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of point defects. Both, IL and CL techniques, appear as 
new, complementary tools bringing new possibilities in the 
damage accumulation studies in single- and polycrystalline 
materials.
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Introduction

The development of new material expected to be used in 
a radiative environment requires the solution of numerous 
problems, one of them being related to the quantitative 
analysis of radiation disorder in materials. As a first step in 
material properties assessment, an irradiation with low and 
high energy ions is frequently used as this method offers 
numerous advantages; the absence of sample’s radioactiv-
ity and possibility to get very high damage levels in short 
times are the main benefits. The problem of information 
about damage buildup, intensively studied for single crys-
tals by the Rutherford Backscattering Spectrometry/chan-
neling (RBS/C) technique (Tesmer et al. 1995), poses many 
difficulties for polycrystalline materials. It is especially 
a serious practical problem, as most of the investigated 
materials are single crystals, while these are the polycrys-
tals which find the practical application in construction of 
nuclear reactors.

The aim of the present paper was to use luminescence 
techniques as an experimental method of quantitative 
analysis of the radiation damage in polycrystalline mate-
rials. The studied case is one of the candidates for inert 
matrix fuels and alternative waste immobilization matrix, 
MgAl2O4 (Zinkle and Snead 1996; Georgenthum et al. 
2001; Pantelica et al. 2005; Schram et al. 2003; Thomé 
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et al. 2006; Allen et al. 2010). The use of luminescence 
techniques is an interesting option, as they may be applied 
to both, single and polycrystalline solids, are nondestruc-
tive, fast and can be easily implemented in situ (Townsend 
et al. 2007; Skuratov et al. 2006; Jagielski et al. 2014; Gaw-
lik et al. 2011), similar to other techniques, such as XRD 
(Grygiel et al. 2012).

Experimental

Synthetic single-crystal samples of MgAl2O4 (SCI Engi-
neered Materials, Inc.) with a (100) surface and poly-
crystalline samples obtained at the Institute of Electronic 
Materials Technology by the hot pressing (Astro, Thermal 
Technology) of magnesium aluminate nanopowder (Bai-
kowski, La Balme de Sillingy, France) were used in the 
present study. The samples were organized in three groups: 
sets N1 and N2 of polycrystalline samples of different grain 
sizes (56 and 11 μm, respectively) and a set of monocrys-
talline samples (M).

The specimens were subjected to 320 keV Ar+ 
ion irradiations at fluencies ranging from 1 × 1012 to 
2 × 1016 cm−2 in order to create various levels of radiation 
damage. All irradiations were performed at room tempera-
ture; the Ar+ beam power density was kept below 0.1 W/
cm2 to avoid significant heating of samples during irradia-
tion. According to SRIM (Ziegler et al. 1985) calculations, 
the range of 320 keV Ar+ ions in MgAl2O4 was estimated 
to be around 200 nm.

The RBS/C measurements were performed using 
2.2 MeV 4He2+ ion beam. The RBS/C spectra were fit-
ted using McChasy, a Monte Carlo simulation package 
allowing the quantitative analysis of channeling spectra 
(Nowicki et al. 2005). The final outcome of this analysis 
is the damage accumulation kinetics, i.e., the plots of the 
damage level versus the irradiation fluence.

The major part of the analysis was devoted to the meas-
ure of the luminescence signals generated during the ion 
or electron irradiation of the spinel crystals. The ionolu-
minescence signal (IL) was measured using a homemade 
system based on the use of Hamamatsu spectrometer col-
lecting the light from a sample installed inside a target 
chamber of an ion implanter (Balzers MPB 202RP) and 
irradiated with H2

+ ion beam to excite the luminescence. 
The H2

+ ion beam current was kept at the level of 35 µA. 
The energy and angle of incidence of the H2

+—analyzing 
beam (86 keV at 45 deg) was selected to conform the depth 
of damage created during the irradiation of the sample with 
Ar+ ions of energy 320 keV. Thanks to this approach, the 
excitation of luminescence of the spinel samples was lim-
ited to the damaged layer, avoiding the generation of signal 
in the unirradiated bulk part. The collection of the IL signal 

was realized with a detector placed either above the Ar-irra-
diated surface (measurement “at front”) or in the inverse 
geometry setup (Fig. 1), i.e., behind the specimen (meas-
urement “at back”). The influence of the grain size was 
analyzed in the present study. For this reason, the samples 
were also analyzed by electron backscattering diffraction 
(EBSD) technique in terms of grain size and distribution. 
The EBSD measurements were performed using Auriga 
CrossBeam Workstation (Carl Zeiss) equipped with EBSD 
X-flash detector (Bruker). The 20-keV electron beam of 40 
nA probe current was applied for mapping with a pixel size 
of 0.67 μm.

