probed areas are about 150 nm. Uncertainties for 

sample thickness are set to 10 % [36]. 

In situ TEM characterizations were carried out during the irradiation with a 200 kV TECNAI G² 20 

Twin TEM (with LaB6 source and spatial resolution of 0.27 nm) equipped with a GATAN OneView 

1095 4k x 4k camera. The loop density and average size were measured with the ImageJ software, 

from the characterization of between 20 and 400 loops per irradiation fluence step, with a diffraction 

vector g oriented along one of the cubic UO2 〈   〉 directions. According to Hirsch and Steeds [37], 

for fcc lattice, assuming a homogeneous loop population, the fraction of invisible dislocations with a  
 

 
〈   〉 Burgers vectors b is about 

 

 
 for g = 220 reflections. According to several studies performed on 

UO2 irradiated with neutrons [1] or ions [5,6,11], dislocation loops (larger than about 5 nm in 

diameter) exhibit Burgers vectors along the 〈   〉 directions. According to calculations, faulted 

dislocation loops with Burgers vectors along the 〈   〉 directions exist but should be smaller than 2 

nm in UO2 [38,39]. To our knowledge, no experimental observations are available in the literature for 

the latter in UO2, probably because they are too small to be observed and/or characterized by 

conventional bright field imaging conditions and extinction methods (g.b = 0). Indeed, very small 

loops (< 1 nm) often show very weak contrast or are completely invisible under bright-field 

kinematical imaging conditions. Rel-Rod dark field imaging technique applied in other materials, like 

ThO2, allows highlighting small faulted loops [40]. This technique was applied to our samples after the 

ion irradiations and revealed a high density of very small faulted loops with a mean diameter of about 

1 nm. During the in situ experiments, performed at lower magnifications, most of the characterized 

loops present diameter higher than 1.5 nm. Very few of these faulted loops were thus taken into 

account in the determination of density and average size presented in this study (less than 10 % of 
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them). A discussion about the magnification effect and the faulted loop characterization is available in 

Appendix 2.  Thus, the real perfect loop density should be higher by a factor of 1.2 (for 〈   〉 

reflections) than the one measured on the TEM images. In the paper, only real loop densities (where 

the factor 1.2 is applied) are presented. 

As the observed dislocation loops have often an elliptical shape, their size was defined as the length of 

their longest axis. Uncertainty for dislocation loops densities was determined using the following 

formula: 

            √(
 

√ 
)
 

 (
  

 
)
 

 ( )  

Where dloop is the loop density, N the number of measured loops, t the thickness of the studied area and 

Δt the uncertainty for the thickness (set to 10 % of the thickness). 

Uncertainty for dislocation loop average size was determined using the following formula: 

            √(
 

√ 
)
 

 (
   

     
)

 

 ( )  

Where øloop is the loop average size and Δpx the relative pixel error on the length measurement, which 

was estimated to 2 pixels (about 0.9 nm for a magnification of × 50 K, and 0.6 nm for a magnification 

of × 80 K). 

 

3. Results 

 

To begin, the impact of the single beam irradiations is studied on UO2 thin foils irradiated with either 

0.39 MeV Xe (nuclear contribution) or 6 MeV Si (predominant electronic contribution) ions. Then, a 

second part presents the microstructure evolution with simultaneous dual Xe and Si ion beam 

irradiation (Xe & Si). 

 

3.1. Single beam irradiations 

 

3.1.1. Nuclear energy loss regime (0.39 MeV Xe ions) 

 

The evolution of the microstructure was followed during irradiation with the video monitoring on-site. 

Fig. 2 displays the bright field (BF) TEM micrographs of the thin foil irradiated with 0.39 MeV Xe 

ions at 93 K at increasing fluences and dpa levels (up to 4 × 10
14

 Xe/cm² that corresponds to 1.56 dpa). 

The images were recorded with diffraction vectors oriented along one of the cubic UO2 〈   〉 

directions. The fresh sample does not exhibit extended defects at the TEM scale (Fig. 2(a)). Starting 

from 4 × 10
12

 Xe/cm² (not shown here), dislocation loops are generated upon irradiation, appearing as 

small black dots with a size of a few nanometers. With the fluence increase, the loops number 

increases (Fig. 2(b-e)). At the final irradiation fluence (Fig. 2(e)), loops are more numerous and some 

of them appear to be larger in size. Nevertheless, no dislocation lines are yet observed.  
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Fig. 2. BF TEM images of polycrystalline UO2 thin foils (a) unirradiated and irradiated at 93 K with 0.39 MeV Xe ions at (b) 

1 × 1014, (c) 2 × 1014, (d) 3 × 1014 and (e) 4 × 1014 Xe/cm². The inset shows the diffraction pattern. All dpa values were 

calculated with Iradina averaged on the thickness of the thin foil. The diffraction vectors are oriented along one of the cubic 

UO2 〈   〉 directions. 

