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SPECTROSCOPIC STUDY OF GAMMA-IRRADIATED
MONGOLIAN NATURAL QUARTZ

In this work we performed a spectroscopic characterization of natural quartz
samples from Mongolia. These materials were examined by X-ray powder
diffraction (XRD), UV-visible spectroscopy (UV—vis) and electron paramagnetic
resonance (EPR). Samples were used in this study in as-received, gamma-
irradiated and heat-treated conditions. The color formation in natural quartz
through this procedure is explained based on XRD, EPR, and UV-VIS studies of
gamma irradiated and heat-treated samples. Smoky quartz shows absorption bands
in the visible region and a strong EPR signal. Afier heat-treatment it shows
absorption bands in the near UV region with extensions into the visible region and
a weak EPR signal.
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CHEKTPOCKOIINYECKHUE UCCJIIEAOBAHUS 'TAMMA-
OBJIYYEHHBIX MOHI'OJIbCKHUX ITPUPOJHBIX KBAPLIOB

B pabome npedcmagnenvt chekmpoCcKonuyeckue XapaKxmepucmuxu npupooHsbIx
06paszyos keapya uz Mouzonuu. Imu mamepuansl ObLIU UCCTEO0BAHBL C HOMOWDBIO
PEHmMeeH06CKOU  ougparkyull Ha nopowkosom oopasye (XRD), YD-euoumotu
cnexkmpockonuu (UV-vis) u asnekmponunozo napamacuumnoz2o pezonanca (IIIP).
Obpasybl UCNOTBL308AHHBIE 8 INOM UCCIEO08AHUU DBLIU, 8 UCXOOHOM BUde, 2AMMAa-
obnyuenHom u mepmoodopabomannom cocmosHusx. Dopmuposanue yeema 8
NpupooOHOM Keapye 6 pe3yivbmame IMOU Npoyeoypvl MONCHO O0OBACHUMb
ocnoevlgasice Ha PCA, DIIP u UV-VIS uccredosanusix 2amma-oOnyueHHvix u
mepmudecky 06pabomanHvix 06pasyos. [vimuamslil K6apy noxasviéaem noaoChl
no2nouwieHus. 6 SUOUMOU 0OIacmuU CHeKmpa, a makodice cuibHull cueHanr OIIP.
Tocne mepmuueckoii 06pabomku o1 NOKA3bIBAEM NOIOCHL NO2IOWEHUSL 8 OIUNCHEL
VB obnacmu, a maxoce cnabwiti cuznan II1P.

KuioueBble ciaoBa: xeapy, ecamma oOnyyeHus, mepmuyeckas oOpabomka,
CNeKMpPOCKONUs,  dNeKMPOHHLLL  NAPAMACHUMMBIL  pe3oHaHc, Y D-eudumast
CNeKmMpOCKOnUs, PeHM2eH08CKas Ouppaxyus

Quartz is one of the most abundant minerals in earth's crust. It is well
established that this material show a SiO, tetrahedron as its basic structural unit. It
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belongs to a class of materials known as tectosilicates where the oxygen atoms at
the corners of each SiO4 tetrahedron are shared with adjacent tetrahedra. Quartz has
been used in many fields, including dating, dosimeter, and electronics. It is also
worth highlighting the use of this material in jewelry [1, 2].

It has always been in interests of scientists and researchers to turn semi-precious
and precious stones into any color and shape. Very attractive property of stones is
that their colors changed into different colors by not only adding additional
elements into them but also putting them under gamma ray radiation [3, 4]. It is
important to explain how this process could be possible and how it works.
Colorless quartz becomes smoky or dark smoky when exposed to gamma rays.
Smoky quartz may become brownish, or colorless after heat-treatment. Natural,
colorless quartz is routinely colored by irradiation with gamma rays and heat-
treatment for jewelry production.

