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Abstract

The impact of 230-MeV Xe132 ion irradiation on the structural, optical, and lumi-
nescent properties of YAG:Ce single crystals is investigated over a fluence range of
1011–1014 ions/cm2. Optical absorption; cathodo-, X-ray, and photoluminescence; and
X-ray diffraction are employed to analyze radiation-induced changes. Irradiation leads
to the formation of Frenkel (F, F+) and antisite defects and attenuates Ce3+ emission (via
enhanced nonradiative processes and Ce3+ → Ce4+ recharging). A redistribution between
the fast and slow components of the Ce3+-emission is considered. Excitation spectra show
the suppression of exciton-related emission bands, as well as a shift of the excitation onset
due to increased lattice disorder. XRD data confirm partial amorphization and a high level
of local lattice disordering, both increasing with irradiation fluence. These findings provide
insight into radiation-induced processes in YAG:Ce, which are relevant for its application
in radiation–hard scintillation detectors.

Keywords: Y3Al5O12:Ce; swift heavy ion irradiation; radiation defects; optical absorption;
luminescence

1. Introduction
Yttrium aluminum garnet single crystals doped with trivalent cerium ions, Y3Al5O12:Ce

(YAG:Ce), have unique optical and luminescent properties, including high emission ef-
ficiency, excellent thermal and radiation stability, and a broad emission spectrum in the
visible range. They are used in a wide range of advanced technological applications [1–10].

YAG:Ce has been widely employed as a scintillation material in medical diagnostics
and radiation monitoring systems. The scintillation properties of YAG:Ce crystals have
been extensively studied (see, for example, [11–14]). These crystals exhibit fast timing
characteristics, emit around 2.25 eV (550 nm), and demonstrate good compatibility with
silicon photodetectors, enabling efficient energy conversion and the possibility of particle
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identification based on the shape of the light signal. Owing to these features, the YAG:Ce
can be used for the detection of γ-radiation and light charged particles with high temporal
and energy resolution [15–19].

The thermal stability and radiation tolerance of YAG:Ce make it a promising material
for the use under extreme conditions, such as those encountered in outer space and high-
energy physics environments [20–23]. However, under intense radiation, stable lattice
defects may form within the crystal, including oxygen vacancies, antisite defects, and their
complexes. These defects can significantly affect the optical and luminescent properties of
the material. Therefore, the investigation of radiation-induced changes in the structure and
properties of YAG:Ce is a critical step toward the development of components suitable for
operation in harsh environment conditions.

Ion irradiation is widely employed as an accelerated method for radiation damage
accumulation in the materials used in the active zones of nuclear reactors [24,25]. Unlike
neutron irradiation, it allows for high radiation doses to be reached within short timeframes,
avoiding sample activation [25]. Many studies have examined radiation-induced processes
in undoped YAG single crystals under exposure to high-energy ions and fast fission neu-
trons [26–30]. However, there is a notable lack of research focused on ion irradiation effects
in YAG:Ce, a material of considerable technological importance. In the present work, we
report experimental results on the effects of 230-MeV Xe132 ion irradiation on the optical,
luminescent, and structural properties of YAG:Ce single crystals.

The irradiation of YAG:Ce crystals with 230-MeV Xe132 ions is characterized by highly
asymmetric energy deposition between ionizing and non-ionizing channels. According to
SRIM calculations [31], the electronic stopping power (Se) reaches 25.3 keV/nm, while the
nuclear stopping power (Sn) is only 0.08 keV/nm, resulting in a Se/Sn ratio exceeding 300.
This indicates that over 99.7% of the ion’s energy loss is transferred via the formation of
electronic excitations, whereas less than 0.3% contributes to the elastic collisions of incident
particles with material nuclei (the creation of interstitial vacancy Frenkel defect pairs). In
this context, Xe132 ion irradiation cannot be directly equated to γ or neutron irradiation.
While γ-rays deposit energy almost exclusively via ionization (with uniform distribution),
and neutrons act via nuclear collisions (pure impact mechanism), swift heavy ions such as
Xe132 combine extremely high ionizing effects in nanometric volumes with a modest impact
contribution. Therefore, Xe132 ion irradiation emulates a unique radiation environment
that simultaneously models high-dose ionization and displacement damage, making it
particularly suitable for the accelerated testing of radiation-resistant scintillators.

