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Abstract 

Understanding irradiation effects induced by elastic energy loss to atomic nuclei and inelastic 

energy loss to electrons in a crystal, as well as the coupled effect between them is a scientific 

challenge. Damage evolution of LiNbO3 irradiated by 0.9 and 21 MeV Si ions at 300 K has 

been studied utilizing Rutherford backscattering spectrometry and channeling technique. 

During the low-energy ion irradiation process, damage accumulation produced due to elastic 

collisions is described utilizing a disorder accumulation model. Moreover, low electronic 

energy loss is shown to induce observable damage that increases with ion fluence. For the 

same electronic energy loss, velocity of the incident ion could affect the energy and spatial 

distribution of excited electron, and therefore effectively modify the diameter of the ion track. 
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Furthermore, nonlinear additivity phenomenon of irradiation damage induced by high 

electronic energy loss in pre-damaged LiNbO3 has been observed. The result indicates that 

pre-existing damage induced from nuclear energy loss interacts synergistically with inelastic 

electronic energy loss to promote the formation of amorphous tracks and lead to rapid phase 

transformation, much more efficient than what is observed in pristine crystal solely induced 

by electronic energy loss. This synergistic effect is attributed to the fundamental mechanism 

that the defects produced by the elastic collisions result in decrease in thermal conductivity, 

increase in the electron-phonon coupling, and further lead to higher intensity in thermal spike 

from intense electronic energy deposition along high-energy ion trajectory. 

Keywords: Coupled model; Irradiation effect; Order to disorder phase transformation; 

Microstructure formation mechanism   
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1. Introduction 

Lithium niobate (LiNbO3) crystal, as one of the most attractive ferroelectric functional 

materials due to its outstanding acousto-optic, electro-optic and nonlinear properties, has 

been widely used in the optical communication, laser technique and other optics applications. 

In the past several decades, much of research attentions have been carried out to understand 

the performance evolution of LiNbO3 crystal in an irradiation environment and applications 

of property modification by ion irradiation in this material [1-4]. So far, the physical 

mechanism of the irradiation damage induced by the nuclear energy loss due to elastic 

collisions between energetic ions and target nuclei has been well understood [5-8], and recent 

studies have also revealed that LiNbO3 crystal is very sensitive to ionizing irradiation and can 

be readily damaged due to electronic excitation primarily produced by inelastic collisions 

between ions and target electrons, which could be reasonably explained utilizing the thermal 

spike model [8-11] or models based on the accumulation of radiation-induced point defects 

(defect-assisted phase transition) [12-18]. Moreover, ion-beam-induced plastic deformation 

(atomic rearrangement provoked by electronic excitation and ionization) has been found in 

completely-disordered metallic glasses, but not crystalline metals [19,20], which reveals that 

the material in its amorphous phase would be more sensitive to the electronic energy loss 

than in its crystalline phase. Based on a recent publication in crystalline metal and complex 

alloys with distorted lattice [21], the possible impact from energy dissipation to defect 

evolution has been reported. Their findings show that changes in altered energy dissipation 

have a profound impact on defect dynamics, suggesting a direct correlation to radiation 

resistance. While energy dissipation pathway can be altered by compositional complex [21], 
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the more localized heat can also be achieved from the existence of the disorders. Therefore, 

under nuclear energy deposition, the sensitivity of materials to electronic energy loss could be 

enhanced due to the formation of displacement damage. Based on experimental results of low 

and high energy ion irradiations in recent years, intense electronic energy loss could induce 

either competitive or synergistic effects with the nuclear energy loss in some ceramic crystals 

and metallic materials: (a) electronic energy loss from high energy ion irradiation could 

induce epitaxial crystallization behavior at the amorphous/crystal interface, or damage 

annealing of the partly-damaged materials, as competitive effects represented by SiC 

[5,7,22-24], quartz [25], or some pure metals [20]; (b) defects produced by elastic collisions 

could greatly enhance intensity of thermal spike induced by intense electronic energy loss 

during high-energy ion irradiation, and therefore promote formation of amorphous tracks and 

significantly increase the damage production in the crystal, as synergistic effects represented 

by SrTiO3 [26,27], InP or GaAs [28]. It is, therefore, fundamental to understand the 

correlation and interaction between the nuclear and electronic energy loss in LiNbO3 crystal 

under ion irradiation.  

Sequential irradiation of He and Fe ion with relative low energy has revealed the enhanced 

accumulation behavior of irradiation damage in LiNbO3 crystal. However, this, ultimately, 

has been attributed to the formation of long-range strain/stress field coming from the 

irradiated He inclusions [29]. In view of all the above-mentioned irradiation effects, it should 

be quite attractive to study the damage behavior of LiNbO3 crystal irradiated by ions with a 

wide energy range in order to further evaluate irradiation effect induced by non-correlated 

nuclear collisions and electronic excitations, and the possible competitive or synergistic effect 
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between these two kinds of interactions and the coupled irradiation phenomenon [6,7,30,31]. 

