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Yttrium-aluminum-garnet (YAG) and calcium fluoride (CaF,) were irradiated with 200 MeV Xe
ences ranging from 1 x 10'' to 2 x 10 ions/cm?®. X-ray diffraction indicated that a YAG crystal was trans-
formed to an amorphous phase at 1 x 10'2 ions/cm?. Contrary, CaF, shows diffraction peaks up to the highest
fluence performed of 2 x 10'* jons/cm?, indicating the non-amorphizable nature. In spite of amorphization,
YAG maintained the transparency of > 80% from 500 nm to 2500 nm up to the highest fluence of 2 x 10'*
ions/cm?. Contrary, CaF, showed a broad absorption band centered at 550 nm even at the lowest fluence of

14+ jons at flu-

1 x 10'! ions/cm?, which is ascribed to metallic Ca colloids in CaF,. While the absorption intensity saturated
around 1 X 10'2 ions/cm? it does not mean the total metallization of the irradiated region but a dynamical
equilibrium between the metallization and recovery.

1. Introduction

Swift heavy ions (SHIs) are high energy ions whose energy loss
processes in solids are mostly governed by electronic friction [1]. When
a SHI goes through a crystal, a damage region of cylindrical shape is
formed along the ion trajectory in many insulators [2,3]. The region is
called (latent) ion track, which is amorphous in many crystals but
crystalline in some crystals such as CaF, [4], StF5 [4], BaF, [4], CeO,
[5,6], and more. High resolution transmission electron microscopy
(TEM) observations confirmed certain density reduction in the track
regions in CeO, [6,7] and MgAl,O3 [8], mainly due to loss of the an-
ions. In CaF,, huge loss of F ions in the track regions result in anion-void
sublattice and remaining Ca sublattice, which is observed as metallic Ca
colloids in CaF, [9].

Another remarkable observations, which were confirmed in CeO,
[7]1 and MgAl,O5 [8], are that a newly formed track erases the tracks
previously formed if the distance is nearer than a certain value [10].
Consequently, the number density of the tracks saturates to a constant
value at high fluences: While increasing the fluence further, the number
of the tracks does not increase. This is a consequence of the dynamical
equilibrium between the track generation at the center of a new impact
of SHI and the track erasing at the periphery of the tracks. The track
erasing could be damage recovery meditated by recrystallization.

Consequently, we expected higher radiation hardness in non-
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amorphizable materials than amorphizable ones. It is known that yt-
trium aluminum garnet (YAG; Y3Als0;,) crystals are amorphized by
SHI irradiation [11] with the threshold S. of 7.5 keV/nm [12]. Con-
trary, it is known that CaF, crystals are not amorphized under SHI ir-
radiation, while ion tracks of a crystalline phase are registered [4] with
the two-step thresholds of 5 and 18 keV/nm [13]. In this paper, a
comparative study between non-amorphizable CaF, and amophizable
YAG is described against the responses to 200 MeV Xe'** ion irradia-
tion. In spite of the expectation described above, better and more stable
optical transparency was observed in amorphizable YAG than non-
amorphizable CaF,. Irrespective of the amorphization, the optical
transparency in the visible and the near-infrared (NIR) regions main-
tained in YAG. Contrary, a strong absorption over the visible and the
NIR regions strongly degraded the optical transparency of CaF, because
metallic Ca collides are generated by SHI irradiation

2. Experimental

Single-crystals of non-doped YAG and of CaF, with sizes of
10 X 10 x 1 mm°® were purchased from ATOM Optics Co., Ltd., China.
While both the samples were single crystals in unirradiated state, they
seemed to transform to polycrystalline for CaF, and polycrystalline and
finally to amorphous for YAG, with irradiation. Here the “undoped
YAG” means that Nd ions or other rare-earth impurities have not
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Table 1

Electronic and nuclear stopping powers (at the surface), and the projected range
of 200 MeV '*°Xe ions in YAG and CaF, crystals, calculated by SRIM 2013 [15].
Also the track formation threshold values and the X-ray penetration depths of
Cr K-a line are shown.