The density and sizes distribution of the dislocation loops were measured from these images and then 

plotted as a function of dpa (Fig. 3). 
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Fig. 3. (a) Evolution of the dislocation loop density and (b) distribution of loop sizes at the different dpa levels induced by 

irradiation with 0.39 MeV Xe ions at 93 K. Experimental values were obtained with a diffraction vector oriented along one of 

the cubic UO2 〈   〉 directions. The real loop density factor of 1.2 was applied to the density values. 

The loop density increases with the dpa level: it rises from (3.8 ± 0.5) × 10
16

 loops/cm
3
 (at 0.39 dpa) to 

(6.0 ± 0.7) × 10
16

 loops/cm
3
 (at 1.56 dpa). Regarding the distribution of loop sizes, at 0.39 and 0.78 

dpa most of the loops are smaller than 5 nm. At 1.17 dpa, larger loops with sizes ranging from 5 to 10 

nm are formed, representing 8.8 ± 1.3 % of the total loops. At 1.56 dpa, this proportion has risen to 

15.4 ± 2.2 %. A small proportion (< 2 %) of larger loops with sizes between 10 and 20 nm is observed 

at 1.17 and 1.56 dpa. Given the small proportion of larger loops at 1.17 and 1.56 dpa, the mean loop 

size increases slightly through the irradiation (from 2.0 ± 0.7 to 3.5 ± 0.8 nm). The results are in good 

agreement with our previous data [14] where the final fluence achieved was higher and the interaction 

of loops to form entangled dislocation lines was evidenced between 2.2 and 2.9 dpa. 

 

3.1.2. Predominant electronic energy loss regime (6 MeV Si ions) 

 

The microstructure evolution was also followed during the irradiation on UO2 thin foils with 6 MeV Si 

ions, which have a predominant electronic contribution compared to their lower nuclear contribution. 

Fig. 4 shows the BF TEM micrographs of the thin foil irradiated with 6 MeV Si ions at 93 K at 

increasing fluences and dpa levels (up to 7 × 10
14

 Si/cm² corresponding to 0.07 dpa). The images were 

recorded with diffraction vectors oriented along one of the cubic UO2 〈   〉 directions. No extended 

defects were observed at the TEM scale before irradiation (Fig. 4(a)). At low fluences, only a few 

dislocations loops are visible near the edges, i.e. in the thinnest areas (less than 50 nm thick), with 

sizes of few nanometers (Fig. 4(b-c)). Starting from 3 × 10
14

 Si/cm², very small loops are also visible 

in the thicker areas (about 150 nm thick) (Fig. 4(d)). Beyond this irradiation step, the number of these 

small loops increases (Fig. 4(e-f)). 
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Fig. 4. BF TEM images of polycrystalline UO2 thin foils (a) unirradiated and irradiated at 93 K with 6 MeV Si ions at (b) 7 × 

1013, (c) 3 × 1014, (d) 5 × 1014 and (e) 7 × 1014 Si/cm². The inset shows the diffraction pattern. All dpa values were calculated 

with Iradina averaged on the thickness of the thin foil. The diffraction vectors are oriented along one of the cubic UO2 〈   〉 
directions. 

The dislocation loops were measured and their density and size distribution were determined from 

these images and plotted as a function of dpa (Fig. 5). The two first irradiation steps are not shown in 

the sizes distribution, due to the limited number of loops (less than 30 loops), which results in a non-

statistical representation of their size. 
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Fig. 5. (a) Evolution of the dislocation loop density on a logarithmic scale and (b) distribution of loop sizes at the different 

dpa levels induced by irradiation with 6  MeV Si ions at 93 K. Experimental values were obtained with a diffraction vector 

oriented along one of the cubic UO2 〈   〉 directions. The real loop density factor of 1.2 was applied to the density values. 

The sizes of the two first irradiation steps are not shown due to the limited number of loops, which results in a non-statistical 

representation of their size. 