In this work, z-cut LiNbO3 crystal with (0001) surface normal zone axis direction was 

irradiated at room temperature (300 K) with low (0.9 MeV Si+) and high (21 MeV Si7+) 

energy Si ions separately and also sequentially. Based on the Rutherford backscattering 

spectrometry (RBS) and channeling technique, the main purpose of this work is to better 

understand the damage evolution behavior of LiNbO3 crystal resulting from different ion 

energy deposition processes: with the ion energy of 0.9 MeV and 21 MeV, with variables of 

nuclear and electronic energy loss, and ion fluence.  

2. Simulation and experiment details 

2.1. SRIM simulation 

As shown in Fig. 1(a), the nuclear and electronic energy loss profile induced by 0.9 MeV Si+ 

or 21 MeV Si7+ ions in LiNbO3 are determined through SRIM 2012 full-cascade simulation 

code [32,33], in which the density of 4.65 g cm-3 and threshold displacement energies of 25 

eV for Li, 25 eV for Nb and 28 eV for O sublattices were used [34]. The SRIM-predicted 

damage profile is determined from the sum of the predicted Li, Nb and O vacancy 

concentrations and the replacement events. Under 0.9 MeV Si+ irradiation, the calculated 

conversion factor at damage peak (~ 650 nm) from ion fluence (1014 cm-2) to dose in 

displacements per atom (dpa) is 0.054 at an incident angle 7° off the surface normal 

to avoid channeling effects. At the damage peak (~ 650 nm) of 0.9 MeV Si+ (0.03 MeV/amu) 

irradiation, the electronic energy loss is ~ 0.7 keV/nm and the nuclear energy loss is ~ 0.24 

keV/nm, which indicates that the ratio of electronic to nuclear energy loss (ܵ௘/ܵ௡) for 0.9 

MeV Si+ would drop as low as 3. In the near surface region (0 – 1 μm depth) under 21 MeV 
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Si7+ (0.75 MeV/amu) irradiation, the electronic energy loss reaches a saturation level (5.8 

keV/nm, around the Bragg peak) and the nuclear energy loss is ~ 0.0073 keV/nm, which 

indicates that the ratio of electronic to nuclear energy loss (ܵ௘/ܵ௡) for 21 MeV Si7+ would 

rise as high as 795. Si ions with 0.9 MeV and 21 MeV were chosen in our work, as 

the representative of the low- and high-energy ions, respectively, to study the damage 

evolution behavior of LiNbO3 induced by the nuclear and electronic energy loss in an ion 

irradiation environment.  

2.2. Irradiation and RBS/C analysis 

The ion irradiation process and the subsequent study of the damage evolution based on the 

ion channeling method were carried out using the 3.0 MV tandem accelerator facility 

(9SDH-2) within the UT-ORNL (University of Tennessee - Oak Ridge National Laboratory) 

Ion Beam Materials Laboratory (IBML) located on the UT campus [35]. Experimentally, 

z-cut LiNbO3 crystal samples with (0001) surface normal zone axis direction used in this 

study were cut from a surface acoustic wave (SAW) grade LiNbO3 crystal wafer of Φ 76.2 

mm × 0.5 mm obtained from MTI Corporation [36]. These samples were coated with a 

carbon foil of ~ 10 nm to minimize charge accumulation on sample surface during ion 

irradiation and ion beam analysis. The Si-ion irradiation was performed at 300 K and during 

this process, the ion beam was rastered over the irradiation area with fixed horizontal and 

vertical scan frequencies to ensure uniform irradiations. In the Rutherford 

backscattering/channeling (RBS/C) analysis [35], 3.5 MeV He+ beam with the flux of 8.3 × 

1012 cm-2 s-1 extracted from the accelerator was used to determine the Si-induced damage in 

LiNbO3 samples with the probe size of 1.5 × 1.5 mm2. A Si detector located at a scattering 
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angle of 155° relative to the incoming beam was used to collect the signal of the 

backscattered He+ yield from the pristine and irradiated LiNbO3 samples. Through rotating 

the sample holder, the main axial channeling orientation and He beam can be aligned, which 

corresponds to the minimum He+ yield. 

There are three sets of irradiation and related RBS/C analysis. (i) For the first sample, it was 

irradiated at 7° off the channeling direction by 0.9 MeV Si+ with a beam flux of 1.04 × 1012 

cm-2 s-1 to an ion dose ranging from ~ 0.1 to ~ 1.4 dpa at the damage peak. The size of each 

irradiated area with different fluence was 3 × 3 mm2. Subsequently, 3.5 MeV He+ beam was 

utilized to carry out RBS/C analysis on these Si+-irradiated regions to determine the disorder 

profile of LiNbO3 produced from the low-energy Si ion irradiation to different fluences. As 

shown in Fig. 1(b), the regions of Si+ irradiation and He+ analysis are clearly displayed in the 

sample. (ii) For the second sample, it was irradiated both along and at 7° off the channeling 

direction by 21 MeV Si7+ with the beam flux of 2.48 × 1010 cm-2 s-1 to an ion fluence ranging 

from 5 × 1011 cm-2 to 2 × 1013 cm-2, and the size of each irradiation area was also 3 × 3 mm2. 