2. Materials and Methods
In this study, Y3Al5O12:Ce3+ single crystals with a 0.5 at.% Ce3+ dopant concentra-

tion, grown by the Czochralski method, were investigated. Samples with dimensions
of 5 × 5 × 0.5 mm3 were supplied by Alineason Materials Technology GmbH (Frankfurt,
Germany). Y3Al5O12:Ce3+ crystals were irradiated with 230-MeV xenon (Xe132) ions at a
fluence of Φ = 1011–1014 ions/cm2 using the DC-60 cyclotron (Astana, Kazakhstan). The
penetration depth (range R) of these Xe ions, according to SRIM/TRIM calculations [31], is
about 14.3 µm. The beam current density was 10 nA/cm2. The total irradiation dose was
estimated to be 5.6 × 105 Gy for the lowest fluence of Φ = 1011 ions/cm2 and 5.6 × 108 Gy
for the highest fluence of Φ = 1014 ions/cm2.

Optical absorption spectra were measured using a Jasco 660 dual-beam spectropho-
tometer (Japan Spectroscopic Company, Tokyo, Japan). The absorption of a pristine crystal
was subtracted from the spectrum for the same sample after irradiation and this difference
spectrum was considered the radiation-induced optical absorption (RIOA).
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Time-resolved spectra of cathodoluminescence (CL) were measured at 1.5–6.1 eV under
the excitation by 100-keV electron pulses of sub-nanosecond duration (for setup details, see
Ref. [32]). The luminescence signal was registered in two time-windows, delayed after the
excitation pulse: within 0–32 ns or 0–2 ms. The CL spectra were corrected for the spectral
response of the detection system.

X-ray luminescence (XL) spectra of irradiated YAG:Ce single crystals were measured
under identical conditions (25 kV, 10 mA, room temperature (RT)) using a Horiba iHR320
monochromator (HORIBA Scientific, Grabels, France).

Time-resolved photoluminescence (PL) was measured using an MDR206 monochro-
mator (Lomo Photonica, Saint Petersburg, Russia) coupled with a Tektronix TDS 2205
digital oscilloscope (Tektronix, Inc., Portland, OR, USA). The detection system included
a Hamamatsu H6780-04 photomultiplier tube (Hamamatsu, Japan), which ensured high
sensitivity and fast response for time-resolved measurements. Excitation was provided
by a tunable Solar LQ215 laser system (Minsk, Belarus) with LP603 and LG350 modules,
delivering 10-ns pulses in the 210–2500 nm spectral range.

Vacuum ultraviolet (VUV) excited luminescence measurements were performed at the
Superlumi/P66 beamline at DESY’s PETRA III synchrotron facility (Hamburg, Germany);
for details, see previous studies [33,34]. The synchrotron radiation provided high-intensity,
tunable excitation, with precise wavelength selection via a 2 m monochromator offering
4 Å spectral resolution. This setup enabled the targeted excitation of luminescent states in
the ceramics, particularly in the VUV region.

Emission spectra were recorded with a 0.3 m Kymera 328i (Oxford Instruments,
UK) monochromator (F/4.1 aperture, 200–1200 nm range, 0.4 nm resolution). A Newton
920 CCD camera (Oxford Instruments, Oxfordshire, UK) ensured high sensitivity across a
wide spectral range, and a Hamamatsu R6358 photomultiplier tube (Hamamatsu, Japan)
was used for efficient photon counting in the UV. All experiments were carried out at 9 K
using a helium-cooled cryostat to reduce thermal noise and non-radiative losses. Excitation
spectra were calibrated against the sodium salicylate signal to ensure reliable data across
the entire spectral range.

The X-ray diffraction (XRD) measurements were performed on crystalline samples of
YAG:Ce, with both pristine reference samples and those subjected to ion irradiation, using a
Bruker D6 Eco (Bruker) diffractometer (Bruker, Berlin, Germany). We followed the protocol
established in previous studies [33]. All measurements were carried out under identical
conditions to ensure the reliability and comparability of the results. The instrument was
operated in a wide angular range to provide comprehensive phase identification and the
accurate quantitative analysis of structural parameters. Each sample was mounted so
that XRD data were collected specifically from the irradiated surfaces of the crystals. The
diffractometer was equipped with a Cu Kα radiation source (λ = 1.5406 Å) and operated at
40 kV and 40 mA. Data collection was performed in the 2θ range from 10◦ to 90◦, with a
step size of 0.02◦ and a counting time of 1 s per step, ensuring precise determination of the
diffraction peak positions and widths. This approach guarantees high reproducibility and
accuracy in the phase analysis and structural refinement, making it suitable for detailed
investigations of microstructural parameters such as the crystallite size, microstrain, and
degree of crystallinity.