Its atomic structure is particularly simple, which helps in the study of point
defects. Attention has been specifically focused on structures, electronic properties
and generation mechanisms of defects in this material. In general, point defects can
be usefully related to modifications of some macroscopic properties, as the
appearance of optical absorption and of Electron Paramagnetic Resonance (EPR)
signals. In many cases the defect formation depends on the manufacturing
procedure of the material and on later treatments [5].

We report experimental studies of the effects of gamma radiation induced in
natural quartz. The main target is the spectroscopic characterization of induced
point defects and the identification of their formation mechanisms. To this purpose
we use EPR spectroscopy and obtain complementary information from optical
absorption measurements. This multi-technique approach proves to be very useful
to evidence when distinct spectroscopic features can be attributed to the same
defect and when correlations point out the possible existence of defect conversion.

Gamma ray induced point defect in quartz

In general, a point defect can be visualized as a local distortion of the atomic
structure caused by a bond rupture, an over or under coordinated atom, the
presence of an impurity atom (homo or heterovalent substitution, interstitial,...),
etc. [6]. These defects are usually indicated as infrinsic when they are due to
irregular arrangements of the crystal atoms (Si and O for SiO,), and extrinsic when
they are related to impurities (atoms differing from Si or O).

A further general classification of the point defects, useful in the following
discussion, can be made on the basis of their electronic configuration: those having
unpaired electrons constitute paramagnetic defects, and the others are the
diamagnetic defects. Both typologies could in principle be characterized by optical
activities as absorption and emission bands. Instead, only the paramagnetic defects
have a further feature since they are responsible for a non-zero magnetic moment,
having unpaired electrons, and are responsible for the magnetic resonance
absorption.

Examples of the point defects are: the vacancy (an atom is removed from its
“reticular” position), the interstitial (an atom is in a non-reticular position) and the
valence defect (a bond Si-O is broken). In particular, among the intrinsic defects in
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silica we found the neutral oxygen vacancy: O=Si-Si=0, the peroxy bridge: O=Si-
0-0-Si=0, the non-bridging oxygen: O=Si-O (NBOHC), the tricoordinated
silicon: O=Si (usually named E’ center), the twofold coordinated silicon: O=Si .
Some of these defects are pictorially reported in fig. 1. It is worth to note that these
defects may present several charge states due to electron or hole trapping [4, 7].
Electronic states (ground and excited) of a point defect may have energy
separation lower than the energy-gap (~8 ¢V) of the silica matrix. For instance, the
broken bond defects, like O=Si-O or O=Si, are related to the (anti-bonding)
localized states that should be found between the valence and the conduction band
[4]. As a consequence, the transitions among electronic states of the defect,
induced by the electromagnetic field, give rise to absorption and emission bands
with energy spanning from below ~2.0 eV, in the visible range, up to ~8 eV, in the
vacuum UV (VUV) region, which explains the loss of transparency of the material.
Also, the defects may trap charge, electron or hole, so they influence the insulation
properties of silica. Finally, in the case of paramagnetic defects a redistribution of
the electronic levels is introduced by a very small energy separation (~10 meV)
and related to the presence of a magnetic field, so varying the magnetic properties

of the material.

O=S5i-Si=0 O=Si-0-0-5i=0
-
O0=Si-0" O=Si"

4y
t O=S1"

Fig. 1. Fragments of amorphous silica pictorially representing various point
defects. The electrons spins, inserted in pictorial orbitals are indicated by arrows

Various optical absorption and emission bands as well as EPR structures, in the
case of paramagnetic defects, have been detected. From them, energy level
diagrams for the defects have been derived together with, in the case of the EPR,
information on the electronic orbital and on their atomic environment. However, it
is very difficult to correlate such information to a particular structural model of the
defect and only in few cases, following ad-hoc experiments, as e.g. for the O=Si-O,
O=Si' centers, that were observed in *’Si and '’O isotopic enriched samples [8], a
successful determination has been done.
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A particularly useful technique in the investigation of the mechanisms of defect
generation is the irradiation of quartz with beam of particles (electrons, neutrons,
ions, etc.) or ionizing radiation (UV, X, v, etc.) [4, 7]. Two main mechanisms are
distinguished:

» the knock-on processes, in which atomic displacements are caused by the
direct transfer of the projectile kinetic energy;

» the radiolysis processes, in which atomic motion or bond ruptures are
caused through ionization or electron excitation.