3.5 MeV He+ beam was then extracted to perform RBS/C measurements on these 

Si7+-irradiated regions to analyze the damage behavior of LiNbO3 under the high-energy ion 

irradiation along or at 7° off the <0001> channeling direction. (iii) For the third sample, 

firstly, two regions with the size of 8 × 8 mm2 were irradiated by 0.9 MeV Si+ with two 

different fluences, respectively, to produce two different initial disorder levels. The initial 

damage level was then evaluated by RBS/C using 3.5 MeV He+ beam. With known 

pre-damage levels, these two Si+-irradiated regions were irradiated with 21 MeV Si7+ ions 

along <0001> direction with the fluence ranging from 5 × 1011 cm-2 to 2 × 1013 cm-2, 
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respectively. Each irradiated area with different fluence was also 3 × 3 mm2. The 3.5 MeV 

He+ beam was extracted again to perform RBS/C measurements on these areas to analyze 

damage evolution of LiNbO3 under the additional 21 MeV Si7+ irradiation. 

3. Results and discussion of respective 0.9 MeV Si+ or 21 MeV Si7+ irradiation 

During ion irradiation process, an energetic Si ion will interact with both target nuclei and 

electrons and lose its energy via two processes: (i) nuclear (elastic) energy deposition induced 

by elastic collision, which could create a cascade of atomic collision events, displace the 

atoms from their initial sites (characterized by the nuclear energy loss shown in Fig. 1(a)) and 

finally produce permanent atomic-scale defects in the LiNbO3 crystal structure; and (ii) 

electronic (inelastic) energy deposition (characterized by the electronic energy loss shown in 

Fig. 1(a)), which could induce ionization and electronic excitation. Based on the thermal 

spike model [37], the electronic energy loss from incident Si ions transferred to the target 

electrons results in electron cascade due to fast electron-electron interactions. Such energy is 

then transferred to LiNbO3 lattice through electron-phonon interactions, which will lead to a 

temperature rise along the ion trajectory. Once the value of the electronic energy loss is above 

a certain threshold, local melt becomes possible. Tracks containing partially or completely 

amorphous volume could be formed during the rapid cooling phase. The former elastic 

collisions from the nuclear energy deposition is the dominate contribution during low energy 

ion (such as 0.9 MeV Si+, 0.03 MeV/amu) irradiation process, and the latter ionization effects 

will become more obvious once the ion energy is high enough (such as 21 MeV Si7+, 0.75 

MeV/amu), both of which could significantly change the physical and chemical properties of 

LiNbO3 crystal under irradiation conditions. In this work, the damage evolution behavior of 
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z-cut LiNbO3 crystal irradiated using Si-ions with different energies will be discussed in 

detail. 

3.1. 0.9 MeV (low energy) Si+ irradiation 

3.1.1. RBS results and damage analysis 

The measured RBS/C spectra of z-cut LiNbO3 crystal irradiated by 0.9 MeV Si+ are shown in 

Fig. 2(a), which clearly illustrate the surface edges for Nb and O sublattices, and the 

non-Rutherford backscattering peak from O sublattices (interact with 3370 keV He) [38]. 

Utilizing an iterative procedure to analyze each RBS/C spectrum and determine the 

dechanneling component accurately [39], direct backscattering contribution from displaced 

atoms at each corresponding channel number could be calculated and therefore the disorder 

distributions of Nb sublattices as a function of the channel number could be further 

determined. After converting the channel number to depth in nanometers based on the energy 

difference at each channel and He-ion electronic energy loss in LiNbO3 from SRIM 2012 

simulation [32,33], the relative Nb-disorder as a function of depth could be obtained and 

shown in Fig. 2(b). Two obvious features should be pointed out: depth shift and enhanced 

surface damage.  

The depth shift of the damage peak position is evident. In the case of the minimum dose 

(0.054 dpa at damage peak), the damage peak is located at 623 nm, which is shallower than 

that of SRIM 2012 simulation (650 nm), and while the damage increases with the irradiation 

dose, the peak position moves progressively to the surface. This phenomenon could be 

attributed to two factors: (i) sputtering effect of low-energy Si ion irradiations. As shown in 

Fig. 1(b) from the color change, the deposited carbon conducting film has been obviously 
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sputtered by the irradiated Si ions, which could indicate the non-negligible sputtering effects. 

The actual sputtering rate depends on surface conditions and irradiation conditions. Based on 

SRIM 2012 simulation, the sputtering yield for LiNbO3 irradiated by 0.9 MeV Si+ should be 

approximate 1 atom/ion, which means that the sputtering effect couldn’t lead to the obvious 

depth shift on its own and it is only part of the reason for the depth shift. It is worth noting 

that SRIM prediction may have a large uncertainty based it generic input parameters. (ii) 

evolution of irradiation defect and microstructure, which is the main reason and has been 

observed in SrTiO3 [39] and some other ceramics. The damage peak position may partly 

depend on the backscattering possibility of He-ion versus the defect types under different 

irradiation doses. Irradiation-induced interstitials and small amorphous clusters will cause 

direct backscatter and be detected easily compared to the vacancies or dislocation loops, 

which mainly increase the dechanneling yield, and this process will affect the energy of 

backscattered He-ion and be responsible for the depth shift of the damage peak. 