The degree of crystallinity of a material is determined based on the XRD pattern as
the ratio of the area occupied by the crystalline peaks to the total area, including both
the crystalline and amorphous components. To estimate the microstrain, the broadening
of diffraction peaks is analyzed using the Williamson–Hall formalism (see Refs. [35,36]
for details. Thus, both parameters—the degree of crystallinity and the microstrain—are
directly extracted from the quantitative analysis of the X-ray diffraction profile.
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3. Results and Discussion
3.1. Optical Absorption of Xe-Irradiated YAG:Ce Single Crystals

Figure 1 presents the optical absorption spectra measured at RT for YAG:Ce single
crystals exposed to Xe132 ions with different fluences (curves 1–3). Curve 4 presents the
difference spectrum between optical absorption of two pristine YAG crystals with the same
thickness: a Ce-doped (curve 0) one and a nominally pure one. This difference spectrum
clearly reflects Ce-related optical absorption. Ce3+ ions substitute for host Y3+ cations at
crystallographic sites exhibiting D2 symmetry, which leads to the crystal field splitting of
the 5d excited state into five sublevels. The absorption features centered at approximately
5.46 eV, 3.65 eV, and 2.7 eV are thus ascribed to 4f 1 → 5d1 transitions of Ce3+ ions [37,38].

 

Figure 1. Optical absorption spectra of YAG:Ce crystals measured at RT before irradiation (curve 0)
and after expoure to 230-MeV Xe132 ions with various fluences (curves 1–3). Curve 4: a Ce-related
absorption (see text for details).

Figure 2 displays the spectra of the radiation-induced optical absorption of Xe-
irradiated YAG:Ce crystals (the absorption of a pristine YAG:Ce crystal is subtracted
from the spectra shown in Figure 1). The RIOA spectra exhibit a pronounced increase in
absorption around 3.35, 4.1, 4.9 eV and above 6 eV. At least a part of the RIOA is related to
classical F and F+ centers (an oxygen vacancy with two or one trapped electrons, respec-
tively). The arrows in Figure 2 note the position of band maxima tentatively ascribed to
the oxygen-vacancy-related defects in thermochemically reduced (additively colored) and
nominally pure YAG single crystals [39,40].

Some publications (see, e.g., [30,41]) considering the characteristics of oxygen-vacancy-
related defects refer to the data for additively colored YAG crystals [26,27]. Similar to other
metal oxides, the F center possesses one absorption band peaked around 6.35 eV, while up
to three bands could be related to the F+ center; according to the existing literature data,
two F+-related bands are tentatively located in YAG around 3.35 and 5.3 eV.

There are speculations about the existence of an oxygen vacancy with three trapped
electrons, with the absorption bands peaked at 1.49, 2.58, and 3.44 eV belonging to this
F− center in thermochemically reduced YAG crystals [39]. However, according to Ref. [42],
the centers responsible for absorption bands at 1.5, 2.5, and 3.5 eV in UV-irradiated YAG
crystals already undergo thermal destruction at 175 K. Furthermore, the probability of the
F− center formation (if any) should be inherently lower than that for the formation of F+

and F centers, which involve one and two electrons, respectively.
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Figure 2. RIOA spectra of YAG:Ce crystals irradiated with 230-MeV Xe132 ions to various fluences
(curves 1–3). All spectra are measured at RT.

Note that the second absorption band attributed to the F+ centers (maximum around
5.3 eV) lies on the short-wavelength side of an intense 4.9-eV band and cannot be clearly
separated in ion-irradiated crystals (see Figure 2). In earlier studies [43,44], the 4.9 eV
band was ascribed to charge-transfer transitions involving the 2p orbital of oxygen ligands
and the 3d level of Fe3+ impurity ions. Recently, the absorption bands at 4.1 and 4.9 eV in
Xe-irradiated YAG have been tentatively attributed to the F+ center associated with a Fe2+

impurity or YAl
3+ antisite defect, respectively [45]. In our opinion, the latter suggestion is

still questionable (especially with respect to the F+-Fe2+ centers).
In general, the concentration of radiation-induced F-type defects significantly exceeds

the concentration of uncontrolled impurities and even antisite defects in single crystals.
Therefore, the concentration of single (not associated with any imperfection in its nearest
vicinity) radiation-induced F+ centers should be significantly higher than that for the above-
mentioned associations. However, according to Figure 2, the intensity of the F+-band
around 3.35 eV is low with respect to the bands at 4.1 and 4.9 eV.

At the same time, it should be stressed that radiation-induced defects are formed only
within a thin layer of a YAG crystal, the width of which is determined by the penetration
depth R of incident energetic ions. As a result, the absolute number of radiation defects
is rather small and the separation of different defect types is complicated. In addition,
the tentative F-absorption band is located at 6.35 eV, i.e., spectrally very close to the
beginning of intrinsic absorption; first, this is due to exciton-like formations and is then
followed by band-to-band transitions (see, e.g., similar processes in ion-irradiated LuAG
crystals [33,46]). Unfortunately, we did not succeed in separating the F-band, although
the rise in RIOA in the relevant spectral region of YAG with ion fluence is obvious (see
Figure 2). The detail study of thermal annealing of the F centers (via optical absorption) in
irradiated or additively colored YAG crystals is definitely needed and still lies ahead.