In the knock-on processes the projectile particles of the incident beam interact
directly with the atoms of the material causing displacements (for example,
vacancy-interstitial Frenkel pair) or site distortions. Two kinds of knock-on
processes are generally considered: the elastic, that conserves the total kinetic
energy, and the inelastic, in which some of the projectile kinetic energy is lost in
electronic transitions (excitation, ionization,...) or nuclear reactions [4]. In order to
create defects by displacements, it is necessary that the projectile gives sufficient
energy to the target atom to break its bonds and to prevent that the knocked-on
atom is recaptured from its neighboring atoms. The value of this energy for a given
atom in the matrix is called displacement energy Td, and it has been estimated that,
in Si0,, T°=10 eV and T&8=20 eV, for O and Si displacements, respectively,
assuming an Si-O bond energy of ~5 eV [9].

The radiolysis processes (electronic excitation, ionizations and bond rupture)
have been found to be predominant in electron and v irradiation as they overcome
the efficiency of the knock-on processes by at least an order of magnitude [3, 4].
On the other hand, only radiolysis processes are possible when sub-band gap
photons like UV are employed. It is worth to note that in the case of energetic
irradiation particles a cascade of radiolysis processes could be induced since
several electron-hole pairs are created by the scattered projectile [4]. Among the
various irradiation damage sources the y rays are very interesting. They can act
through photoelectric effect, Compton effect and pair production (electron-
positron) [10] and give rise to primary electrons and a cascade of scattered
energetic electrons and photons. Depending on the y photon energy one of the
above processes prevails [11].

Thermal annealing is another external treatment frequently used for the
investigation of point defects. In fact, many varieties of radiation-induced defects
can be destroyed on increasing the temperature, as for the case of the E’ centers
[8]. In general, by warming an irradiated material it is possible to individuate the
temperature at which a given defect is destroyed. By this way useful information
related to the defect structure, as for example the strength of the molecular-bonds
and the depth of the defect potential well, can be obtained. Also, the study of
thermal behavior can be used to evidence the existence of correlations. For
example, it is possible to establish if macroscopic properties, like optical
absorption bands or EPR signals, are related to one defect when they follows the
same kinetics under the action of a given thermal treatment.
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Experiments

In this work we used natural quartz from Mongolia. Samples were used in this
study in natural, gamma irradiated and heat-treated conditions. It is important
mentioning that the natural quartz samples showed colorless. Colorless quartz
becomes smoky or dark smoky when exposed to gamma rays. Smoky quartz may
be come brownish, or colorless after heat-treatment. The gamma-irradiation step
was performed in Microtron MT-22 (Nuclear physics research center, National
University of Mongolia) at 0-22 MeB continuous radiation energy, 9 pA electron
current and @,=(7.2- 10""-1.2-10"")ysm*sec-pA radiation flux density.

The heat treatment step of quartz samples was performed in air, using a T 6200
(Heraeus) furnace and cooling/heating rates of 10°C/min. Samples were kept at
200°C for 24 h.

XRD was performed in a Philips-PANalytical PW1800 diffractometer, using
CuKa radiation and operating at 40 kV and 30 mA.

UV-vis spectra were taken in the spectral range from 200 to 800 nm, using a
Shimadzu UV-2401PC spectrometer and a resolution of 0.1 nm. EPR spectra were
taken in AH=200 G, H~=1200 G, 1=0.3 sec, At=30 sec using SEPR2 EPR
spectrometer. The EPR spectra were taken at room temperature and recorded as the
first derivative of the absorption curve. A coal reference sample was used to
determine paramagnetic defect concentration in as-received, gamma-irradiated and
heat-treated Quartz. These tests were performed for samples in crystalline and
powdered conditions.