The CL measurements were performed using a CL sys-
tem (EM Systems) mounted on Auriga CrossBeam Work-
station (Carl Zeiss). The energy of the electron beam was 
set at 10 keV to sufficiently excite the luminescence sig-
nal. According to Casino simulation results (Drouin et al. 
2007), in this case, the penetration depth of electrons is 
approximately 750 nm.

Results and discussion

The set of CL spectra recorded for the set N1 (as an exam-
ple) are presented in Fig. 2a. For the sake of clarity, the 
spectra of the virgin sample and first few fluencies are 
shown. A typical CL spectrum recorded for the magne-
sium aluminate spinel exhibits two broad bands, the first of 
which is positioned around 400 nm (consisting in fact of 
a few emission bands) and demonstrating strong intensity 
of the luminescence signal. The second band positioned 

Fig. 1  Schematic drawing of the experimental setup for IL measure-
ments: 1 measurement “at front,” 2 measurement “at back” (not to 
scale)
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around 520 nm is much weaker and attributed to Mn2+ 
doping of the MgAl2O4 (Tomita et al. 2004). The presence 
of these bands is assigned to transitions from the excited 
states to lower energy states of the Mn2+ ion usually pre-
sent in the synthetic spinels (Mohler and White 1994). The 
intensity of both bands rapidly decreases with the irradia-
tion fluence. The IL spectra collected for monocrystalline 
samples present similar features (Fig. 2b), although the 
relative intensities of the bands are different from the CL 
spectra. The emission of ~700 nm band present on both, 
CL and IL spectra, is assigned to the Cr3+ luminescent 
centers in spinel, where Cr3+ appears as a trace constituent 
substituting Al3+ (Gaft et al. 2005).

The values of the intensity of luminescence bands 
defined as the band area (integrated intensities) were 
extracted from each spectrum recorded using CL and IL 
techniques. The IL and CL signals were integrated in the 
range of 300–350 nm and 462–554 nm, respectively. Sub-
sequently, the integrated intensity of the luminescence sig-
nal at a given fluence, Ix, was transformed into reduced val-
ues, Ix,red, defined as:

where I0 is the IL or CL signal intensity recorded for 
unirradiated sample and plotted as functions of the irra-
diation fluence. This transformation was needed because 
the intensity of the luminescence signal decreases 
with the irradiation fluence, whereas the fD param-
eter (extracted from RBS/C analysis), which describes 
the level of radiation damage, increases (Bogh 1968). 
In order to compare the luminescence and channeling 
results, it was necessary to transform the luminescence 
data in the form similar to the RBS/C results. Next, the 
results of IL, CL and RBS/C analysis were fitted using 
multistep damage accumulation (MSDA) model (Jagiel-
ski and Thomé 2007). That allowed the determination of 
damage buildup kinetics, and finally cross sections for 
radiation damage buildup based on the luminescence 
signal analysis. The values of the MSDA fit parameters 
based on the IL, CL (taken from Fig. 2) and RBS/C 
(taken from Fig. 5) data for each set of samples are 
shown in Tables 1 and 2.

(1)Ix,red = (I0 − Ix)/I0,

Fig. 2  Luminescence spectra recorded for MgAl2O4 samples irradiated with Ar+ ions; a CL, polycrystalline samples, b IL, single crystals

Table 1  Values of parameters 
obtained by fitting with the 
MSDA model for RBS/C and 
IL data

* fD1, fD2 damage level at steps 1 and 2; σ1, σ2 cross sections for damage accumulation in steps 1 and 2; Φ2 
threshold fluence

Parameter  
(MSDA model)*

Single-crystal 
RBS/C

Single-crystal IL 
meas. back

N1 IL meas. 
back

N1 IL meas.  
front

N2 IL 
meas. front

fD1 0.045 0.95 0.913 0.88 0.913

σ1 [10−14 cm2] 0.4 121 68 209 50

fD2 0.6 1 1 1 1

σ2 [10−14 cm2] 0.023 15 7 7 4

Φ2 [1014 cm−2] 10 0.2 0.1 0.05 0.2
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Analysis of the IL data

The samples from the sets N1 and N2 were analyzed in 
terms of the influence of the grain size on the damage accu-
mulation kinetics based on the IL response. Additionally, 
two techniques of the signal collection were tested: signal 
measured “at front,” i.e., when the detector placed over the 
sample surface, and “at back,” when the optical fiber guid-
ing the emitted light to the spectrometer was placed at the 
back side of the sample. This was realized in the follow-
ing manner: samples N1: measured either “at front” and “at 
back,” samples N2: measured “at front,” samples M: meas-
ured “at back.” The technique to measure the IL signal “at 
back” is useful in case of transparent samples and allows 
to avoid the influence of the carbon layer appearing on the 
sample surface in the result of implantation.

