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Abstract—We describe a method of ultraviolet radiation dosimetry based on recording the photostimulated
transition Mn3* + ¢~ — Mn?" in ultrafine magnesium oxide with a periclase crystal structure. It is shown that
this photoeffect can be recorded using the method of electron paramagnetic resonance (EPR). The passive
integrating ultraviolet detector (UV detector) is suggested to be developed on the basis of tubes with ultrafine
magnesium oxide and through recording EPR lines of Mn?" ions after these tubes are exposed to light. This
new UV detector was tested in comparative estimation of layer-by-layer variations in the ultraviolet transpar-
ency of snow cover. It is discussed how the powder UV detector can be used in a passive monitoring of ultra-
violet radiation incident on the Earth’s surface in the framework of studying the stability of tundra ecosystems
under the conditions of stratospheric ozone depletion in the Arctic.
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INTRODUCTION

Solar ultraviolet (UV) radiation, incident on the
Earth’s surface, exerts both positive [1, 2] and negative
[3—6] effects on living organisms. The current UV
radiation dosimetry methods are constrained by a few
well elaborated processes, within which there are three
types of the measurement systems: 1) radiometers;
2) spectroradiometers; and 3) dosimeters. A detector
is the key component of these measuring instru-
ments. The most common UV radiation detector
types are semiconductor (transitional) photodiodes,
vacuum photodiodes (photoelements), and photo-
multipliers [7]. Moreover, chemical [8—10] and bio-
logical detectors [11, 12] are widely used. The biological
detectors are usually based on dry spores of Bacillus sub-
tilis, placed (immobilized) on a special film. Biological
dosimeters help to identify UV-damaged deoxyribonu-
cleic acid (DNA) in testing entities [11—15].

The chemical detectors are based on materials that
change their optical properties under the impact of
ultraviolet radiation [16]. The spectral response of
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chemical UV detectors is usually in the wavelength
range of 280—320 nm, coinciding with erythermal
exposure (sunburn) of human skin. Each chemical
dosimeter type is sensitive in a certain wavelength
range, barely coinciding with the sensitivity of the
tested biologic entity or organ [17, 18]. A separate lim-
itation of chemical dosimeters stems from their service
life [19], constraining their applicability range in UV
monitoring.

A photosensibilization effect was revealed in testing
the new device for a passive sampling of dry aerosols,
in which ultrafine MgO powder was used as a sorption
substrate [20]. This effect is thought to be associated
with photo induction transition Mn3* + ¢~ — Mn?*.
This effect can be recorded using the electron para-
magnetic resonance (EPR) method, so that ultrafine
MgO powder can be used as a basis for the develop-
ment of UV detectors, whose exposure period, in con-
trast to UV detectors, is not limited in time and deter-
mined only by problems in scope.
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In this regard, this work is aimed at studying the
stability of photo effect, revealed in ultrafine MgO
powder, in different UV spectral ranges, and at esti-
mating the possible utility of this material as a long-
term passive integrating sensor of natural UV fluxes.

METHODS OF RESEARCH

Tests were carried out using raw pure-for-analysis-
grade magnesium oxide powder in samples exposed to
4-hour roasting in the atmosphere at 450 and 1000°C.
The powder grains were less than 200 nm in size. The
phase diagnostics of the substance was carried using
the methods of X-ray diffraction (XRD-6000, Shi-
madzu), infrared (IR) Fourier-transform (FT) spec-
trometry (InfraLUM® FT-02, Lumex), Raman spec-
troscopy (HR 800, Horiba), and thermal analysis
(DTG-60, Shimadzu).

For laboratory UV irradiation, quartz tubes with
MgO powder were exposed to radiation from a
DKSsSh-150 xenon lamp, the IR part of which was fil-
tered out using a cooled 7-cm water filter. Irradiation
of the MgO powder column reached 16000 Ix. The
uniform irradiation of the entire volume of powder
and its thermal stabilization were ensured by rotating
the tube around its axis at a frequency of 0.5 Hz at an
angle of 10° relative to the horizon, with the lower lat-
eral part kept in contact with the surface of the water
bath. The specimens were roasted in a tube furnace in
a depressurized tube; the temperature was controlled
using microprocessor block RIF-107BR/RIF-101
with a platinum thermocouple.

