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Abstract: Cathodoluminescence (CL) of minerals such as quartz and zircon has been extensively
studied to be used as an indicator for geodosimetry and geochronometry. There are, however, very
few investigations on CL of other rock-forming minerals such as feldspars, regardless of their great
scientific interest. This study has sought to clarify the effect of He" ion implantation and electron irra-
diation on luminescent emissions by acquiring CL spectra from various types of feldspars including
anorthoclase, amazonite and adularia. CL intensities of UV and blue emissions, assigned to Pb%" and
Ti** impurity centers respectively, decrease with an increase in radiation dose of He" ion implantation
and electron irradiation time. This may be due to decrease in the luminescence efficiencies by a
change of the activation energy or a conversion of the emission center to a non-luminescent center
due to an alteration of the energy state. Also, CL spectroscopy of the alkali feldspar revealed an in-
crease in the blue and yellow emission intensity assigned to Al-O -Al/Ti defect and radiation-induced
defect centers with the radiation dose and the electron irradiation time. Taken together these results
indicate that CL signal should be used for estimation of the o and B radiation doses from natural radi-
onuclides that alkali feldspars have experienced.
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1. INTRODUCTION luminescence (OSL) and electron spin resonance (ESR)

analyses for determining the geological age of sedimen-

Dose of natural radiation, especially y ray that have
been accumulated by rock-forming minerals such as
feldspar and quartz has been quantitatively estimated
using thermoluminescence (TL), optically stimulated
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tary rocks and volcanic ejecta, tracking the transportation
and deposition of fluvial sediments and determining
provenance (Wintle and Huntley, 1979; Guerin and
Valldas, 1980; Huntley et al., 1985; Petrov, 1994; Shirai
et al., 2008). These techniques allow us to determine the
density of various types of lattice defects produced by
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natural radiation over geological timescale. Recent scien-
tific interest in radiation effects on minerals focus not
only on such geological applications, but also geoscien-
tific and planetary scientific applications, e.g., observa-
tion of pleochroic halo in quartz and feldspar generated
by natural radiation from the disintegration of radioactive
elements (Nasdala ef al., 20006), clarification of release
process of Na atoms from plagioclase on the surface of
the Moon and Mercury into the exospheres due to space
weathering (Sprague et al., 2002; Wurz and Lammer,
2003; Lowitzer et al., 2008) and detection of food irradia-
tion (Soika and Delincée, 2000). These radiation effects
on minerals, caused mainly by ions, protons and electrons
as well as a particles, are seen from the grain surface to a
depth of several tens to hundreds of micrometers. For this
reason, they have not been clarified in detail because the
conventional analytical methods require the extraction of
large quantities of the mineral grains from the target
rocks.

Cathodoluminescence (CL) is the emission of photons
of ultraviolet (UV) to infrared (IR) wavelengths from a
material stimulated by an incident electron beam, and is
an important tool for characterization of radiation damage
on minerals that coexisted with natural radionuclides
(e.g., quartz with zircon and feldspar with euxenite). CL
spectroscopy and microscopy provide valuable infor-
mation on the existence and distribution of defects and
trace elements in minerals with a spatial resolution of a
few micrometers. According to Stevens-Kalceff et al.
(2000) and King et al. (2011), He" ion implantation and
electron irradiation significantly affect the CL properties
of minerals as change of CL is activated by impurity and
radiation-induced defect centers. CL analysis allow us to
estimate their radiation effects on the mineral grains with
high spatial resolution. Recently, CL measurements on
ion-implanted and electron irradiated quartz and albite
have enabled interpretation of radiation effects, including
observation of micrometer-sized radiation halos produced
by o particles and estimation of the o and P radiation
doses as geodosimetry (Owen, 1988; Komuro et al,
2002; Okumura et al., 2008; Krickl et al., 2008; Kayama
et al., 2011a; Kayama et al., 2011b; King et al., 2011).
Although great scientific interest exists concerning CL of
radiation-induced quartz and albite, very few such inves-
tigations have been carried out for alkali feldspars up to
now.