It is worth noting that, in contrast to radiation-induced defects in a thin colored crystal
layer, the existing impurity ions are distributed in the whole crystal volume, enhancing
impurity-related absorption bands. The used ion irradiation is characterized by very
efficient ionization losses (extremely high density of electronic excitations along ion tracks;
see [46] and references therein). Thus, the formed electron–hole pairs can cause impurity
recharging within rather thick layers (with thickness significantly exceeding the R value)
of the irradiated crystal. In particular, iron ions are invariably present in nominally pure
YAG crystals; they also contribute to the increase in optical absorption following radiation
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exposure [47]. Fe3+ ions substitute for Al3+ in both octahedral and tetrahedral coordination
sites. The absence of Fe3+-related absorption bands in the spectrum of pristine YAG:Ce
suggests that iron impurities initially exist in the divalent Fe2+ state. Indeed, in as-grown
YAG crystals, iron is predominantly present as Fe2+ [43]. Irradiation of YAG by Xe132 ions
leads to the formation of Fe3+ impurities, which could be also responsible for the RIOA
bands around 4.1 and 4.9 eV (see Figure 2).

3.2. Cathodoluminescence Spectra of Xe-Irradiated YAG Crystals

Figure 3 shows the CL spectra of ion-irradiated YAG crystals (Φ = 1013 Xe/cm2)
measured at 6 K (a) or RT (b) using two different time-windows: 0–32 ns and 0–2 ms.

3 
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Figure 3. Time-resolved CL spectra of a nominally pure YAG crystal irradiated with Φ = 1013 Xe/cm2.
The spectra are measured at 6 K (a) and RT (b) using a short time-window (0–32 ns, curves 1 and 3)
and a long time-window (0–2 ms, curves 2 and 4). Ordinate values for curves 1 and 3 are multiplied
by a factor of 155 and 23, respectively.

The suggested F+ center emission band in YAG should peak around 3.1 eV [40,41].
Similar to the case of thoroughly studied MgO and Al2O3 single crystals (see, e.g., [48,49]),
the F+ emission is very fast, with the decay time τ in the nanosecond scale (according to [40],
τ = 3 ns in YAG). However, there is no evident F+-related emission even in CL spectra
measured at 6 K and within a short time-window (0–32 ns, see Figure 3a). At the same time,
several CL bands at 3.6–5.5 eV are detectable at low temperatures. A comparison of CL
intensity measured in short and a long time-windows (0–2 ms) confirms that the emissions
are rather slow (significantly weaker in a short window of 0–32 ns). Based on literature data
(see, e.g., [50–54] and references therein), UV emissions are related to exciton-like states,
including bound excitons near antisite defects.

It should be mentioned that a strong attenuation of CL in a wide spectral region under
energetic ion irradiation was reported for a number of wide-gap metal oxides. In particular,
the F+ centers of emission at 3.8 eV (τ around 2 ns) in corundum increase with Xe-irradiation
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only at very low fluences and already significantly attenuate at Φ > 1012 Xe/cm2 [55].
The irradiation-induced attenuation of intrinsic emissions (connected with self-trapped
or bound excitons) takes place in all metal oxides, while the rate of intensity decrease
with ion fluence could be different. According to Figure 3a,b, intrinsic emissions in Xe-
irradiated YAG are clearly detectable at both 6 K and RT. At the same time, there is an
evident redistribution with registration temperature between the emissions connected with
different exciton-like formations (see also [50,54,56]). At low temperatures, the dominant
contribution to UV luminescence arises from self-trapped excitons (CL peak around 4.9 eV),
while different excitons bound near antisite defects are responsible for the CL bands shifted
toward lower energies at RT (Figure 3b).

3.3. X-Ray Luminescence Spectra of Xe-Irradiated YAG:Ce Crystals

In YAG:Ce crystals, the primary luminescent center in the visible spectral range is
the Ce3+ ion. Its characteristic emission manifests as a broad, asymmetric band with a
maximum near 2.25 eV. The luminescence properties of Ce3+ in the YAG host matrix have
been extensively studied [51,52,57].

Figure 4 presents the X-ray luminescence spectra of YAG:Ce single crystals irradi-
ated with Xe132 ions to various fluences. All XL spectra were recorded under identical
experimental conditions to ensure the reliable comparison of lightsum variations. The
Ce-emission lightsum (integral) of the pristine YAG:Ce crystal was taken as a reference
value and arbitrarily set to 100%.