The second noticeable feature is surface damage induced by electronic energy loss. As the 

fluence of irradiated Si+ ion increases to 5 × 1014 cm-2 (0.27 dpa at damage peak), the surface 

damage of LiNbO3 crystal will increase visibly, which, in addition to possible complex 

surface effects, is in fact a clear evidence of the cumulative behavior of the electronic energy 

loss (1.4 keV/nm, shown in Fig. 1(a)) of 0.9 MeV Si+ on the sample surface. In reference [10], 

an improved thermal-spike model has been proposed to illuminate the damage formation in 

LiNbO3 based on the latent track generated by MeV ion irradiation through electron 

excitation mechanism. In this model, although the electronic energy loss of each single 

irradiated-ion couldn’t reach the threshold value for lattice amorphization, halo and tail 
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regions surrounding single ion path still could be formed and these regions produced by each 

ion will overlap with each other as a consequence of the cumulative contribution of ion 

fluence [13-15]. Once the formation and accumulation of point defects overcome a critical 

concentration, defect-assisted phase transition will happen [12], and the highly disordered 

region will therefore collapse, which thickness will increase and move to the interior of the 

material. This can explain the “U”-shape of the damage profile located at ~ 100 nm and the 

related evolution behavior with increasing the fluence, as shown in Fig. 2(b). The observed 

surface damage behavior of LiNbO3 shown in Fig. 2(a) and (b) clearly concludes that due to 

the electronic energy loss exhibits a clear synergistic (additive) behavior, low electronic 

energy loss during MeV ion irradiation could also induce irradiation damage in LiNbO3 

crystal once the ion fluence increases to a certain value. 

3.1.2. Damage accumulation produced from nuclear collision 

The accumulated disorder at the buried damage peak for the Nb sublattices is shown in Fig. 

2(c) as a function of local dose (dpa) for LiNbO3 irradiated by 0.9 MeV Si+ at 300 K. The 

damage accumulation produced from elastic collisions between the low-energy ions and 

target nuclei can be described by a disorder accumulation model [40-42], in which the total 

relative disorder, ܵ, produced under ion beam irradiation and measured by ion-channeling 

method, could be given by the expression: 

ܵ ൌ ௔݂ ൅ ܵௗ ൅ ܵ௖                                                     (1) 

where ௔݂ is the irradiation-induced amorphous fraction, and ܵௗ is the relative disorder from 

the irradiation-induced interstitials and small interstitial clusters in the residual crystalline 

regions. ܵ௖ accounts for the relative disorder from the evolution of extended defect clusters, 
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which may provide significant contributions to the disorder at higher irradiation temperature, 

where point defects are more mobile and in the case of the irradiation at 300 K in this study, 

the contribution of ܵ௖ to the total disorder is insignificant and could be negligible. The 

amorphous fraction ௔݂ is described using a direct-impact/defect-stimulated (DI/DS) model 

[43], where amorphization occurs directly within a cascade and from defect-stimulated 

processes at crystalline/amorphous interfaces, and could be given by the expression: 

௔݂ ൌ 1 െ ሺߪ௔ ൅ ௦ߪ௦ሻ/ሼߪ ൅ ௔ߪሾ݌ݔ௔݁ߪ ൅  ሽ                              (2)ܦ௦ሿߪ

where ߪ௔  is the amorphization cross section, ߪ௦  is the effective cross section for 

defect-stimulated amorphization, and ܦ  is the local dose (dpa). The disorder from 

irradiation-induced interstitials and small interstitial clusters is described by a simple defect 

accumulation model and could be given by the expression: 

ܵௗ ൌ ܵௗ
∗ሾ1 െ ሻሿሺ1ܦܤሺെ݌ݔ݁ െ ௔݂ሻ                                       (3) 

where ܵௗ
∗  is the saturation value for the defect-induced disorder, and ܤ  (dpa-1) is 

proportional to an effective recombination volume for the specific defects giving rise to ܵௗ. 

As shown in Fig. 2(c), based on the disorder accumulation model, the solid, dash and dot 

curves, representing the ܵ, ௔݂ and ܵௗ, respectively, are the fits to the experimental data and 

the corresponding fitting parameters are summarized in the figure. The relative disorder (ܵௗ) 

from the irradiation-induced interstitials and small interstitial clusters holds a predominant 

contribution in the case of low irradiation dose, and the contribution ( ௔݂ ) from the 

defect-stimulated amorphization process becomes significant with the irradiation dose. Since 

the crystalline fraction (1- ௔݂) decreases as a result of the increasing amorphous fraction ( ௔݂), 

the contribution from the defect disorder (ܵௗ ) eventually reduces. The fitted damage 
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accumulation curve in this work is consistent with that obtained utilizing 0.35 MeV Ar+ 

irradiation at 300 K in the reference [34] due to the similar mass number and energy of the 

irradiated Si and Ar ions. Utilization of the sigmoidal dependence of damage accumulation on 

irradiation dose could provide better understanding of the damage evolution behavior of 

LiNbO3 crystal induced by the nuclear energy loss in the low-energy ion radiation 

environment.  