The loop density remains low (< 10
15

 loops/cm
3
) during the first two irradiation steps. At 0.03 dpa, it 

rises to (2.4 ± 0.4) × 10
15

 loops/cm
3
 as the small loops have started to nucleate/be visible at the TEM 

scale in the thicker areas. Between 0.03 and 0.05 dpa, the loop density increases, reaching a value of 

(7.6 ± 1.0) × 10
16

 loops/cm
3
, and it continues to rise until the end of the irradiation ((1.1 ± 0.2) × 10

17
 

loops/cm
3
). Regarding the distribution of the loop sizes, at 0.03 dpa, the distribution shows the 

presence of larger loops with sizes between 5 and 20 nm, which are formed since the beginning of the 

irradiation in the thinnest areas. Starting from 0.05 dpa, the proportion of these loops decreases due to 

the high number of smaller loops being formed in thicker areas. At 0.07 dpa, the proportion of these 

small loops now represents almost all of the observed loops (98.8 ± 8.7) %. Note that, the contrast as 

well as the apparent size of the small loops (< 10 nm) can change according to the foil thickness and 

the depth of the loop in the foil [41]. For example, dislocation loops lying close to the foil surface 

often show black–white contrast and are often sized from dynamic two-beam micrographs, whereas 

loops lying towards the center of thicker foils do not show well-developed black–white contrast and 

appear as black dots (e.g. under kinematical bright-field conditions, or when they lie between or 

outside the black–white layers). These different contrasts can lead to more or less variations in the 

measured loop diameter. However, some studies in other materials [42] have also shown that the 

nature and size of the loops induced during ion irradiations in temperature can vary according to the 

thickness of the zone studied. To limit free surface effects on loop characteristics, it seems important 

to study thick samples, especially in temperature. 

It is important to take into account the Si dpa value from which the density of loops created by Si 

increases significantly. Indeed, in the case of the Xe & Si dual beam irradiation, the proportion of 

loops created by Si above this limit becomes non-negligible. It can lead to a misrepresentation of the 
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effect of Si electronic contribution on Xe ballistic damage. In the present case, the limit has been 

determined at 0.03 dpa (3 × 10
14

 Si/cm²) for the Si beam. 

 

3.2. Dual beam irradiation 

 

After studying the independent single beam effect for each contribution, the dual beam Xe & Si 

irradiation was performed. Fig. 6 presents the BF TEM micrographs of the thin foil irradiated 

simultaneously with both 0.39 MeV Xe and 6 MeV Si ions at 93 K at increasing fluences and dpa 

levels (up to 2 × 10
14

 Xe/cm² or 0.80 dpa). The flux ratio between Si and Xe ion beams was 

maintained at a value of 2.0 ± 0.1. The images were recorded with diffraction vectors oriented along 

one of the cubic UO2 〈   〉 directions. At low fluences, few dislocations loops appear, with sizes of a 

few nanometers (Fig. 6(b)). Starting from 5 × 10
13

 Xe/cm², numerous dislocation loops are formed 

(Fig. 6(c)). As the irradiation progresses, the loops number increases (Fig. 6(d-e)). At the final 

irradiation fluence of 2 × 10
14

 Xe/cm², the dislocation loops transform into a network of tangled lines, 

with the remaining presence of large dislocation loops, which have not yet be transformed into lines 

(Fig. 6(f)). The appearance of the first lines was observed experimentally using video monitoring on-

site at 1.6 × 10
14

 Xe/cm² (or 0.65 dpa), indicating that the transformation of loops into lines occurred 

rapidly between 1.6 × 10
14

 and 2 × 10
14

 Xe/cm². 

 
Fig. 6. BF TEM images of polycrystalline UO2 thin foils (a) unirradiated and irradiated at 93 K with simultaneous dual 0.39 

MeV Xe and 6 MeV Si ion beam at (b) 1 × 1013, (c) 5 × 1013, (d) 7 × 1013, (e) 1 × 1014 and (f) 2 × 1014 Xe/cm². The insets 

show the diffraction patterns. All dpa values were calculated with Iradina averaged on the thickness of the thin foil, Xe and Si 

dpa values being added up. The diffraction vectors are oriented along one of the cubic UO2 〈   〉 directions. Due to the 

breaking of the first studied area during irradiation, images (a) – (b) and (c) – (f) were taken at different areas of the thin foil. 

The dislocation loops were measured and their density and sizes distribution were extracted from these 

images and plotted as a function of dpa (Fig. 7). For each fluence step, Xe and Si dpa values were 

added up. 
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Fig. 7. (a) Evolution of the dislocation loop density and (b) distribution of loop sizes at the different dpa levels induced by 

irradiation with simultaneous dual 0.39 MeV Xe and 6 MeV Si ion beam at 93 K. Experimental values were obtained with a 

diffraction vector oriented along one of the cubic UO2 〈   〉 directions. The real loop density factor of 1.2 was applied to the 

density values. In Equation (2), as the first term governs the other two terms, the density uncertainties for the first and last 

points are lower. 