YAG CaF,
Electronic stopping power (keV/nm) 24.3 20.3
Nuclear stopping power (keV/nm) 0.091 0.069
Projected Range (um) 13.2 16.7
Mass density (g/cm®) 4.56 3.18
Track formation threshold (keV/nm) [16] 7.5 5
X-ray penetration depth of Cr K-a line at 15° incidence (um) [17] 2.76 2.88

intentionally been doped. See Ref. [14] for the optical absorption
changes of Nd-doped YAG crystals induced by high energy ion irra-
diation. The crystalline structures of YAG and CaF, are the garnet type
and the fluorite type, respectively, while both are in the cubic sym-
metry. The {0 0 1} planes of both the single crystals were irradiated at
room temperature with 200 MeV '**Xe'** ions from the tandem ac-
celerator in the Japan Atomic energy Agency (JAEA), Tokai Research
and Development Center. The fluence ranged from 1 x 10! to
2 x 10 ions/cm? The stopping powers and the projected ranges of
the 200 MeV Xe ions in either of YAG and CaF, were calculated using
SRIM 2013 code [15] and shown in Table 1. The Xe ion provides the
electronic stopping powers S. of 24.3 and 20.3 keV/nm in YAG and
CaF,, respectively, either of the S, was much higher than the track
formation threshold of 7.5 (YAG) and 5 keV/nm (CaF,) [16].

The fixed incident angle X-ray diffractometry (FIA-XRD) was ap-
plied with a fixed incident angle of 15° from the sample surface using
the Cr Ka line (A = 0.22896 nm) from an X-ray source (Rigaku Co., Ltd.
RINT 2500 MDG). Different from the conventional 6-20 method, the
penetration depth of the X-ray is constant for FIA-XRD irrespective of
the scattering angle 26. Since the ion irradiation effects may depend on
the sample depth, the FIA method could be advantageous. The incident
angle of 15° corresponds to the X-ray penetration depth of 2.76 pym
normal from the surface for YAG (the density of 4.56 g/cm3) and
2.88 um for CaF, (3.18 g/cm®) [17]. Here the penetration depth means
the depth where the incident X-ray intensity decreases to e. The pe-
netration depths of both the materials were much shorter than the ion
range of 200 MeV Xe'** ions (13.2 um for YAG and 16.7 um for CaF,),
indicating that the XRD signal was detected in the region where the
electronic stopping is almost constant along the depth. A conventional
dual-beam spectrophotometer (JASCO corp., V-670) was used for op-
tical transmission spectroscopy in the wavelength region
A = 190-2500 nm with a resolution of 2 nm for A < 850 nm and 8 nm
for A > 850 nm [18].

3. Results and discussion
3.1. X-ray diffraction

Fig. 1(a) exhibits FIA-XRD patterns from undoped YAG crystals ir-
radiated with 200 MeV Xe ions to various fluences ranging from 0 to
5 x 10" ions/cm?. Since the pattern at 2 x 10'* ions/cm? was almost
the same as 5 x 10'® jons/cm?, it was not plotted. Before the irradia-
tion, relatively strong four peaks were observed, which were assigned
to diffractions from the garnet structure: 55.8° for (4 2 2), 124.6° for
(921),135.7° for (9 3 2), and 150.3°for (7 7 2). The powder diffraction
pattern from Ref. [19] is shown in Fig. 1(a) as rectangles. Because the
garnet structure includes many atoms in a unit cell, many diffraction
peaks are observed in the powder pattern. However, our samples
showed only limited peaks due to high crystallinity. After the irradia-
tion to 1 x 10! ions/cm?, the same peaks were observed, while the
intensity ratios and the diffraction angles slightly changed. At the flu-
ence of 1 x 10'? ions/cm?, new four peaks were added, which were
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Fig. 1. Fixed-incident-angle X-ray diffraction (FIA-XRD) patterns of (a) un-
doped YAG and (b) CaF, crystals unirradiated and irradiated with 200 MeV
Xe'** ions to various fluences ranging from 1 x 10'! to 2 x 10'* ions/cm?
The patterns are shifted for vertical direction for clarity. In (a), a powder dif-
fraction pattern from literature is plotted by rectangles.