In this study, He" ion implantation experiment was
conducted using a 3M-tandem ion accelerator at
4.0 MeV, corresponding to the energy of a particles gen-
erated by the disintegration of ***U and **Th, and elec-
tron irradiation experiment was performed for various
types of alkali feldspars. Also, this study has sought to
determine their impact of radiations on alkali feldspars
and to apply for geodosimetry and geochronometry.
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2. SAMPLES AND METHODS

CL microscopy and spectroscopy were carried out for
single crystals of anorthoclase (Ano) from Kobushi, Na-
gano, Japan, amazonite (Ama) from Rio Doce, Minas
Gerais, Brazil and adularia (Adu) from Ritleskopf, Rau-
ris, Austria. Slices of the single crystals (10 x 10 x 1 mm)
were polished and finished with a 1 um diamond abra-
sive.

The He' ion implantation experiment was performed
perpendicularly to the surfaces of the slices using a 3M-
tandem ion accelerator located at Takasaki Research
Center of the Japan Atomic Energy Research Institute.
The ion-beam had a 4.0 MeV implantation energy which
corresponds to the energy of an a particle from “*U and
“Th disintegrations. A specific dose density was set in
the range from 6.38 x 10 °to 5.10 x 10~* C/cm” for anor-
thoclase, 7.36 x 107 to 4.83 x 10™* C/em’ for amazonite
and 2.18 x 10 ° to 6.33 x 10* C/cm” for the adularia. The
implanted samples are denoted according to their dose
density, e.g., Ano00 for unimplanted anorthoclase and
Ano08 for anorthoclase that received the highest dose.
CL spectra were acquired from the implanted surface of
the samples, which are labelled “S™ after each sample
number, e.g., Ama0lS for the implanted amazonite at
lowest dose and Ama08S for amazonite at highest dose.
Furthermore, the implanted samples were cut perpendicu-
larly to the exposed surfaces for high-resolution CL im-
aging of the cross-section. The cross section is denoted
by “C” after the sample identifier, e.g., Adu00C for un-
implanted adularia and AdulOC for the implanted adular-
ia at highest radiation dose. The details of the He" ion
implantation experiments and sample preparation are
described by Okumura et al. (2008) and Kayama et al.
(2011a).

Prolonged electron irradiation experiments were con-
ducted on unimplanted and He'-ion-implanted alkali
feldspars at the highest radiation doses. The electron
irradiation was undertaken in a scanning electron micros-
copy-cathodoluminescence (SEM-CL), composed of
SEM (JEOL: JSM-5410) and a grating monochromator
(Oxford: Mono CL2), operated at a 15 kV accelerating
voltage and 50 nA beam current. The electron beam was
scanned over an area of 110 x 93 um for 600 s.

SEM-CL analysis was also used to obtain CL spectra
with operating conditions of 15 kV and 2.0 nA in scan-
ning mode with a 110 x 93 pm scanning area. All CL
spectra were obtained in the range from 300 to 800 nm in
1 mm steps and were corrected for the total instrumental
response using a calibrated standard lamp. High-
resolution CL images were observed using a Gatan: Min-
iCL imaging system under the same conditions as CL
spectral analysis using SEM-CL. More details of the
equipment construction and analytical procedures can be
found in Ikenaga et al. (2000) and Kayama et al. (2010).
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3. RESULTS AND DISCUSSION

Panchromatic CL images of the cross-sections of the
implanted adularia (Adu01C to AdulOC) consist of a
bright luminescent band on the dull luminescent back-
ground, but those of the anorthoclase (Ano01C to
Ano08C) and amazonite (Ama0l1C to Ama08C) show a
~1 um thick dark line with width of a few micrometers on
a bright luminescent background at 12 to 15 pm beneath
the implanted surface (Fig. 1). The bright luminescent
band and dark line are identified as CL halo from the
He'-ion-implanted surface. With an increase in radiation
dose of He" ion implantation, intensities of the CL halos
tend to increase for adularia, but decrease for anortho-
clase and amazonite. These facts imply that He" ion im-
plantation causes a drastic change in CL properties of
adularia, anorthoclase and amazonite, but the behavior
varies between alkali feldspars. The distance of the CL
halos from the implanted surface is consistent with the
maximum of electronic energy loss of 4.0 MeV He'" ion
in alkali feldspars (Bragg and Kleeman, 1905; Nogami
and Hurley, 1948; Faul, 1954; Owen, 1988; Komuro et
al., 2002; Okumura et al., 2008). CL line analysis, ac-
quired through the cross-sections of the implanted alkali
feldspars from the implanted surface to a depth of 20 um

Fig. 1. Secondary electron and panchromatic CL images of cross-
sections of He*-ion-implanted (a), (b) anorthoclase, (c), (d) adularia
and (e), (f) amazonite, respectively. Scale bars are 20 um.