As observed on the micrographs, the loop density increases rapidly between 0.04 and 0.40 dpa. At 

0.40 dpa, the density reaches its maximum value of (7.2 ± 1.0) × 10
16

 loops/cm
3
. Between 0.40 and 

0.80 dpa, a significant decrease in density is observed, corresponding to the transformation of loops 

into lines, decreasing their density to (2.3 ± 0.4) × 10
16

 loops/cm
3
. Regarding the distribution of loop 

sizes, between 0.04 and 0.40 dpa, most of the loops observed have sizes smaller than 5 nm. A small 

proportion of larger loops with sizes between 5 and 10 nm are highlighted. At 0.80 dpa, the proportion 

of small loops (< 5 nm) is significantly reduced (62.4 ± 8.4 %) and much larger loops, up to > 20 nm, 

are now observed. This increase corresponds to the presence of the large dislocation loops that have 

interact and thus grown but not yet transformed into lines.  

 

4. Discussion 

 

4.1. Coupling between nuclear and electronic energy losses at 93 K 

 

To investigate the coupling between nuclear and electronic energy losses, single and dual ion beam 

irradiations were performed using 0.39 MeV Xe and/or 6 MeV Si ions at 93 K. Fig. 8 gathers the 

loop/line density evolutions of the single Xe, Si and dual Xe & Si ion beam irradiations, plotted as a 

function of fluence and dpa. 
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Fig. 8. Evolution of the dislocation loop/line density during irradiation with 0.39 MeV Xe and/or 6 MeV Si ion beam at 93 K 

as a function of (a) dpa (b) fluence. All dpa values were calculated with Iradina averaged on the thickness of the thin foil, Xe 

and Si dpa values being added up in the case of Xe & Si. Experimental values were obtained with a diffraction vector 

oriented along one of the cubic UO2 〈   〉 directions. The real loop density factor of 1.2 was applied to the density values. 

During the sole Xe irradiation (Fig. 8(a), black curve), small dislocation loops with sizes between 1.5 

and 5 nm are mostly formed. Given the peaked nature of the Xe damage profile (Fig. 1), it is likely 

that the distribution of loops as a function of depth is not uniform and that most of the loops form in 

the first 100 nm of the thin foil with a maximum at about 30 nm, which matches the thickness of the 

thin foils. In our previous work [11], we showed that there is no loop denuded zone near edges of the 

sample irradiated at 93 K, indicating that the free surfaces have a limited effect on the loop density at 

this temperature. Their average size remains globally stable (2 – 3 nm) between 0.39 and 1.56 dpa, 

while the loop density increases. These results are in good agreement with the previous in situ 

observations performed on UO2 lamella also irradiated with 0.39 MeV Xe under the same low 

temperature conditions [14]: a continuous nucleation of small loops (< 5 nm), up to a high density 

value at around 2.2 dpa, before the loop interaction and formation of a tangled line network. In our 

work, a slight growth of the loop size is observed at 1.56 dpa whereas the loop density achieves a high 

value, so it is reasonable to believe that the loop interaction is close to occur as observed in our 

previous experiment [14]. As our final irradiation step is at 1.56 dpa, we should expect a 

transformation of loops into lines starting after our last fluence, although we would have needed to 

increase the damage level to witness the transformation. At 93 K, all point defects in UO2 have no or 

very low mobility [23–25]. Thus, the loop formation/growth by interstitial absorption should be 

limited. Therefore, it is likely that the loops are formed mostly into the collision cascade at 93 K. 

Given the small sizes of the loops and their limited growth, the material should be able to contain 

many loops before they interact for geometric reason. When the loops encounter each other, it is likely 

they grow by coalescence effect. The evolution of the dislocation loop density for the Xe & Si 

irradiation (Fig. 8(a), blue curve) occurs faster in fluence than the one of the sole Xe irradiation (Fig. 