also assigned to the garnet structure: 65.1° to (4 4 0), 72.0° to (5 3 2),
88.6° to (5 5 2), and 105.2° to (6 5 3). Because of the partial amor-
phization, the single crystal was partly broken down to grains, i.e.,
poly-crystallization. Consequently, the new peaks were allowed to be
observed. At the fluence of 1 x 10" ions/cm?, all the diffraction peaks
disappeared indicating the full amorphization of the YAG crystal.
Amorphization of Nd-doped YAG crystals was already reported by RBS-
Channeling [12] and TEM [5]. While it is not exactly YAG (Y3Al5015),
detailed study has been carried out on YIG (Y3FesO;5) [20]. Further
irradiation to 5 x 10'® ions/cm? and 2 x 10'* jons/cm? (not shown)
did not induce reappearance of the peaks. The fluence dependence of
the (4 2 2) diffraction yield (20 = 55.8°) is plotted in Fig. 2(a). The
amorphization at 1 x 10'2 ions/cm? is clearly shown. With fitting the
fluence ® dependence of the (4 2 2) diffraction yield I by the following
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Fig. 2. (a) Fluence dependence of FIA-XRD yield of YAG (4 2 2) peak and of
CaF, (2 0 0) peak under 200 MeV Xe'** ion irradiation. (b) Fluence depen-
dence of the optical transmittance of YAG samples at the wavelength of 400 nm
and of CaF, samples at 550 nm (due to metallic Ca collides).
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equation,

1(®) = Lexp(—7RE,;P) €]

The track radius Ryag of 4.3 nm was determined. According to a
relationship determined by Meftah, et al. [12] between S. and track
radius in YAG for the ion velocity of 1.24 MeV/u, the 200 MeV '**Xe
ion (S = 24.3 keV/nm, 1.47 MeV/u) is expected to generate the track
of 4.2 nm in radius, which is a good agreement with the observation.

Fig. 1(b) exhibits the FIA-XRD patterns of CaF, crystals irradiated
with 200 MeV Xe ions to various fluences ranging from 0 to 2 x 10'*
ions/cm?. In unirradiated state, the (2 0 0) peak was observed. (Another
peak was observed at ~ 100°, which was not able to be assigned to the
cubic CaF,.) This fact indicates that the sample was oriented to (2 0 0)
before the irradiation. The fluence dependence of the CaF, (2 0 0)
diffraction yield is plotted in Fig. 2(a), which shows very slow decay
with the fluence.

While the (2 0 0) peak was observed irrespective of the fluence,
other peaks (1 1 1), (2 2 0), and (3 1 1) were observed at some fluences
only, which could be temporarily formed from the destruction of the
(2 0 0) orientation by the irradiation. However, further irradiation
again transformed the temporary formed grains to the original or-
ientations. While the pattern changed with the fluence, the changes
were not systematic except the (2 0 0) peak as shown in Fig. 2(a). We
rather interpret that the patterns of CaF, samples shown in Fig. 1(b) did
not significantly change even increasing the fluence up to 2 x 10'*
ions/cm?, which is strong contrast with YAG samples where abrupt
disappearance of the diffraction pattern was observed at 1 x 10'® ions/
cm? due to amorphization. This is a marked difference between CaF,
and YAG, and indicates a typical character of CaF, as a non-amor-
phizable crystal [13].
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Fig. 3. Photo-images of (a) undoped YAG samples and of (b) CaF, samples ir-
radiated with 200 MeV Xe'** ions to various fluences from 0 to 2 x 10'*ions/
cm?.

3.2. Optical absorption

Color changes in YAG and in CaF, with the irradiation are shown as
photo-images in Fig. 3 and as optical transmission spectra in Fig. 4.
Both the materials showed higher transmittance than 80% in uni-
rradiated state from the longest wavelength detected of 2500 nm to
294 nm (for YAG) and from 2500 nm to the shortest wavelength de-
tected of 190 nm (for CaF,). Even irradiated with 200 MeV Xe ions,
YAG maintained the transparency in the visible region up to the highest
fluence of 2 x 10 ions/cm? as exhibited in the photo-image
(Fig. 3(a)). While the amorphization in YAG has completed at 1 x 10'3
ions/cm?, little color change has been induced via the amorphization.
The detailed transparency changes in YAG are shown in Fig. 4(a). With
increasing the fluence, the transmission limit of 80% at the short wa-
velength side shifted from 294 nm (in unirradiated state) to 460 nm (at
5 x 10 jons/cm?). Once, however, the amorphization has been
completed, no further shift was induced even with increasing the flu-
ence further. The fluence dependence of the optical transmittance of
YAG at 400 nm in wavelength is shown in Fig. 2(b), which indicates
that high transparency is maintained irrespective of the amorphization
at1 x 102 ions/cm?.