Figure 4. X-ray luminescence spectra of a YAG:Ce pristine crystal (curve 1), YAG:Ce irradiated
samples with different Φ values (curve 2—1011 Xe/cm2, 3—1012, 4—1013, and 5—1014 ions/cm2),
and nominally pure pristine YAG (curve 6). All spectra are measured at RT and identical excitation
conditions (25 kV, 10 mA). The inset on the left shows the lightsum of XL at 1.8–2.5 eV in irradiated
samples with respect to the lightsum of the pristine sample (100%) as a function of irradiation fluence.
The inset on the right displays the XL spectrum at 2.7–4.2 eV with magnified ordinate.

In the pristine sample, the characteristic Ce3+ emission band is observed in the
1.8–2.5 eV range. This band exhibits a doublet structure and originates from 5d → 4f
transitions. Upon increasing the irradiation dose, a progressive decrease in the intensity of
this complex emission band is recorded. The overall reduction in luminescence intensity
is evidently attributed to the formation of radiation-induced defects, which act as nonra-
diative recombination centers, disrupt energy transfer to the Ce3+ centers and, thereby,
diminish luminescence efficiency.

Moreover, ion irradiation leads to an intensity redistribution between two sub-bands of
the Ce3+ emission. This redistribution is likely due to the distortion of the local environment
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and symmetry breaking of the crystal field, which alters the radiative transition probabilities
from different 5d sublevels. Thus, the observed changes in the XL band provide clear
evidence of the significant impact of radiation-induced defects on the electronic and optical
properties of YAG:Ce and underscore the material’s sensitivity to intense radiation.

The inset in Figure 4 presents the fluence dependence of the lightsum (LS) of XL at
1.8–2.5 eV in the irradiated YAG:Ce crystals. There is a clear exponential decrease in LS with
irradiation dose and dropping at the highest fluence of Φ = 1014 ions/cm2 to about 40%
of the LS value in a pristine sample. This behavior results from the combined influence of
several physical mechanisms. Primarily, the interaction of high-energy ions with the crystal
lattice leads to the formation of radiation-induced defects, such as interstitial-vacancy
Frenkel pairs, antisite defects, and their complexes. These defects could act as efficient
nonradiative recombination centers and impede the energy transfer to Ce3+ ions.

Ion irradiation of YAG:Ce also causes a redistribution of the charge states of cerium
ions, whereby a fraction of Ce3+ is converted to Ce4+. The majority of the energy deposited
by the incident ion is expended through ionization losses. As a result, Ce3+ impurities
located along the ion tracks may lose their 4f electrons. The radiation-induced defects (in
particular, oxygen vacancies) could stabilize the Ce4+ state, which is optically inactive. This
Ce3+ → Ce4+ recharging process reduces the number of luminescent centers and, thus,
contributes to the decline in LS.

In addition to Ce3+ emissions, the XL spectra also exhibit a significantly weaker
complex band in the blue–UV region (2.8–4.3 eV, see inset in Figure 4). The LS of this XL
band is about 7% with respect to the Ce3+ emission in a pristine YAG:Ce. In general, this
weak band can be caused by the presence of a small concentration of radiation-induced
F-type defects, single ones or associated with antisite defects. The latter are present in any
as-grown YAG and are additionally created by the intense irradiation (see, e.g., [45,53,54]).
Similar to other wide-gap metal oxides, the radiation defects in YAG are formed due to
the displacement mechanism, while the contribution of ionization losses to Frenkel defect
creation is negligible [46,55]. It is worth noting that, according to the EPR studies [58], even
a single YAl

3+ antisite defect can significantly alter the spectroscopic characteristics of a
neighbor Ce3+ ion.

The detailed interpretation of XL origin at 2.8–4.3 eV is complicated due to its weakness
and the influence of reabsorption by the existing impurity centers and defects (see also the
discussion related to CL data presented in the Section 2). Similar to the case of Ce-related
XL at 1.8–2.5 eV, the intensity of the blue–UV complex band decreases with ion fluence
(suppression is mainly caused by the efficient nonradiative processes).

3.4. Photoluminescence Studies

Figure 5 shows the emission spectra measured in a spectral range of 1.5–4 eV for
pristine and Xe-irradiated YAG:Ce crystals under the excitation by 6.2-eV photons at
10 K. The spectra consist of an intense Ce3+ emission in the visible region (~1.9–2.5 eV)
and weaker emissions in the blue–UV region (~2.6–3.5 eV). The Ce3+ emission exhibits a
noticeable doublet structure with peaks at 2.14 and 2.35 eV, corresponding to the 5d → 4f
transitions. A broad complex band around 3 eV is evidently associated with radiation-
induced defects.