3.2. 21 MeV (high energy) Si7+ irradiation 

3.2.1. RBS results and damage analysis 

The measured RBS/C spectra of z-cut LiNbO3 crystal irradiated by 21 MeV Si7+ both along 

and at 7° off the channeling direction are shown in Fig. 3(a) and the related Si7+ ion fluences 

are also indicated. Owing to the rather thick damage layer induced by 21 MeV Si7+ irradiation, 

the damage at the maximum depth detected by 3.5 MeV He+ beam does not fall to zero, and 

therefore the iterative procedure using in Section 3.1.1. is inadaptable to determine the 

dechanneling component in this case. However, due to the dechanneling yield on the surface 

channel (1500 channel, which is just lower than the channel of Nb surface peak) is relatively 

low and can therefore be ignored (surface approximation) [44,45], the relative disorder 

fraction ௗ݂ in the surface region corresponding to the channel number of 1500 could be 

calculated through a classical approximate expression:  

ௗ݂ ൌ ሺχ௜ െ χ௩ሻ/ሺχ௥ െ χ௩ሻ,                                             (4) 

where χ௜, χ௩ and χ௥ are the backscattering yields of the irradiated sample in channeling 

condition, the virgin sample along <0001> channeling direction and in a random orientation, 

respectively.  
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In this case, based on SRIM 2012 simulation shown in Fig. 1(a), the dpa and damage at 

LiNbO3 surface induced by the nuclear energy loss of Si7+ ion would be extremely low, and 

therefore the increase of the backscattering He+ yield should be attributed to the electronic 

energy loss (5.8 keV/nm, at the surface) from 21 MeV Si7+ (0.75 MeV/amu), which is just 

around the threshold value (~ 5-6 keV/nm) required for the formation of the homogeneous 

amorphous layers in Si- and F-irradiated LiNbO3 [15,46]. The RBS/C spectra of 21 MeV Si7+ 

irradiation with the fluence of 2 × 1013 cm-2 along the channeling direction is further 

discussed to understand the damage behavior of LiNbO3 induced by the high electronic 

excitation. As shown in Fig. 3(b), the backscattering yield of the irradiated LiNbO3 in 

channeling condition at the depth of 820 nm has reached to the random level, which means 

that compared to the damage level of ~ 81% at the surface ( ௗ݂,௦௨௥, 1500 channel), the 

corresponding damage level at the depth of 820 nm ( ௗ݂,ௗ௘௣) will increase to 100%. One 

reason of this state could be partially attributed to the surface effect, which means that the 

surface can serve as defect sink to anneal defects and decrease the damage level. Meanwhile, 

the phenomenon of the irradiation-damage increase from the surface to the depth of 820 nm 

could also demonstrate the velocity dependence of the damage cross-section induced by the 

high electronic excitation [37,40]. The SRIM 2012 simulation shown in Fig. 1(a) has 

illustrated that in the near surface region, the electronic energy loss (ܵ௘) of 21 MeV Si7+ in 

LiNbO3 coincidentally situates around the Bragg peak, and therefore the ܵ௘ from surface to 

1 μm deep should approximatively keep constant. While SRIM 2012 results could only be 

appropriate for the non-crystalline material, it would be still reasonable to consider that under 

the channeling irradiation, the Se at the surface (ܵ௘,௦௨௥) is approximatively equal to that at the 



15 
 

depth of 820 nm (ܵ௘,ௗ௘௣). The energy deposition during ion penetration process will reduce 

the ion energy from 21 MeV (0.75 MeV/amu) at the surface (ܧ௦௨௥) to 16 MeV (0.57 

MeV/amu) at the depth of 820 nm (ܧௗ௘௣), and the energy difference of 5 MeV (0.18 

MeV/amu) could quantitatively represent the obvious decrease of the ion velocity from 

surface to the depth of 820 nm. In the case of the same ܵ௘, the decrease of ion velocity will 

lead the effective radius of ion track produced by ܵ௘ at the depth of 820 nm larger than that 

at the surface, and therefore the corresponding irradiation damage at the depth of 820 nm will 

be more significant ( ௗ݂,ௗ௘௣ ൐ ௗ݂,௦௨௥), which could reasonably explain the trend of the other 

RBS/C spectra of LiNbO3 irradiated by the high energy Si7+ ions, as shown in Fig. 3(a). 

3.2.2. Damage accumulation produced from electronic excitation 

The evolution of Nb-disorder fraction ௗ݂ at the surface corresponding to channel number of 

1500 versus the irradiation fluence ߔ has been presented in Fig. 3(c), and the solid lines are 

the best fit obtained with Avrami curve [16]:  

ௗ݂ ൌ 1 െ exp	ሼെሺߔ/ߔ଴ሻ௡ሽ,                                            (5) 

where the parameters ݊ and ߔ଴ strongly depend on the electronic energy loss (ܵ௘). The 

observation of the Avrami-like (sigmoidal) kinetics shows clear evidence of the cumulative 

behavior of the irradiation damage due to electronic excitation [15]. Moreover, since ions 

along channeling direction have lower probability of a close encounter with atom rows and 

therefore have reduced the interactions with inner-shell electrons of target atoms, the 

channeled ions usually have a stopping power lower than that of random ions [47,48,49]. 