The influence of the grain size on the IL signal  
(sets N1 and N2)

Figure 3 presents the results of the analysis of the IL sig-
nal measured “at front” for two sets of polycrystalline sam-
ples, N1 and N2, along with the MSDA fits. In the case of 
both sets of the samples, the changes of the reduced inten-
sity of the IL signal with irradiation fluence exhibit a two-
step character, although step 2 represents approximately 
10 % of the signal [step 1 reaching ~0.9 (see Table 1)]. The 
threshold value of the Ar+-irradiation fluence is larger by 
the factor of 4 for the set N2 in comparison with the set N1, 
reaching 0.2 × 10−14 and 0.05 × 10−14 cm−2, respectively.

The observed differences are most likely related to the 
different grain sizes in the samples of set N1 comparing to 
N2, which were 56 and 11 μm, respectively. Of course, in 
samples with smaller grains (N2), concentration of grain 
boundaries is much higher than in samples with large 
grains (N1). Taking into account that the grain boundaries 

work like “sinks” for the irradiation defects, the origin of 
a shift in the threshold fluence between the sample N1 and 
N2 becomes obvious. The defect-depletion regions can 
be formed along the grain boundaries, so that the sample 
with smaller grains remains less damaged in the result of 
the same irradiation fluence. In other words, the irradia-
tion fluence must be higher in order to create the same level 
of damage and trigger the structural transformation in the 
sample with smaller grains.

Polycrystalline versus monocrystalline samples  
(IL data, sets N1 and M)

Thanks to the proper selection of the ion energy used for 
the analysis, it was possible to avoid IL signal generation 
in unmodified parts of the samples. The reduced value of 
IL signal mimics the behavior of the fD parameter, i.e., it 
is equal to 0 for unirradiated sample and 1 for the sample 
with no luminescence signal recorded (Fig. 4).

In the case studied, the two-step behavior of the changes 
of IL signal was observed and the complete decay of the IL 
intensity at the fluence of Ar+ ions equal to 1 × 1014 cm−2. 
Practically, the same threshold fluences were observed for 
samples sets N1 and M, (about 1 × 1013 and 2 × 1013 cm−2, 
respectively). Slightly faster damage accumulation in sin-
gle crystals in low fluence range (1 × 1012–1 × 1013 cm−2) 
most likely can be explained by higher stress level in sin-
gle crystals. The role of grain boundaries cannot be com-
pletely ruled out; however, their influence on defect evo-
lution in a material composed of grains having the size of 
more than 50 micrometers when the irradiated layer is only 

Table 2  Values of parameters obtained by fitting with the MSDA 
model for CL data

* fD1, fD2, fD3 damage level at steps 1, 2 and 3; σ1, σ2, σ2 cross sec-
tions for damage accumulation in steps 1, 2 and 3; Φ 2, Φ3 threshold 
fluencies

Parameter (MSDA model*) Single crystal
CL

N1
CL

fD1 0.59 0.6

σ1 [10−14 cm2] 60 150

fD2 0.75 0.74

σ2 [10−14 cm2] 1 2.8

Φ2 [1014 cm−2] 0.16 0.15

fD3 0.9 0.8

σ3 [10−14 cm2] 0.03 0.03

Φ3 [1014 cm−2] 19 50

Fig. 3  The dependencies of reduced intensity of IL signal values on 
the irradiation fluence (damage kinetics) for polycrystalline MgAl2O4 
samples irradiated with 320 keV Ar+ ions
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0.2 micrometers thick should rather be minor, as the sam-
ple volume affected by grain boundaries is very small in 
material composed of very large grains. The character of 
the IL signal decrease (or increase in the reduced IL sig-
nal) is very similar in the case of single- and polycrystalline 
spinel samples. This confirms the ionoluminescence tech-
nique as the proper investigation tool, which may be used 
for comparative analysis of radiation damage in single- and 
polycrystals.

Analysis of CL data for the sets N1 and M

The CL data analyzed in terms of reduced signal intensity 
and fitted with MSDA model exhibited three-step behav-
ior of damage accumulation process. The first thresh-
old was observed for the Ar+ fluence of 0.15 × 1014 and 
0.16 × 1014 cm−2 for N1 and M samples, respectively. The 
second transformation could be observed at 5 × 1015 cm−2 
for N1 and 1.9 × 1015 cm−2 for M samples. The summary of 
the fit parameters is presented in Table 2. It seems that the CL 
technique is sensitive to the structural changes in the material 
at very early stages even in comparison with IL technique.