In a pristine YAG:Ce sample, the intracenter emission of Ce3+ ions is clearly dominant.
In irradiated crystals, there is a clear relative enhancement (with respect to a cerium
intracenter luminescence) of short-wavelength defect-related emissions with ion fluence.
According to the literature data, photons of 6.2 eV should excite the emission of the F and
F+ centers [39,40] and could tentatively create exciton-like formations bound to antisite
defects (see, e.g., [59] and references therein). However, mentioned in Sections 3.2 and 3.3,
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the separation of elementary luminescence bands related to single F and F+ centers, or
their associations with antisite defects, is complicated due to the rather small number of
ion-induced Frenkel defects, additional reabsorption by defects/impurities, and efficient
radiation-induced nonradiative processes. In particular, Figure 5 demonstrates significant
attenuation of the Ce-luminescence in the sample irradiated with Φ = 1014 Xe/cm2.

Figure 5. Emission spectra of pristine and Xe-irradiated YAG:Ce crystals measured under the
excitation by 6.2-eV photons at 10 K. All spectra are normalized relative to the luminescence intensity
at 2.35 eV.

Figure 6 presents spectra of the Ce3+ emission measured at the excitation of ion-
irradiated YAG:Ce crystals by 5.54-eV photons at 10 K. The spectra are decomposed into
two elementary Gaussians, the parameters of which (FWHM—w and maximum position—
x) exhibit no significant changes in pristine and irradiated samples. This indicates that
Xe-ion-irradiation does not significantly affect the shape of the Ce3+ emission bands.

Figure 7 presents the excitation spectra for the Ce3+ emission at 2.14 and 2.35 eV
(Figure 7a,b), as well as for the short-wavelength emission band that peaks near 3.1 eV
(Figure 7c), for YAG:Ce samples irradiated to different fluences. Two Ce3+-emission bands
exhibit identical excitation spectra. The excitation band at 5.5 eV corresponds to one of
the absorption bands of Ce3+ ions in the YAG matrix (see Figure 1) and is associated
with 4f 1 → 5d1 intracenter transitions. A low-energy excitation tail extending below 4 eV
corresponds to another similar Ce-related absorption band (which cannot be reached via
available synchrotron radiation). A weak excitation feature near 6 eV is visible in a pristine
sample and gradually disappears with irradiation fluence.

An intense excitation band around 6.7 eV in the pristine sample is related to a bound
exciton near a Ce3+ ion [54,60–62]. With irradiation fluence, this excitation band undergoes
shape distortion, gradually diminishes in intensity and, after Φ = 1014 Xe/cm2, is almost
completely suppressed. Such attenuation of the 6.7-eV excitation band with fluence is most
likely due to the formation of Frenkel defects, the enhancement of lattice local disordering,
and suppression of the exciton-related energy transfer mechanisms.

According to Figure 7, Ce3+ luminescence is also excited in the 7–9 eV spectral region,
which corresponds to the formation of excitons in regular lattice regions as well as electron–
hole pairs via interband transitions starting around 8 eV (see [54] and references therein). It
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is worth noting that the excitation bands in this spectral region are attenuated even after
low Φ and are practically suppressed by Φ = 1013 Xe/cm2.

Figure 6. Luminescence spectra and their decomposition into elementary Gaussian components for
pristine and irradiated YAG:Ce crystals: Curve 1—5d1 → 2F7/2, Curve 2—5d1 → 2F5/2 transitions of
Ce3+ dublet. The spectra are measured at 10 K under the excitation by 5.54-eV photons.

(a) (b) 

 
(c) 

Figure 7. Excitation spectra measured at 10 K for the emissions at 2.14 eV (a), 2.38 eV (b), and 3.1 eV
(c) in pristine and ion-irradiated YAG:Ce crystals.
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The luminescence band peaked around 3 eV in YAG and YAG:Ce crystals is commonly
attributed either to the F, F+ centers [39,63] or their associations with antisite defects [46].
However, as noted above, a low number of single (isolated) F+ centers are created under
Xe132 ion irradiation in a very thin crystal layer. Moreover, there is no excitation band
around 5.3 eV in Figure 7c, which is considered as the second absorption band of the F+

centers in thermochemically reduced YAG crystals. In a pristine YAG:Ce crystal, the 3.1-eV
emission is excited only via the interband transitions. At the same time, the excitation bands
at 5.8–6.5 eV for the 3.1-eV emission in the irradiated YAG:Ce crystals could testify to the
creation of the F centers by energetic Xe ions (their characteristic absorption band should be
located near the edge of fundamental absorption [39,40]). Secondly, the observed redshift
of a pronounced excitation band with irradiation fluence (Figure 7c) could be also associ-
ated with the absorption Urbach tail transformation due to the accumulation of radiation
damage. However, the Urbach tail is usually nicely pronounced at RT, while the relevant
changes at 10 K could tentatively be smaller than those in Figure 7c. Finally, if the radiation-
induced F-center concentration corresponds to rather high absorption constant values, the
excitation band of tentative F-emission could be seriously distorted (after a certain limit,
the emission intensity is no longer proportional to the relevant defect concentration).