Consequently, less damage will be created along a channeling direction than 

7°-off-channeling irradiation, which is also clearly evident through the RBS/C spectra shown 
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in Fig. 3(c). For instance, under 21 MeV Si7+ (0.75 MeV/amu) irradiation with the fluence of 

2 × 1013 cm-2, the surface of LiNbO3 coincidentally becomes amorphous under 

non-channeling ion irradiation, and once the irradiation is carried out along the channeling 

direction, the damage level will decrease to ~ 81% due to the reduced electronic energy loss 

of channeled ions. 

4. Results and discussion of sequential 0.9 MeV Si+ and 21 MeV Si7+ irradiation 

As mentioned in Section 3., the nuclear and electronic energy loss would become the 

dominating element during the low and high energy ion irradiation, respectively. In order to 

understand the coupled or combined effects of the nuclear and electronic energy loss, the low 

and high energy ion irradiations have been developed to evaluate their effects [5,26,50,51]. 

These results have indicated that, for some particular crystals (SiC, SrTiO3, etc) or pure 

metals, the subsequent electronic energy loss could anneal the pre-existing damage or 

significantly enhance damage production, both of which could be explained by a thermal 

spike mechanism. In our work, the sequential ion irradiation experiment has also been carried 

out to study the damage evolution of pre-damaged LiNbO3 irradiated by high energy ions and 

therefore to evaluate the competitive or synergistic effect between the nuclear and electronic 

energy loss. Two pre-damaged regions in LiNbO3 crystal with Nb-disorder of 0.23 and 0.6 at 

damage peak, respectively, are produced utilizing 0.9 MeV Si+ ion irradiation, and 

subsequently irradiated by 21 MeV Si7+ to different fluences along the channeling direction.  

4.1. Sequential 0.9 MeV (low energy) Si+ and 21 MeV (high energy) Si7+ irradiation 

4.1.1. RBS results and damage analysis 

As shown in Fig. 4, the measured RBS/C spectra clearly indicate that the damage level of the 
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pre-damaged LiNbO3 will progressively increase accompanied with the increasing Si7+ ion 

fluence. The results indicate that in the pre-damaged LiNbO3, the intense electronic energy 

loss during the high energy ion (21 MeV Si7+) irradiation will continue to produce damage, 

but not the swift heavy ion beam induced epitaxial crystallization (SHIBIEC) effect.  

Additionally, to study the effect of the pre-existing defect on the damage behavior induced by 

inelastic electronic energy loss, the Nb-disorder ሺ ௗ݂,௡	&	 ௗ݂,௘ሻ corresponding to the channel 

number of 1500 in this case has been calculated from the RBS/C spectra shown in Fig. 4 

utilizing the classical approximate expression in Section 3.2.1., and the sum of the 

Nb-disorders ሺ ௗ݂,௡ ൅	 ௗ݂,௘ሻ induced independently by the low energy Si+ and high energy 

Si7+ irradiations, respectively, has also been calculated based on the results shown in Fig. 2 

and Fig. 3. As shown in Fig. 5(a) and (b), no matter what the initial damage at the damage 

peak is ( ௗ݂,௘: 0.06 or 0.24), both the values of ሺ ௗ݂,௡	&	 ௗ݂,௘ሻ minus ሺ ௗ݂,௡ ൅	 ௗ݂,௘ሻ are positive 

and show the similar evolution rule considering the change trend of the red and blue lines: 

firstly, the damage increment will increase with the increasing ion fluence. Once the ion 

fluence increases to a certain value, the damage increment will then decrease with the 

increasing ion fluence. Figure 5 clearly indicates that compared to the damage in pristine 

crystal solely induced by electronic energy loss, the pre-existing defects produced by nuclear 

collisions could act as damage seeds, and obviously promote damage formation and further 

increase damage level induced by electronic energy loss.  

If a single ion results in a continuous amorphous track, the increase in the fraction of 

amorphous phase, ௗ݂, with increasing ion fluence, ߔ, could be given by the direct or single 

impact model [26,43,52]: 
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ௗ݂ ൌ 1 െ expሺെߪ௔ߔሻ                                                (6) 

where ߪ௔ is the amorphous cross-section of the track. Due to the pre-existing disorder or 

damage in the sample prior to irradiation with 21 MeV Si7+, equation (6) is modified to take 

into account the local pre-existing disorder, ଴݂. This modified direct impact model is given 

by: 

ௗ݂ ൌ ଴݂ ൅ ሺ1 െ ଴݂ሻሾ1 െ expሺെߪ௔ߔሻሿ                                    (7) 

The track radius, ݎ, could be readily obtained from the relationship:  

௔ߪ ൌ  ଶ                                                          (8)ݎߨ

Equations (7) and (8) could be used to quantitatively calculate the damage cross-section ߪ௔ 

and the radius ݎ of the ion track produced by Si7+ irradiation in pristine or pre-damaged 