including the CL halo at 12 to 15 pm, shows exponential
increase for the adularia and decreases for the anortho-
clase and amazonite in intensities along the depth direc-
tion down to 15 pum, and exhibits subsequently decrease
and increase over this point, respectively. The increasing
and decreasing behavior corresponds to the energy loss
process of charge particles (Bragg and Kleeman, 1905;
Nogami and Hurley, 1948; Faul, 1954; Owen, 1988;
Komuro et al., 2002; Okumura et al., 2008; Kayama et
al., 2011a). A similar phenomenon has been recognized
in previous CL studies on He'-ion-implanted albite, sani-
dine, orthoclase and microcline (Kayama et al., 2011a;
Kayama et al. in submitted); He" ion implantation on
these feldspars leads to a formation of CL halo with
width corresponding to the energy loss of 4.0 MeV He"
ions and results in decreasing and increasing of their CL
with radiation dose, which are responsible for a change in
luminescence efficiency, a conversion of the emission
center into non-luminescent center, a trap of electron
holes at the lattice defect and formation of radiation-
induced defect center. These processes caused by He" ion
implantation may also contribute to the observed changes
of CL in the adularia, anorthoclase and amazonite.

CL spectra of unimplanted, He -ion-implanted and
electron irradiated anorthoclase, amazonite and adularia
consist of emission bands centered below 300 nm, peak-
ing at ~320, ~350, ~420, ~440, ~580 and 700-750 nm
(Figs. 2, 3 and 4). Their luminescence properties such as
intensity, peak wavelength and shape vary with radiation
dose of the He" ion implantation and electron irradiation
time, of which the impact differs between emission
bands, as well as alkali feldspars. The UV emissions
below 300 nm is observed in CL spectra of unimplanted,
He'-ion-implanted and electron irradiated amazonite and
adularia (Figs. 3 and 4), and may be corresponding to the
emission band at 284 nm assigned to the Pb*" impurity
center (Vaggelli et al., 2005). Unimplanted, He'-ion-
implanted and electron irradiated anorthoclase and adu-
laria have an emission band at ~420 nm in blue region
(Figs. 2 and 4), which is activated by Ti*" impurity cen-
ters (Mariano et al., 1973; Finch and Klein, 1999; Gotze
et al., 2000; Lee et al., 2007; Parsons et al., 2008; Kaya-
ma et al., 2010). CL intensities of these UV and blue
emissions decrease with increases in radiation dose of
He' ion implantation and electron irradiation time. Previ-
ous studies of He -ion-implanted and electron irradiated
plagioclase revealed a similar decrease in the CL intensi-
ty depending on the radiation dose and the irradiation
time, which may be closely related to partial destruction
of the feldspar framework and migration of Na' cations
judging from Raman spectroscopy and chemical analysis
by wavelength dispersive X-ray spectroscopy (Kayama et
al., 2011a, 2013). Therefore, He® ion implantation may
destroy the atomic bonds between impurity centers such
as Pb’" and Ti*" and their ligands in the present alkali
feldspars, and electron irradiation may migrate Na" cati-
ons located near the impurity centers, leading to a de-
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crease in the luminescence efficiencies by a change of the
activation energy or a conversion of the emission center
to a non-luminescent center due to an alteration of the
energy state. These may be responsible for a reduction of
the UV and blue CL intensity caused by Pb*" and Ti*'
impurity centers.

Unimplanted, He -ion-implanted and electron irradi-
ated amazonite have blue CL emissions at ~440 nm (Fig.
3). According to Kayama et al. (2010), the emission band
in blue spectral region consists of an overlap of two emis-
sion components, namely the oxygen defect centers asso-
ciated with AI-O-Al and Al-O-Ti bridges (Al-O -Al/Ti
defect center) and the Ti*" impurity center. The compo-
nent assigned to AI-O-Al/Ti defect center is located at
longer peak wavelength (2.815-2.845 eV) than that to
Ti*" impurity centers (3.055-3.076 ¢V). It implies that Al-
O -AUTi defect center acts as a dominant activator for the
emission bands at ~440 nm in the present amazonite,
rather than Ti*" impurity center. The emission band at
~440 nm in amazonite shows an increase in the intensities
with radiation dose of He" ion implantation and electron
irradiation time (Fig. 3). King ef al. (2011) demonstrated
that ion implantation on quartz changes the [AIOy/M']°
defect (M: H', Li*, Na" and K) into the [AlO,]° defect
due to trapping of electron holes derived from the Na"
migration at the latter defect, leading to an increase in the
blue emission intensity with elevated radiation doses. The
Al-O-Al/Ti defect center in feldspar is composed of
electron hole trapped at Lowenstein bridges and therefore
produced by Na' migration during ion implantation as
well as electron irradiation (Kayama et al. in submitted).
Also, an enhancement of the blue CL in the amazonite
may be caused by formation of Al-O -Al/Ti defect cen-
ters due to the Na" migration and trap accompanying He"
ion implantation and electron irradiation.