8(a), black curve). Indeed, between 0 and 0.80 dpa, the Xe & Si irradiation induces the creation and 
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the growth of dislocation loops until the loops transform into lines (Fig. 8(a), green curve). The 

significant decrease of the blue curve matches the increase of the green curve, highlighting the loops 

transformation into lines. On the contrary, in the case of the Xe irradiation, between 0 and 1.56 dpa the 

loop density evolution is still in the phase of loop nucleation and beginning of their growth. Moreover, 

at a close level of damage around 0.8 dpa (Fig. 2(c) for Xe and Fig. 6(f) for Xe & Si), the dislocation 

populations of both microstructures are very different for equivalent thicknesses. Indeed, the 

microstructure after Xe irradiation contains numerous dislocation loops with no presence of any lines, 

whereas the microstructure after Xe & Si irradiation is already a tangled lines network. One effect of 

the coupling between nuclear and electronic energy losses highlighted here is an acceleration of the 

dislocation evolution kinetics. This result is consistent with the results of previous works on the 

coupling between nuclear and electronic energy losses in UO2 [20–22]. 

The increase of the dislocation loop density for the sole Si irradiation (Fig. 8(a), red curve) reaches 

higher loop density values but occurs later in fluence than for the dual Xe & Si irradiation. However, 

the levels of dpa induced by Si ions are much lower (Fig. 8(b), red curve) compared to Xe & Si, and 

even to Xe. Indeed, the microstructure exhibits numerous dislocations loops starting from 0.03 to 0.07 

dpa (Fig. 4(d-f)).The differences observed can be explained by different phenomena induced by the Si 

ions. It induces electronic excitations and ionizations, enhancing a thermal spike along the ion path, in 

a uniform manner over the entire thickness of the thin foil (Fig. 1). In the hot zone, the point defects 

diffusion is enhanced. In the case of the single Si irradiation, the significant effect of electronic energy 

losses from Si ions induces recombination and clustering directly inside the collision cascade. This 

effect is sufficient to ensure that the Si ions induce greater loop nucleation. However, as the Si ions 

generate very low dpa compared to the Xe ions, the effect occurs later in fluence (at least 3 × 10
14

 

Si/cm²). For a proper comparison between 6 MeV Si and 0.39 MeV Xe irradiations it is necessary to 

take into account the effect of the exogenous Xe atoms, which stop into the UO2 matrix in the latter 

case. Based on our previous study [14], by comparing the dislocation evolution kinetics induced by 4 

MeV Au and 0.39 MeV Xe ions at 93 K, it is assumed that the effect of exogenous Xe atoms on the 

loop evolution kinetics is negligible at 93 K. Indeed, 4 MeV Au have been selected to create the same 

amount of ballistic damage as Xe into the thin foil, but the large majority of Au atoms go through the 

thin samples without stopping into the UO2 matrix. Thus, the difference is likely due to the electronic 

effect and not to the effect of exogenous Xe atoms at this temperature. 

In the case of the dual Xe & Si irradiation, the effect of the electronic energy losses from Si ions 

occurs both inside and outside the Si collision cascade. Indeed, the Si ions interact also with small 

defects already created by the Xe ions. The defects may recombine or cluster to generate new extended 

defects visible at the TEM scale. Therefore, the coupling between nuclear and electronic energy losses 

occurs mostly outside the Si collision cascade and promotes the loop density increase, resulting in an 

acceleration of the transformation of dislocation loops into lines. 

In summary, it is worth stressing that an irradiation using the Si ions alone or simultaneously with low 

energy ions induces a different coupling between nuclear and electronic energy losses. The first case 

results in a coupling effect occurring mostly inside the collision cascade. The second case results in a 

coupling effect occurring both inside and outside the collision cascade, where the Si ions interact 

mostly with the defects generated by the Xe ions. 

 

4.2. Irradiation temperature effect 

 

To investigate the irradiation temperature effect, the results from the present work were compared to 

the results of the previous work of Bricout et al. [21]. They studied the coupling between nuclear and 

electronic energy losses in UO2, through single and dual beam irradiations at 293 K, using the same 

ions as the present study. Their density and dpa values were recalculated (see Appendix 1). 

Fig. 9 compares the loop evolution of the density and average size between 93 and 293 K for the sole 

Xe irradiation. Concerning the global evolutions of the loop density and average size, it appears that 

the density is higher and the average size is slightly smaller (taking into account the uncertainties) at 
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93 K compared to 293 K. In contrast to 93 K, where the uranium interstitials mobility is very low, at 

293 K, they have an enhanced mobility [23–26]. It could justify different mechanisms of interstitial-

type loop nucleation and growth depending on the temperature. 

  
Fig. 9. Evolution of the dislocation loop (a) density and (b) average size as a function of dpa during irradiation with 0.39 

MeV Xe ion beam at 93 K (present study) and 293 K (Bricout et al. [21]). Experimental values were obtained with a 

diffraction vector oriented along one of the cubic UO2 〈   〉 directions. The real loop density factor of 1.2 was applied to the 

density values. The thickness of the UO2 thin foils were about 150 nm at 93 K and 50 nm at 293 K. 