Contrary, CaF, turned from transparent to violet under the irra-
diation even at the lowest fluence of 1 x 10! ions/cm?, as shown in
the photo-image (Fig. 3(b)). The corresponding optical transmission
spectra are exhibited in Fig. 4(b). With increasing the fluence up to
1 x 10'% ions/cm?, a broad absorption band centered at ~ 550 nm
appeared and increased. A similar absorption band was observed under
217 MeV °0 irradiation to 0.17-2.0 x 10'*ions/cm? [21]. The band is
ascribed to the formation of metallic Ca collides [21-23]. Additionally a
shoulder is visible at ~ 380 nm, which could be ascribed to F centers
[24], i.e., the point defect absorption, of CaF,.

The colloid formation is assumed following processes [9]: First, the
SHI irradiation introduces high concentration of F anion vacancies and
aggregates (anion voids) along the tracks. Loss of F atoms from the CaF,
lattice is induced on the anion sublattice, i.e., the formation of void
sublattice, which is nearly independent from the Ca cation sublattice.
The remaining Ca sublattice behaves as metallic collides or metal NPs
embedded in CaF,. The absorption band at ~ 550 nm is ascribed to the
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Fig. 4. Optical transmission spectra of (a) YAG and of (b) CaF, irradiated with
200 MeV Xe'** ions to various fluences ranging from 0 to 2 x 10'* ions/cm?.
The abscissa (wavelength) is plotted in a logarithmic scale.

surface plasmon resonance (SPR) of metallic Ca NPs in CaF,. However,
recent scanning TEM electron energy loss spectroscopy (STEM-EELS)
showed that tracks consist of rows of nano-voids where lower Ca signal
and higher F signal were detected [28]. Consistency between the pre-
sent story and the recent new observations is discussion in 3.4

Fluence dependence of the optical transmittance at the SPR wave-
length of 550 nm is shown in Fig. 2(b). While the transmittance at
550 nm decreases with the fluence up to 1 x 10 ions/cm? the
transmittance saturates with exceeding 1 x 10'® ions/cm?. The fluence
dependence of the transmittance at 550 nm was fitted by following
equation:

Tzs0 (®) = {T350 (0) — Tis0(00)} €Xp(—7R s, ®) + Tis (o) (2)

The radius of the modified zone in CaF, was determined as
RCaF2 = 2.6 nm.

The saturation behavior could be related to a fact that whole the
irradiated surface of the sample was fully covered by the tracks at the
fluence of ~ 1 x 102 ions/cm? While the absorption intensity satu-
rated at higher than 1 x 102 ions/cm?, it does not mean the total
metallization of the irradiated region but the existence of dynamical
equilibrium between the metallization and recovery processes.
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As described in Introduction, the dynamical equilibrium was ob-
served between the track formation and erasing in MgAl,O3 [8] and
CeO, [7]: A newly formed track erases the tracks previously formed, if
the distance is nearer than a certain value [10]. Consequently, the
number density of the tracks saturates to a constant value, while the
tracks are not overlapped. While increasing the fluence, the number of
the tracks does not increase at high fluences. This is a consequence of
the dynamical equilibrium between the track generation at the center of
a new impact of SHI and the track erasing at the periphery of the newly
formed track. This model is also supported by an observation that the
shape of the saturated absorption band is similar with those at lower
fluences, all of which are well described by Mie theory. This observa-
tion indicates that Ca collides are still embedded in dielectrics CaF,
even at the highest fluence. The CaF, is still survived in the irradiated
region even after the saturation.

3.3. Optical communication bands at NIR

It should be noted that the optical transmission spectra of YAG in
the wavelength region between 1000 and 2000 nm are flat and almost
independent of the fluence of the SHI irradiation as shown in Fig. 4(a).
This is an attractive property of YAG applying for the NIR optical
communication bands. Contrary, the spectra of CaF, in the same region
changed with the fluence as shown in Fig. 4(b), which is not good for
the application of CaF, for the NIR optical communication bands.