LiNbO3 based on the measured Nb-disorder level. In order to rule out the effect of the 

dechanneling yield on Nb-disorder, we still only consider the damage at LiNbO3 surface 

(channel number: 1500) in the analysis process. The related initial Nb-disorder ଴݂ at the 

surface corresponding to two pre-damaged regions in LiNbO3 is 0.060 and 0.244, 

respectively, and for pristine LiNbO3, ଴݂ should be equal to zero. When the ion fluence 

increases to 5 × 1012 cm-2, the induced ion track will overlap with each other and further 

affect our calculation, so only the fluence of 5 × 1011 cm-2 and 2 × 1012 cm-2 would be 

analyzed and in this case, the ion track should be isolated. Finally the calculated damage 

cross-section ߪ௔ and the radius ݎ of ion track corresponding to the above parameters are 

summarized in Table 1, which clearly shows the evidence of the obvious increase of ߪ௔ and 

) induced by 21 MeV Si7+ irradiation in pre-damaged LiNbO3 ݎ ଴݂ ൌ 0.060, 0.244) compared 

to pristine LiNbO3 ( ଴݂ ൌ 0). Our results indicate that ߪ௔ and ݎ of ion track induced by the 
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high electronic energy loss directly depend on the initial damage level ଴݂. 

4.1.2. Coupled effect between nuclear energy loss and electronic energy loss 

We used an inelastic thermal spike (iTS) model [53] suitable for insulators to include the 

electronic energy loss effects in the simulations. In this model, the atomic and the electronic 

subsystems are coupled and the energy exchange between them is described via a set of heat 

diffusion equations: one describing the evolution of the electronic temperature, ௘ܶ, as given 

by equation (9), and one describing the evolution of the atomic temperature, ௔ܶ, as given by 

equation (10).  

௘ሺܥ ௘ܶሻ
డ ೐்

డ௧
ൌ ଵ

௥

డ

డ௥
ቂܭݎ௘ሺ ௘ܶሻ

డ ೐்

డ௥
ቃ െ ݃ሺ ௘ܶ െ ௔ܶሻ ൅ ,ݎሺܣ  ሻ                      (9)ݐ
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ൌ

ଵ

௥

డ

డ௥
ቂܭݎ௔ሺ ௔ܶሻ

డ்ೌ

డ௥
ቃ ൅ ݃ሺ ௘ܶ െ ௔ܶሻ                             (10) 

The hot electrons transfer energy to the lattice via the electron-phonon interactions. The 

second term on the right side of the equations (5) and (6) represents the energy exchange 

between the electronic and atomic subsystems due to the difference between ௘ܶ and ௔ܶ. The 

parameters ܥ௘ and ܥ௔ are the specific heat coefficients of the electronic and atomic systems, 

respectively; whereas, ܭ௘ and ܭ௔ are the thermal conductivities of the electronic and the 

atomic systems, respectively. The term ݃ is the electron-phonon coupling parameter, and 

,ݎሺܣ  .ሻ describes the energy deposition from the incident ion to the electrons [54]ݐ

Compared to the crystalline system, irradiation-induced defects in the pre-damaged system 

are known to (i) scatter phonons and electrons resulting in significant decrease in the thermal 

conductivity ( ௘ܭ  and ܭ௔ ) of irradiated ceramics [55,56], and (ii) decrease the 

electron-phonon mean free path resulting in obvious increase in the electron-phonon coupling 

parameter ݃. Based on the iTS model, the fundamental mechanism causing the damage 
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behavior in Section 4.1.1. could be ascribed to the reduced electronic and atomic thermal 

conductivities, ܭ௘ and ܭ௔, and the increased electron-phonon coupling parameter ݃ due to 

the pre-existing defect formation in the crystal. This physical process could enhance the 

sensitivity of crystal to the effect of electronic energy loss and increase the temperature at the 

thermal spike core during each high energy ion penetration process [26]. In addition, the 

observed enhance of the disorder level can be also understood as a clear consequence of 

decreasing the electronic amorphization threshold because of a pre-existing highly disordered 

region produced by nuclear energy loss in well agreement with the cumulative models [57]. 

These results demonstrate that the nuclear energy loss could interact synergistically with the 

electronic energy loss to promote the formation of the amorphous track, increase the track 

diameter with depth and produce more significant irradiation-induced damage region. To 

have the capability of controlling the amorphous ion track radii in depth (ion track profiles) 

based on the coupled effect of electronic and nuclear energy loss turns into a very promising 

tool to perform tailored modification of optical properties (refractive index profiles) of the 

irradiated material to be exploited in future devices for novel photonic applications [11,58]. 

Optimizing the irradiation parameters (ion, energy, fluence, angle of irradiation) will produce 

an accurate control of the optical properties of the modified material. 

5. Conclusions 

Employing 0.9 MeV Si+ and 21 MeV Si7+ as the representative of low and high energy ions to 

deposit significant nuclear and electronic energy, respectively, damage evolution behavior of 

z-cut LiNbO3 crystal in different ion irradiation environments has been studied at 300 K using 

RBS/C technique. For 0.9 MeV Si+, damage accumulation in LiNbO3 crystal has been 
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investigated and damage produced by low electronic energy loss have been confirmed. For 21 

MeV Si7+, damage level in the surface region as a function of ion fluence has been analyzed. 