Comparison of RBS/C, IL and CL data for the set M

The results of analysis for monocrystalline samples 
obtained by three different techniques (IL, CL and RBS/C) 
are summarized in Fig. 5. Both IL and RBS/C techniques 
exhibit the two-step behavior of the damage kinetics. 

However, the threshold value of the irradiation fluence in 
the case of IL signal is different from the RBS/C result 
(2 × 1013 vs. 1 × 1015 cm−2, respectively).

The CL technique seems to bring more insight into the 
damage accumulation process comparing with the IL and 
RBS/C. The results of CL exhibit the three-step mechanism 
of defect transformation in the irradiated spinel. Notewor-
thy is the fact that first stage of transformation occurs at 
a similar threshold fluence as for the IL data (0.45 × 1014 
vs. 0.2 × 1014 cm−2), while the second one is close to the 
value calculated based on RBS/C results (1.9 × 1015 vs. 
1 × 1015 cm−2). This demonstrates that CL and IL are tech-
niques sensitive to the early stages of damage production in 
comparison with RBS/C.

Summary and conclusions

The response of the magnesium aluminate spinel samples 
investigated by means of IL and CL techniques seems to 
be governed by different phenomena than in the case of 
RBS/C method. The luminescence signal decreases rapidly 
at very low radiation fluencies, when the changes in the fD 
parameter are rather small (Fig. 4). The mechanism of such 
a fast decay of IL signal is not known yet, but it seems that 
it mostly relies on the formation of nonradiative recombi-
nation centers as a result of creation of vacancies by Ar+ 
ions. Thus, the luminescence may disappear already at the 
early stages of irradiation without altering the fD parameter 
which is sensitive mainly to the concentration of interstitial 
atoms displaced from their original positions and is almost 

Fig. 4  The dependencies of reduced intensity of IL signal values on 
the irradiation fluence (damage kinetics) for mono- and polycrystal-
line MgAl2O4 samples irradiated with 320 keV Ar+ ions

Fig. 5  Damage accumulation kinetics calculated from: RBS/C data 
(circles), IL data (squares) and CL data (triangles); all dependencies 
fitted with the MSDA model



444 Phys Chem Minerals (2016) 43:439–445

1 3

completely insensitive to vacancies (Jagielski et al. 2014). 
As the significant increase of the values of fD is related to 
the transformation of defects from small defect clusters 
into dislocations or dislocation loops (Jagielski and Thomé 
2009, 2011), such a transformation is observed at relatively 
high irradiation fluencies.

In the case when the analysis of damage was based on 
the CL measurements, the recorded signal never faded 
completely, as its generation occurs well beneath the dam-
aged layer of the investigated sample. This is due to rela-
tively high electron beam-accelerating voltage and result-
ing electron penetration depth, which is approximately 
750 nm for 10-keV electron beam in MgAl2O4 (Drouin 
et al. 2007). Nevertheless, the technique seems to be com-
plementary to IL and RBS/C. Both IL and CL techniques 
appear more sensitive than RBS/C in a low fluence range. 
The results obtained confirm also the potential of lumi-
nescence techniques for studies of damage accumulation 
by the comparison of the kinetics of luminescence signal 
(reduced signal intensity vs. irradiation fluence) with the 
results of the RBS/C experiments.

The analysis of light emitted from the sample excited 
with charged energetic particles may provide useful infor-
mation on the damage accumulation in an irradiated mate-
rial, as shown above. Both IL and CL appear thus as suit-
able tools for the analysis of the damage accumulation 
kinetics. However, the rate of changes resulting from the 
formation of nonluminescent recombination centers is 
very different than that resulting from the creation of sin-
gle defect clusters or dislocations. It means that the phe-
nomena responsible for the decrease of the luminescence 
are different than those related to the creation of displaced 
atoms present in the crystal channels. Consequently, IL and 
CL techniques may be considered as complementary tools 
showing new perspectives in the damage accumulation 
studies in single- and polycrystalline materials. Another 
advantage of the ionoluminescence technique is that it may 
be implemented also “in situ” in various equipments such 
as ion implanters and tandem accelerators. The experiments 
are fast, relatively easy, inexpensive and offer a unique pos-
sibility to use the same ion beam for both the creation and 
the simultaneous analysis of radiation damage.
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