Results and discussion
Samples were used in this study in as-received, gamma irradiated and heat-
treated conditions. Fig.1 shows colorless quartz becomes smoky or dark smoky
when irradiated to gamma rays. Smoky quartz may become brownish, or colorless
after heat-treatment.

Fig. 1. Sample of (a) natural, (b) gamma irradiated and (c) heat-treated Quartz
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Fig. 2. XRD spectra of (010) and (011) crystallographic direction in natural

and gamma irradiated Quartz
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Fig. 3. EPR spectra of powdered in natural, gamma irradiated and heat-treated

quartz samples

We observed that natural and gamma irradiated quartz showed XRD diffraction
intensity variation in fig. 2 [12]. This observed diffraction peaks shift may be

related to atomic displacement in quartz is given by the following equation,
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I~F7; F, = z LT exp[2ni(hx, + ky, +1z,)]. (1)
i=1

Fig. 3 shows powder EPR spectra of natural, gamma irradiated and heat-treated
quartz samples. Most of the resonance lines observed in these spectra could be
associated to gamma radiation induced paramagnetic center of Quartz. Gamma ray
induced paramagnetic center concentrations in the samples are determined by the
use of integral intensities of their EPR spectra and the spectra of the reference with
the known amounts of paramagnetic centers. Paramagnetic center concentrations
(N) in the samples are determined as the value which is proportional to the area
under the absorption curves and the integral intensity (I) [14]. Integral intensities
(I) of the absorption line were obtained by integration of this curve. Double
integration of the first-derivative EPR spectra gives us the value of integral
intensity (I). To obtain paramagnetic concentration the EPR lines of the tested
samples and the references are measured. In our EPR studies of coal references
were used [13]. Paramagnetic centers concentrations were obtained for gamma
irradiated and heat treated quartz. Gamma irradiated sample is paramagnetic
centers concentrations has been 6.6:10' spin/g. Heat treated sample is
paramagnetic centers concentrations has been 5.9-10" spin/g.

Paramagnetic centers concentration is reduced after heat treatment in gamma
irradiated quartz.

SiO2
Gamma irradiated Si02
- Heat treated SiO2

Absorbance [a.u.]
1 1 L

T T . T T T T | T
300 400 500 600 700 800
Wavelength [nm]

Fig. 4. UV-vis spectra of natural, gamma irradiated and heat-treated quartz
samples

Fig. 4 shows UV-vis absorption spectra of natural, gamma irradiated and heat-

treated quartz samples. We observed the presence of a broad absorption band at
about 450 nm in the spectrum of the gamma-irradiated sample. In addition, one
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notices the presence of an intense absorption in the near UV region, with
extensions into the visible region. The combination of these bands gives rise to a
dark black colored material. The heat-treatment of this material led to the complete
bleaching of its color. The UV—vis spectrum of the heat-treated sample exhibited
an almost constant absorption over the visible region.

Conclusions

The color formation in natural quartz through this procedure is explained based
on XRD, EPR, and UV-VIS studies of natural, gamma irradiated and heat-treated
samples. XRD spectra revealed diffraction peaks shift in some crystallographic
direction. This peaks shift may be related to the atomic displacement in quartz.

We observed the changes in the EPR spectra and UV—vis of these samples as a
function of the condition they were analyzed (natural, gamma-irradiated and heat-
treated). Smoky quartz showed absorption bands in the visible region and a strong
EPR signal. After heat-treatment it showed absorption bands in the near UV region
with extensions into the visible region and a weak EPR signal. Therefore, gamma
radiation induced color change in quartz which could be related to paramagnetic
defects.
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