We expected that non-amorphizable material CaF, could show
better optical stability against the SHI irradiation, because CaF, is not
suffered by amorphization. The crystallinity is maintained even after
high fluence irradiation. However, the point defect formation resulted
in the Ca colloid formation, which degraded the optical transparency.
Contrary, YAG is amorphized by the SHI irradiation at relatively low
fluence of 1 x 10'° ions/cm? The optical transmission was not
changed by the amorphization except the small red shift of the short
wavelength transparency limit.

Therefore, comparing the optical transparency against SHI irradia-
tion between YAG and CaF,, the amorphizable YAG crystals is better
than the non-amorphizable CaF, crystals.

3.4. Relationship with other observations

While we presumed that the origin of the absorption band
at ~ 550 nm in CaF, as the metallic Ca collides, another candidate is M-
centers, i.e., dimers of F-centers [25,26]. Cooke and Bennett observed a
series of absorption peaks at 320, 376, 535, and 670 nm in CaF, irra-
diated with X-rays, and attributed to V-, F-, M-, and R-centers, re-
spectively, probably from an analogy to alkali halides [25,26]. In our
samples irradiated with 200 MeV Xe ions, only the strong and broader
peak was observed at ~ 550 nm with a weak shoulder at ~ 380 nm. The
peaks attributed to V- and R- centers are not observed. Furthermore,
the ~ 550 nm peak observed under SHI irradiation was broader than
that observed under the X-ray irradiation.

The formation of the Ca collides has been confirmed by TEM after
the irradiations of electrons [27] and cluster ions [9]. The absorption
peak at ~ 550 nm is well reproduced by Mie theory [23]. We consider
that the Ca collides are more plausible explanation at the moment.

Even presuming the M-center model, the saturation of the absorp-
tion at high fluences is explained by the same model, i.e., the dynamical
equilibrium between the track formation and track erasing.

Recently, STEM-EELS [28] showed that tracks consist of rows of
nano-voids where lower Ca signal and higher F signal were detected,
indicating that maybe F atoms were trapped there. Furthermore, in-situ
time-of-flight elastic recoil detection analysis (TOF-ERDA) [28] and
RBS [29] revealed that the surface composition ratio of F/Ca did not
depend on the irradiation fluence. The conventional idea of the fluorine
loss form the sample was excluded. However, the dissolution of CaF, to
Ca and F is firmly evident. The mystery could be solved if we assume
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that the dissociated F atoms do not migrate long distance but are
trapped at sites not so far away from the original positions. The dis-
sociated Ca atoms stay with forming the collides.

4. Conclusions

Both YAG and CaF, were irradiated with 200 MeV Xe*™ ions in the
fluence region between 1 x 10'! and 2 x 10'* ions/cm? at nominally
room temperature. FIA-XRD indicated that YAG single crystal was di-
vided into misaligned grains at 1 x 102 ions/cm? Then it was
amorphized at 1 x 10'3 ions/cm? while CaF, maintained the crystal-
linity up to the highest fluence performed of 2 x 10'* ions/cm?. This is
because CaF, is known as a non-amorphizable material against SHI
irradiation. While CaF, does not show the amorphization, the point
defect formation by SHI irradiation resulted in the metallic Ca colloid
formation, which show a strong absorption band at ~ 550 nm in the
visible region. While the optical transmittance at 550 nm saturated at
the fluence of 1 x 102 ions/cm?, it does not attributed to the total
metallization of the irradiated region, but rather to the dynamical
equilibrium between the track formation and track erasing. The shapes
of the 550 nm band were similar irrespective of the saturation, in-
dicating that always Ca collides are embedded in CaF,, not Ca metal.
Contrary, unrecognizable color change, except small red shift of the
absorption tail, is induced in YAG even through the amorphization. In
the optical communication bands (1-2 pm), transmission change is not
induced in YAG, but in CaF,. Comparing with the optical transparency
change between YAG and CaF, against SHI irradiation, the amorphiz-
able YAG crystals is better than the non-amorphizable CaF, crystals.
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