At 93 K, it is likely that the loop nucleation occurs mostly inside the collision cascade. Given the low 

mobility of the uranium interstitials, they may only recombine with uranium vacancies or cluster with 

their closest neighbor defects. It could explain why the loops are more numerous and have smaller 

sizes: a continuous nucleation occurs inside the collision cascade during the irradiation, but the 

generated loops have a limited growth. It is likely that the loops grow mostly by coalescence effect, 

when the density reaches high values, as a dislocation geometric covering occurs. On the contrary, at 

293 K, the nucleation may occur both inside and outside the collision cascade, as the enhanced 

mobility of uranium interstitial may allow them to cluster more easily. However, they may also 

recombine or be absorbed by loops more easily. It may explain why the loops are less numerous and 

have larger sizes: the loop growth may be enhanced by interstitial absorption, and so less interstitials 

may be available to cluster and form new loops. It is likely that the loops grow mostly by interstitial 

absorption at the beginning of the irradiation. In summary, for the nuclear contribution alone, at 93 K 

the smaller size of the loops may allow the material to contain more of them. After reaching a high 

saturation density value, the loops may grow rapidly through coalescence effects. In contrast, at 293 K 

the enhanced mobility of uranium interstitials may induce the formation of larger loops, but given their 

size the material can contain less loops before they interact or annihilate. These results are in good 

agreement with the literature results on the temperature effect at low dpa [5,7,11]. Note that free 

surface effects may be more significant at 293 K compared to 93 K. In our previous work [11], a loop 

depleted area about tens nanometers thick was highlighted in the edge areas for irradiations performed 

at 293 K, whereas at 93 K loops were observed in these thin edge zones. As point defects are more 
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mobile, the closest to surfaces may disappear more easily with free surfaces. Furthermore, if the elastic 

interaction energy of the loops with the surface is sufficiently high, surface image forces cause the 

prismatic loop to glide to the surface and disappear. Therefore, free surfaces may affect the final loop 

size and density values at 293 K. 

Fig. 10 presents the comparison of loop density evolution between 93 and 293 K for the dual Xe & Si 

and single Si irradiations. 

  
Fig. 10. Evolutions of the dislocation loop density as a function of dpa during irradiation with (a) simultaneous dual 0.39 

MeV Xe and 6 MeV Si ion beams and (b) single 6 MeV Si ion beam at 93 K (present study) and 293 K (Bricout et al. [21]) 

on a logarithmic scale. Experimental values were obtained with a diffraction vector oriented along one of the cubic UO2 
〈   〉 or 〈   〉 directions. For the Xe & Si irradiations, the real loop density factor of 1.2 was applied to the density values. 

For the Si irradiations, factors of 1.2 and 2 were applied respectively to the 93 K (g = 220) and 293 K (g = 111) density 

values, as the fraction of invisible dislocations is ½ for g = 111 reflections [37]. The thickness of the UO2 thin foils were 

about 170 nm at 93 K and 70 nm at 293 K. 

On the one hand, for the dual Xe & Si irradiation, at both 93 and 293 K it appears that the dislocation 

evolution kinetics is accelerated compared to the single Xe irradiation. However, for a similar level of 

damage (around 0.7 – 0.8 dpa, which corresponds to the final irradiation step of the present work), the 

dislocation populations differ. Indeed, at 93 K a tangled line network is already observed (Fig. 6(f)), 

while in the case of 293 K the loops have not yet transformed into lines [21]. Thus, it seems that the 

irradiation temperature influences the coupling between nuclear and electronic energy losses, as the 

lines transformation appeared to occur later at 293 K than at 93 K. As mentioned before, the 

irradiation temperature induces different dislocation populations for the sole Xe irradiation at 93 and 

293 K. Therefore, when the Si ions interact with the defects generated by the Xe ions, it is possible 

that the mobility of uranium interstitial point defects (prevented or allowed depending on the 

irradiation temperature) induces different nucleation and growth evolutions in both cases (93 and 293 

K, respectively). At 93 K, it is likely that most of uranium interstitials do not recombine before their 

interaction with Si ions. Conversely, at 293 K, it is likely that a part of uranium interstitials have 

already been absorbed by sinks, recombined with uranium vacancies or disappeared with free surfaces, 

leaving less interstitials available for the microstructure evolution. It may explain why the final 