The red-IR emissions at 700-750 nm are also detecta-
ble in CL spectra of unimplanted, He -ion-implanted and
electron irradiated anorthoclase and amazonite (Figs. 2
and 3), and are attributed to a Fe’" impurity that substi-
tutes for AI’" ions in tetrahedral sites for the lumines-
cence caused by the radiative transition of the electrons
from 4T1 to 6A1 (Telfer and Walker, 1978; Finch and
Klein, 1999; Gétze et al., 2000). According to Finch and
Klein (1999) and Kayama ef al. (2010), two components
assigned to Fe*" impurity centers on T1 and T2 sites
constitute the red-IR CL emission. There is an increase in
the red-IR emission intensities of the anorthoclase and
amazonite with enhanced radiation dose of He' ion im-
plantation and electron irradiation time. Furthermore, the
peak position of the red-IR emission band in anorthoclase
shifts to a longer-wavelength side with radiation dose of
He' ion implantation. Such increasing and peak shift of
the red-IR CL may be due to an energy transition be-
tween Fe*" impurity centers on T1 and T2 sites. Accord-
ing to Kayama et al. (in submitted), a partial destruction
of the feldspar frameworks and the Na" migration due to
He' ion implantation and electron irradiation reduce the
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Fig. 2. CL spectra of anorthoclase (a) unimplanted, (b) He*-ion-
implanted anorthoclase at 5.10 x 10-* C/cm? (Ano08S) and (c) electron
irradliated at 50 nA for 600 s.
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Fig. 3. CL spectra of amazonite (a) unimplanted, (b) He*-ion-implanted at
4.83 x 10~ C/em? (Ama08S) and (c) electron irradiated at 50 nA for 600 s.
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Fig. 4. CL spectra of adularia (a) unimplanted, (b) He*-ion-implanted at
6.33 x 1074 C/cm? (Adu10S) and (c) electron irradiated at 50 nA for 600 s.
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luminescence efficiency of Fe*" impurity center on T1 site
as a consequence of a change of activation energy or a
conversion of the emission center into non-luminescent
center by an alteration of the energy state, the same as in
the case of Pb>" and Ti*" impurity center. Therefore, much
of the energy for CL from the Fe'" impurity center on the
T1 site should be dissipated by radiative transition of Fe’*
impurity center on T2 site as the energy transition process,
which may contributes to the enhancement and peak shift
of the red-IR CL in anorthoclase and amazonite.

The emission band at ~580 nm occurs in CL spectrum
of He'-ion-implanted anorthoclase, but it is absent from
that of unimplanted anorthoclase (Fig. 2). CL spectra of
the amazonite and adularia also have similar yellow
emissions at ~580 nm and reveal an increase in yellow
emission intensities with radiation dose of He" ion im-
plantation and electron irradiation time (Figs. 3 and 4).
Kayama et al. (2011a, 2011b) demonstrated that He -ion-
implanted albite show a comparable increase in the CL
intensity depending on the radiation dose, which is char-
acteristic of the radiation-induced defect center. He' ion
implantation and electron irradiation, therefore, lead to a
formation of the radiation-induced defect center, resulting
in an increase of yellow CL of the present alkali feldspar.
The rate of increase of the yellow emission intensity,
however, differs significantly between alkali feldspar
samples with comparable radiation doses of He" ion im-
plantation and electron irradiation time, which may be
closely related to the degree of Si-Al ordering and chemi-
cal composition. As the intensities of the yellow emission
assigned to the radiation-induced defect center and the
blue emission to the Al-O -Al/Ti defect centers increase
with radiation dose of He" ion implantation and electron
irradiation time, these CL signals have great potential for
estimation of the natural o and B radiation doses that
micro-ordered alkali feldspar has experienced, based on
the correction of CL spectral data for the degree of the Si-
Al ordering and chemical composition.
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