3.5. Photoluminescence Decay Kinetics

The influence of ion-irradiation on the decay kinetics of cerium emission was also
studied. The decay kinetics of the 2.25 eV emission of Ce3+ impurity ions was measured
under the excitation by 5.64-eV laser light at RT. Figure 8 displays the decay curves of
the Ce emission in YAG:Ce crystals exposed to different fluences of Xe ions. In all cases,
the kinetics are well described by two exponential components. The first, fast component
exhibits τ1 = 70 ns in a pristine crystal and is slightly slower in the irradiated crystals, with
τ1 = 75 ns. The decay time for the second, slow component equals τ2 = 320 ns in a pristine
YAG:Ce and increases with ion fluence up to τ2 = 620 ns for Φ = 1014 Xe/cm2 (see Figure 9
and Table 1).

Figure 8. The decay kinetics of Ce3+ emissions (2.25 eV) measured in pristine and Xe-irradiated
YAG:Ce crystals under the excitation by 5.64-eV photons (laser light) at RT.
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Figure 9. Dependence of the decay time of the Ce3+ emission at 2.25 eV in YAG:Ce crystals excited by
5.64-eV photons at RT. Inset shows dependences of the relative lightsum on ion fluence.

Table 1. Kinetic characteristics of the Ce3+ photoluminescence decay.

Fluence,
Ion/cm2

τ1,
ns

τ2,
ns A1, A2, S1 S2 S S1

S
S2
S

0 70 320 2 × 10−2 18 × 10−4 1.4 0.576 1.976 0.71 0.29

1011 75 450 2 × 10−2 13 × 10−4 1.5 0.585 2.085 0.72 0.28

1012 75 450 13 × 10−3 1 × 10−3 0.975 0.45 1.425 0.68 0.32

1013 75 540 13 × 10−3 1 × 10−3 0.975 0.54 1.515 0.64 0.36

1014 75 620 12 × 10−3 9 × 10−4 0.9 0.558 1.458 0.62 0.38

The lifetime of the fast component agrees well with previous studies (see, e.g., [54]).
This component corresponds to the intracenter excitation of the Ce3+ ions, while the slow
component is usually attributed to the energy transfer from a matrix (or other imperfections)
to Ce3+ luminescent centers. Ion irradiation has only a minor effect on the lifetime of the
Ce3+ intracenter emission, and small τ1 changes could be associated with a local distortion
of the luminescence center vicinity. In contrast, the τ2 is clearly affected by the accumulated
radiation-induced damage. In YAG single crystals, antisite defects, the concentration of
which increases with ion fluence, can also participate in the processes of energy transfer to
luminescent centers. As a result, the contribution of the slow cerium emission component
increases with fluence, in turn causing the degradation of the scintillation performance.

Table 1 and the inset in Figure 9 illustrate the changes in the relative lightsum Si/S of
both components of the Ce3+ emission with ion-irradiation fluence. For each component,
the lightsum was estimated as the product Si = Ai × τi, where Ai—is the preexponential
factor. The total light sum was calculated as S = ∑i Si.

The fast component lightsum S1 decreases significantly with irradiation fluence. The
main reason for this reduction could be connected to the radiation-induced recharging
of cerium ions, Ce3+ → Ce4+. In contrast, the lightsum of a slow component S2 increases
with the irradiation dose. Such enhancement is connected with the increasing contribu-
tion of radiation-induced antisite defects to the processes of energy transfer toward Ce3+

luminescence centers.

3.6. X-Ray Diffraction

Irradiation with 230-MeV xenon ions induces structural modifications in the crystal
lattice of YAG:Ce, leading to a rearrangement of its parameters depending on the accumu-
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lated radiation damage. Phase identification in the investigated samples was performed
using data from the ICDD 2019+ database, in particular, PDF 04–026-6921, which con-
tains reference crystallographic parameters for Y2.985Ce0.015Al5O12. Comparison of the
obtained diffraction patterns with this reference enabled the characterization of structural
changes, as well as the identification of newly formed irradiation-induced phases and
defects. Figure 10a,b and Table 2 show the X-ray diffraction patterns of YAG:Ce crystals
irradiated with different fluences up to 1014 ions/cm2.
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Figure 10. X-ray diffraction patterns of the pristine and ion-irradiated YAG:Ce single crystals (a).
(b), a detailed view of Amorphous halo.