0.01 0.1 1 10
0

2x1016

4x1016

6x1016

8x1016

1x1017

Xe & Si

 93 K (loops)

 93 K (lines)

 293 K (loops)

Displacements per atom (dpa)

R
e

a
l 
lo

o
p

 d
e

n
s
it
y
 (

lo
o

p
s
/c

m
3
) (a)

0

1

2

3

 L
in

e
 d

e
n

s
it
y
 (

x
1

0
1

0
 l
in

e
s
/c

m
2
)

0.001 0.01 0.1
1014

1015

1016

1017

Si

 93 K

 293 K

R
e

a
l 
lo

o
p

 d
e

n
s
it
y
 (

lo
o

p
s
/c

m
3
)

Displacements per atom (dpa)

(b)

                  



16 

 

microstructures are different for a same level of Xe damage. Thus, it is consistent with the larger loop 

sizes observed at 293 K by Bricout et al. [21], compared to the present work at 93 K. 

On the other hand, for the single Si irradiation, at both 93 and 293 K it appears that the loop nucleation 

is very important and reaches higher density values than in the case of the single Xe irradiation. 

However, the density and size evolutions are quite similar for the two temperatures. Thus, in this case, 

the effect of irradiation temperature may be negligible compared to the effect of electronic energy 

losses, which is occurring directly inside the collision cascade. 

Finally, it is worth stressing that the effect of irradiation temperature on the coupling between nuclear 

and electronic energy losses appears to differ in both cases. In the case of Xe & Si, it is possible that 

irradiation temperature has an effect on the amount of available uranium interstitials (generated in the 

Xe cascade), resulting in different microstructures before and after their interaction with Si ions. 

Conversely, in the case of Si alone, it seems that the effect of irradiation temperature becomes 

negligible compared to the effect of electronic energy losses in this temperature range. 

 

5. Conclusion 

 

Ion beam irradiations were performed at the JANNuS-Orsay facility to study the coupling between 

nuclear and electronic energy losses in UO2 at 93 K in order to have a low mobility of point defects 

(oxygen/uranium interstitials and vacancies). In situ TEM characterizations were carried out to follow 

the dislocation evolution under three different irradiation conditions. The effect of the irradiation 

temperature was also investigated through comparison of the present results with the results obtained 

at 293 K by Bricout et al. [21]. Single beam irradiations were performed to investigate the effect of 

either the nuclear (0.39 MeV Xe) or the predominant electronic (6 MeV Si) contribution. A 

simultaneous dual beam irradiation was carried out to study the coupling between both contributions. 

The nuclear contribution at 93 K shows a continuous nucleation of small perfect loops (with sizes 

mainly between 1.5 and 5 nm), which may grow through coalescence effect when the loop number 

reaches a high density limit. Additional ex situ TEM characterizations at room temperature revealed 

for the first time in UO2 the presence of faulted Frank loops too small to be evidenced during in situ 

experiments and conventional bright field kinematical imaging conditions. A coupling between 

nuclear and electronic energy losses was observed for both the single Si and dual Xe & Si irradiations: 

higher values of loop density and the formation of tangled dislocation lines at lower damage levels 

compared to the sole Xe irradiation, respectively. It is likely that the electronic energy losses of Si ions 

induce a thermal spike effect. In the case of the sole Si irradiation, it results in recombination and 

clustering inside the Si collision cascade. In the case of the Xe & Si irradiation, it interacts mostly with 

the defects generated by the Xe ions, outside the Si collision cascade. 

Then, the irradiation temperature effect on the nuclear contribution appears to increase the loop 

density and decrease the loop average size at 93 K compared to 293 K. It seems that the limited 

mobility of uranium interstitials results in a prevented loop growth in the first case, while in the second 

case the loop growth is enhanced but the loop nucleation is more limited. It also appears that loop 

nucleation occurs mostly inside the cascade at 93 K, while it may occur both inside and outside at 293 

K due to the enhanced mobility of uranium interstitials. 

Finally, it appears that the irradiation temperature has an effect on the coupling between nuclear and 

electronic energy losses. The Xe & Si irradiations show the transformation of dislocation loops into 

lines occurring at lower dpa levels at 93 K compared to 293 K. It seems that the irradiation 

temperature affects the recombination and clustering of small point defects before the Si ions interact 

with them. Conversely, the Si irradiations show a similar dislocation evolution kinetics between 93 

and 293 K. It appears that the effect of electronic excitations is greater than irradiation temperature 

effect in this range. 

