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1 Introduction There are many sources of radiations, which have to be taken into account for an
expedition to Mars. If chemical fuel is used the estimated duration of the mission is three years: half of
year on Mars and more than two years in space. Space rays consisting of photons, γ-rays, electrons and
protons are probably the most important factors during the flight. The atmosphere on Mars is much thinner than on Earth, and Mars has no global magnetic field. Therefore, Mars is not protected from space
radiation and the harmful rays given off by the Sun (high-speed particles). To make the mission shorter a
nuclear or positron reactor can be used instead of chemical fuel. However, these reactors produce neutrons and γ-rays. The average temperature on Mars is –63 ºC. A heating system needs to have energy to
make it work. There are the following alternatives: more chemical fuel and/or solar panels (both have
rather low “power to weight” ratio) or nuclear reactor (one more source of radiation).
The radiation can damage equipment and cause cancer in living things. It is clear that people
have to be protected with some kinds of shields. Due to weight restriction only few devices can be
shielded. Majority of equipment will be unprotected - it has to be radiation resistant. The study of radiation defects is the only way of understanding degradation mechanisms of materials, of an estimation of
the lifetime of the materials in different environments, and possible reducing a radiation damage of devices.
The present work reports on several examples of optical and electron paramagnetic resonance
(EPR) study of defects in as grown oxide crystals and samples irradiated by visible, UV and gamma
photons, electrons, protons and neutrons. Among investigated oxide materials are KTiOPO4 (KTP),
Li2B4O7 (LBO) and other important optical crystals.
2 Radiation products The general scheme of the energy dissipation for cosmic rays can be represented by Fig. 1. Two features of the scheme should be underlined. At first, the secondary particles include neutrons, which have larger penetration depth than primary electrons and protons. At second, most
of radiation defects in crystals are of atomic sizes: point defects like electron and hole traps, vacancies,
interstitial ions; clusters of these defects. Sometimes, the atomic defects are grouped along lines (tracks).
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Since very often they are paramagnetic (or can be re-charged to a paramagnetic state), the magnetic
resonance methods are ones of the most suitable methods for the study of processes and radiation products.
In order to obtain reliable data a set of samples of the same crystals from different vendors or grown by
different ways should be studied.

Fig. 1

General scheme of radiation energy dissipation and the EPR controlled objects and processes.

3 Results of study of as grown and irradiated samples It is worthwhile to point out that the studied
nominally pure crystals often contain a rather high concentration of impurities (between about 10 and
some 1000 ppm). Moreover, samples from different sources have different non-controlled impurities,
and as a consequence, different physical properties including resistance to radiation.
Optical absorption spectra of as grown non-irradiated KTP samples collected from different
sources were very similar (Fig. 2). All samples were transparent ones with nearly the same blue edge of
fundamental absorption. The EPR spectra of these samples were measured at Bruker ELEXSYS 560 at
the same conditions (temperature, sample orientation, microwave power, modulation frequency and so
on). Surprisingly, we found significant difference of the observed EPR spectra (Fig. 3). Some samples
have no visible EPR signals. It means that they have no paramagnetic impurities or defects (however,
they can have the EPR silent defects). Other samples show the complicated EPR spectra with many lines
of different intensities and line widths. The EPR signal intensity (if measured at the same conditions)
reflects the concentration of paramagnetic centers. Therefore, we can conclude that KTP-1, KTP-5 and
KTP-10 have several different non-controlled impurities with different concentrations. Some of observed
EPR lines have spin-Hamiltonian characteristics, which are close to the parameters described Cr3+ and
Fe3+ [1–3]. However, many lines do not belong to paramagnetic centers, which were identified previously [4–10]. Intensities of additional EPR lines, which appeared after γ-irradiation, correlated with the
concentrations of non-controlled impurities. This is an indication of a recharge of the impurities or regular lattice ions in a neighborhood of the impurities.
As-grown non-irradiated LBO samples give no visible EPR signals. It means that the samples
have a very good quality and no impurities in paramagnetic state. We did not find also a significant EPR
signal in the samples after γ-irradiation, which usually produces electrons and holes. We have to con-
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clude that defects, which could capture electrons or holes, as well as impurities, which could be recharged to paramagnetic state (like Mn [11], Cu [12], Co [13]) are practically absent.
However, strong EPR signals appeared after neutron irradiation (Fig. 4). The signals are rather
complicated due to presence of different kinds of defects. Using various gains it is possible to distinguish
central group of lines, which has “signal to noise” ratio about 100:1 and consists of several overlapped
single lines and multiplets, and several quadruplets of smaller intensities. From the first point of view the
spectrum is too complicated for the interpretation. However, the greatest advantages of the EPR in comparison with other methods are: tabulated values of electron and nuclear spins for most of ions and nuclei
(so called spin labels), an opportunity to study angular dependencies of spectra by the rotation of samples
in external magnetic field, and well developed theory of positions, intensities and widths of lines.
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irradiated KTP crystals.

Interstitial O

Lines of hole defects

Irradiated LBO

O1

Experimental EPR spectrum

O1

Simulated spectrum for
2+
+
B - Li defect

320

O2

340

360

380

e-

O1
B

O2

O3

Simulated spectrum for
an electron captured
by oxygen vacancy

300

h+

O3

O1

400

Magnetic field (mT)
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Computer simulation based on numerical diagonalization of spin-Hamiltonian matrices helps
enormously to decipher the many-component EPR spectra and to relate the observed lines with definite
models of radiation defects (some examples are shown on Fig. 4). Comparison of the simulated and
observed spectra allowed us to determine quantitative characteristics of the defects (g-tensor, parameters of fine structure of the EPR spectra, tensors of hyperfine etc), and to propose their models. Precise
knowledge of models of radiation defects helps to understand how the defects appear, and to discuss
procedures for healing of the defects, or ways for the radiation protection of the crystals.
4 Conclusion The KTiOPO4 crystals from different vendors or grown by different ways have different (sometimes significant) concentrations of non-controlled impurities and, as a result, different physical
properties. Since the EPR lines are rather narrow, the KTP crystals do not have intrinsic defects like
vacancies and antisites, usually present in congruent non-stoichiometric crystals like lithium niobate and
tantalate. It was found that the absence of intrinsic and extrinsic defects in Li2B4O7 crystals increases the
crystal resistance to electron and γ-radiations.
Analyzing obtained and published data [14–24] we came to the conclusion that all observed radiation defects in oxide crystals can be divided into six basic groups:
1. Recharged impurity ions,
2. Recharged regular lattice ions near intrinsic or extrinsic lattice defects, like O- centers (hole traps) or
Ti3+ (electron traps),
3. F-like centers with g ≈ 2.00 representing an electron trapped by an oxygen vacancy,
4. Centers in the form of the O0 - O- (or O2-) complex consisting of two oxygen ions in regular sites
near a metal vacancy (hole traps),
5. The O0 - O- complex consisting of one regular site oxygen and one interstitial oxygen (hole traps),
6. Recharged ions knocked out from their regular lattice sites.
The dominating types of defects formed under visible, UV and gamma photon irradiation are centers created by defects trapped electron or hole (groups 1-4). The neutron and high energy electron irradiation creates stable Frenkel pairs - interstitial ions and vacancies (groups 3-6).
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