It is well known that YAG is susceptible to amorphization under high-energy ion
irradiation [28,64–66]. Amorphization of the YAG:Ce crystal structure under 230-MeV
xenon ion irradiation manifests through a series of characteristic structural changes revealed
by X-ray diffraction analysis. One of the key indicators is a reduction in crystallinity: while
the pristine sample exhibits complete crystalline order (100◦%), this value decreases to
about 70% with increasing fluence, indicating partial lattice disordering and the formation
of amorphous regions along ion tracks within the thin irradiated crystal layer. In the
diffraction patterns, this is accompanied by background broadening and a reduction in
the intensity of crystalline peaks within the range 2θ = 23.5–46.5◦ (Figure 10b), where
no amorphous scattering was initially present. At a fluence of 1011 Xe/cm2, the onset of
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amorphous contributions becomes noticeable; at Φ = 1012 Xe/cm2, broad amorphous bands
appear, which become increasingly pronounced at Φ = 1013 and especially Φ = 1014 Xe/cm2.
It has recently been shown that the irradiation of Gd3Ga5O12 by 147-MeV Kr ions causes
the formation of an amorphous halo in the region of 2θ = 31–35◦ [67]. This characteristic
halo indicates the emergence of the regions with disordering of the crystal structure as
a result of radiation damage and the breaking of chemical bonds. An increase in the
irradiation fluence leads to a corresponding rise in the intensity of the halo, indicating a
greater contribution of disordered regions within the structure.

Table 2. Crystallographic parameters obtained using XRD. a—lattice parameter, d—interplanar
spacing, hkl—Miller indices (crystallographic plane).

Fluence,
Ion/cm2 a, Å

Crystallinity
Degree, % Strain, % V, Å3 Density (ρ,

g/cm3) d, Å 2θ hkl

Pristine 12.01 100 0.194 1731.368 4.654 1.742 52.50 6 3 1

1011 12.03 99.43 0.25 1740.98 4.629
1.756 52.4 6 3 1

1.688 54.3 5 4 3

1012 12.08 98.32 0.85 1760.96 4.576

1.755 52.08 6 3 1

2.398 37.47 4 2 2

3.262 27.32 3 2 1

1.456 63.89 8 2 0

1013 12.39 88.32 2.45 1902.53 4.521
1.876 52.87 4 4 4

1.833 52.74 6 3 1

1014 13.78 70.47 3.36 2615.11 3.962
1.741 52.51 6 3 1

1.734 52.73 4 4 4

These results indicate progressive degradation of crystalline order, associated with
the accumulation of radiation-induced defects and atomic rearrangements within the
lattice. Thus, the irradiation process leads to partial amorphization of the YAG:Ce structure,
accompanied by reduced density, increased microstrain, and a higher dislocation density—
collectively reflecting the breakdown and destabilization of the original crystalline phase.

Despite the presence of partial amorphization (with crystallinity reduced by 30%), the
concentration of optically active color centers (F and F+ centers) induced by ion irradiation
remains relatively low.

4. Conclusions
The present study studies the influence of ion-irradiation (230-MeV Xe132 ions) on the

structural, optical, and luminescent properties of YAG:Ce single crystals over a wide range
of fluences (1011–1014 ions/cm2). A comprehensive set of experimental techniques were
used, including optical absorption spectroscopy; cathodo-, X-ray, and photoluminescence;
luminescence decay kinetics; and X-ray diffraction.

The manifestations of the creation of point lattice defects (the F and F+ center, YAl
3+

antisite defects), as well as the recharging of impurity ions (in particular, Ce3+ → Ce4+),
were considered on the basis of optical absorption/cathodoluminescence spectra of YAG
crystals exposed to energetic Xe ions with different fluences. Due to the relatively low
absolute number of Frenkel defects induced by ion-irradiation, a further detail analysis of
their characteristics is needed.

X-ray luminescence measurements demonstrated a continuous attenuation of Ce3+

emission with ion-irradiation fluence due to the enhancement of nonradiative processes (in
particular, the creation of lattice defects) and the possible recharging of Ce3+ to optically
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inactive Ce4+. The emission band of Ce3+ preserved its spectral shape and substructure,
indicating that the crystal field environment remains largely intact for residual Ce3+ centers.
On the other hand, the fast component of intracenter Ce3+ emission (τ1 = 70–75 ns) decreases
in intensity with irradiation fluence, while the slow component (determined by the energy
transfer processes) behaves in the opposite way. Photoluminescence studies demonstrate
the similar attenuation of Ce-related emission/excitation bands with irradiation fluence of
YAG:Ce crystals.

The XRD analysis confirmed the partial amorphization of the YAG:Ce lattice at high
fluences, with crystallinity decreasing to ~70%. The broadening and reduction of diffraction
peaks indicate a high level of local lattice disordering consistent with ion track formation
and defect accumulation.
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