 

Appendix 1 
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The thickness of the thin foils, affecting the dislocation loop densities and averaged dpa values, used 

from the previous study of Bricout et al. [21] have been recalculated according to the recent study of 

Reyes et al. [35]. The authors compared experimental data obtained in UO2 to different models to 

calculate the electron mean free path for inelastic scattering according to the collection semi-angle 

used, for the sample thickness measurements by EELS. They recommended to use the Jin model using 

the mean atomic number instead of the effective atomic number. Therefore, for a value of the 

collection semi-angle equal to 11.81 mrad, the modified Jin model gives the value of λ equal to 145 

nm for the data of Bricout et al. [21]. 

 

Appendix 2 

 

Additional ex situ TEM measurements were performed in order to investigate the presence of faulted 

loops, with Burgers vectors along the 〈   〉 directions. To identify these faulted loops, the Rel-Rod 

dark field imaging technique, as described in [40], was used at a high-magnification in order to better 

resolve small objects. This technique allows imaging the loops using fine-structure diffraction effects 

associated with the stacking faults. The magnification effect on the loop characteristics was also 

studied on this occasion. The UO2 thin foils were characterized at room temperature, after irradiation, 

with a FEI TALOS TEM operating at 200 kV at the LECA-STAR facility in CEA Cadarache, France 

(spatial resolution in TEM mode of 0.19 nm). The results of these additional characterizations are 

presented in Fig. A1: 
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Fig. 11. TEM images of polycrystalline UO2 thin foils at 293 K after irradiation at 93 K with simultaneous dual 0.39 MeV Xe 

and 6 MeV Si ion beams at 2 × 1014 Xe/cm². Images were recorded in BF mode with diffraction vectors oriented along one of 

the cubic UO2  〈   〉 directions (a–b), and  〈   〉 directions (c).  (d) Image was recorded in DF mode with Rel-Rod 

condition. The insets show the diffraction patterns. 

The Rel-Rod DF technique clearly reveals the presence of small faulted loops with Burgers vectors 

along the 〈   〉 directions (Fig. A1(d)) which present very weak contrast or are completely invisible 

under BF imaging conditions (Fig. A1(b, c)). The measured density is found at (1.4 ± 0.1) × 10
17

 

loops/cm
3
. Regarding their size, although difficult to measure, the average size is about 1.0 nm, and all 

faulted loops have a diameter of less than 2 nm, in good agreement with calculations [38,39]. Size 

distribution of these faulted loops obtained in Rel-Rod DF mode (Fig. A1(d)) was compared to the one 

obtained in BF mode (Fig. A1(b)) with a diffraction vector along the 〈   〉 direction at the same 

magnification. Then, to study the effect of magnification on the loop size distribution, measurements 

were also conducted at a lower magnification (Fig. A1(a)). Finally, all these values were compared to 

the ones obtained in situ at low-magnification in order to state if faulted loops have been mistaken 

with perfect loops. The different loop size distributions are represented on Fig. A2: 
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Fig. 12. Distribution of loop sizes for different imaging conditions and magnifications: BF mode with a diffraction vector 

oriented along one of the cubic UO2 〈111〉 directions at × 94 K (Fig. A1(a)) or × 310 K (Fig. A1(b)), BF mode in in situ 

low-magnification condition, and Rel-Rod DF condition at × 310 K (Fig. A1(d)). 

To begin, the Rel-Rod DF distribution (where only faulted loops are measured) shows that, although a 

small proportion of loops (about 10 %) have a size larger than 1.5 nm, most of the loops (about 90 %) 

have a size between 0.5 and 1.5 nm. The BF high-magnification (× 310 K) distribution shows that 

about 50 % of the counted loops have a size larger than 2 nm, and therefore are expected to be perfect 

loops with Burgers vectors along the 〈   〉 directions. The BF low-magnification (× 94 K) 

distribution shows that all the measured loops have a size larger than 1.5 nm, with most of the loops (> 

75 %) being larger than 2 nm. This result is not surprising since magnification has an impact both on 

the resolution limit and on counting statistics. Finally, the BF in situ distribution also obtained at a 

low-magnification shows that only about 10 % of the counted loops have a diameter between 1.5 and 2 

nm, corresponding to possible faulted loops. Therefore, the decrease of magnification reduces the 

number of faulted loops mistaken with perfect loops, since the latter are mainly smaller than 1.5 nm 

and it is difficult to resolve such small objects at low-magnification. It appears that only a small 

proportion of faulted loops may have been counted as perfect loops. This proportion is estimated to be 

less than 10 % of the total of counted loops in this work. 
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