The increase of the damage from the surface to a deeper depth demonstrates the velocity 

dependent effect on damage cross-section induced by high electronic excitation. What's more 

remarkable is the observable nonlinear additivity of irradiation damage induced by the 

electronic energy loss in partly-damaged LiNbO3 crystal. Defects produced by elastic 

collisions could enhance temperature of the thermal spike core resulting from intense 

electronic energy loss, which concludes that defects resulting from nuclear energy loss could 

interact synergistically with inelastic electronic energy deposition. The coupled synergistic 

effect could be used to promote formation of amorphous tracks, to increase track diameter, or 

to significantly enhance damage evolution, compared to damage in pristine crystal solely 

produced by electronic energy loss during the high energy ion irradiation. An accurate control 

of ion track profiles based on the coupled effect during ion beam irradiation turns into a very 

promising tool to perform tailored refractive index profiles to be exploited in future devices 

for novel photonic applications. 
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Table 1. 

Experimental damage cross-section ߪ௔ and radius ݎ of ion track obtained from the direct impact model corresponding to LiNbO3 surface 

(channel number: 1500) 

Si7+ fluence (cm-2)  Track  Initial non-damage  Initial low-damage  Initial high-damage 

଴݂    ߔ ൌ 0  ଴݂ ൌ 0.060  ଴݂ ൌ 0.244 

                                                direct impact model:   ௗ݂ ൌ ଴݂ ൅ ሺ1 െ ଴݂ሻሾ1 െ expሺെߪ௔ߔሻሿ, ௔ߪ ൌ  ଶݎߨ

5 × 1011 

 

isolated track 

 ௗ݂ ൎ 0  ௗ݂ ൌ 0.106  ௗ݂ ൌ 0.272 

 ௔ (nm2) ~ 0  10.0  7.5ߪ 

 0  1.8  1.6 ~ (nm) ݎ 

2 × 1012 

 

isolated track 

 ௗ݂ ൌ 0.014  ௗ݂ ൌ 0.322  ௗ݂ ൌ 0.518 

 ௔ (nm2) 0.7  16.3  22.5ߪ 

 0.5  2.3  2.7 (nm) ݎ 
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Figure Captions: 

Fig. 1. (a) The distributions of nuclear and electronic energy loss as a function of 

penetration depth for 0.9 MeV Si+ and 21 MeV Si7+ ions in LiNbO3 based on SRIM 

2012 simulation. (b) Partial image of 0.9 MeV Si+-irradiated LiNbO3 sample with 

carbon foil, which indicates the regions of Si+ irradiation and He+ analysis. 

Fig. 2. (a) RBS/C spectra of LiNbO3 irradiated by 0.9 MeV Si+ at 7° off channeling 

direction at 300 K. (b) Disorder profiles on Nb sublattice after irradiation to different 

ion fluence. (c) Relative disorder of Nb sublattice at the damage peak inside the 

crystal as a function of local dose. The lines are the fits of Eq. (1) to the data and the 

corresponding fit parameters are summarized in the inset. 

Fig. 3. (a) RBS/C spectra of LiNbO3 irradiated by 21 MeV Si7+ along or at 7° off 

channeling direction at 300 K. (b) RBS/C spectra of LiNbO3 irradiated by Si7+ along 

channeling direction with the fluence of 2 × 1013 cm-2, which shows the damage level 

at different ion penetration depth and confirms the velocity dependence of the damage 

cross-section. (c) Relative disorder of Nb sublattice at the surface as a function of 

local fluence. The solid lines are the best fit obtained with Avrami curve. 

Fig. 4. RBS/C spectra of pre-damaged LiNbO3 with Nb-disorder of 0.23 (a) and 0.6 (b) 

at damage peak irradiated by subsequent 21 MeV Si7+ along channeling direction to 

different ion fluence at 300 K. 

Fig. 5. (a) The ሺ ௗ݂,௡	&	 ௗ݂,௘ሻ  represents the Nb-disorder at LiNbO3 surface 

corresponding to channel number of 1500 induced by the sequential low energy Si+ 

and high energy Si7+ irradiations, which is calculated from the RBS/C spectra shown 

in Fig. 4. The ሺ ௗ݂,௡ ൅	 ௗ݂,௘ሻ means the sum of the Nb-disorders induced by the low 

energy Si+ and high energy Si7+ irradiations, respectively, which are based on the 

results shown in Fig. 2 and Fig. 3. (b) The difference of the Nb-disorder between 

ሺ ௗ݂,௡	&	 ௗ݂,௘ሻ  and ሺ ௗ݂,௡ ൅	 ௗ݂,௘ሻ  clearly shows the damage increase during the 

sequential low energy Si+ and high energy Si7+ irradiations and demonstrates the 

synergistic effect between the nuclear energy loss during the low energy ion 

irradiation and the electronic energy loss during the high energy ion irradiation. 
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