The EPR spectra were written as the first derivative
of absorption, using a commercially available
RadioPAN SE/X-2547 X-ray radio spectrometer. The
measurements were carried out at room temperature
in recording modes optimal for recording signals from
different paramagnetic centers: impurity paramag-
netic ions or electron-hole centers. Their concentra-
tions (spin/g) were determined by the method of com-
paring double integrals of the full spectrum of speci-
men and certified line of the Mn?" : MgO standard
(third component of the hyperfine structure (HFS),
effective spin of 1/2, and the number of spins 4 x 101%).

Specimens of magnesium oxide 20—40 mg in
weight were placed in quartz tubes about 5 mm in
diameter and sealed using silicone plugs. The poured
substance-filled column was 5—8 mm in height. Fur-
ther exposure-roasting procedures and measurements
of line intensities in EPR spectra were carried out
without removing the weighed portions of magnesium
oxide from the tubes.

RESULTS AND DISCUSSION

The EPR spectra of initial MgO powders (Fig. 1a,
line /) contain a narrow intense (width according to
extreme points AB,, = 0.13 mT) line with g, = 1.979
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with a low-intensity HFS quartet with a split 1.77 mT
and a broadened line with a complex shape with g, =
2.004. The first signal refers to the Cr** ions (S = 3/2),
substituting Mg ions in the periclase lattice [21]. The
intense line with g, = 1.979 originates from the even
chromium isotopes, and the HFS quartet from the
odd isotope 3Cr (I = 3/2, 9.55%). The signal with
&p = 2.004 refers to ions Fe3*, replacing Mg in the
cubic lattice positions.

Exposure of magnesium oxide powder to solar
light or radiation from a gas-discharge lamp (Fig. 1a,
curves 2—4) leads to the appearance of a sextet signal
with g = 2.00 in EPR spectra, and to an HFS split of
~8.7 mT. Evidently, the sextet is due to Mn?* ions (5=
5/2, J(>*Mn) = 5/2, 100%) in undistorted cubic posi-
tions of magnesium [21]. The intensity of the sextet
grew for 20—30 min of irradiation of specimens by a
focused beam of light from the DKsSh-150 xenon
lamp. Under the conditions of exposure to scattered
solar radiation, the intensity of the Mn?* sextet had
saturated in less than two weeks. In parallel with the
growth in the Mn?* EPR signal intensity, there was a
degradation of the Fe®" line and the appearance,
against the background of that line, of two isotropic
lines from photoinduced electron-hole centers with
g=2.0115 and 2.0012.

During roasting of light-exposed MgO powders,
the electron-hole centers with g = 2.0115 and 2.0012
remain stable up to the temperature ~300 °C. After
20 min of roasting at a temperature of 350 °C, their
lines totally disappear in EPR spectra, and the signal
from Fe?" ions is recovered in their place (see Fig. 1b).
The initial intensity of EPR lines of Fe3" ions have
been totally recovered after roasting at 450°C; with the
line intensity of the Mn?" sextet strongly decreasing.
As the roasting temperature increases, the Mn?* sig-
nals totally disappear in the EPR spectra, the intensity
of the Fe?" line increases, and the intensity of the Cr3*
line strongly grows. Despite the drastic changes in
intensities of the EPR lines of the Fe3*, Mn?* and Cr3*
ions, no significant changes in line widths occur.
Thus, these photoinduced effects of MgO powders are
reversible, at least partially. Qualitative changes in
intensity of EPR lines for Mn2?*, Cr**, and Fe*" in the
course of roasting are shown in Fig. 2a. The EPR sig-
nal from Mn2* ions vanishes in a narrow thermal inter-
val of 400—500°C, accompanied by a strong increase
in the intensity of the EPR Fe?" line.

Studying the phase composition of nonroasted
ultrafine MgO powders revealed that it contains the
products of interaction with the atmosphere. The
grain surfaces contain adsorbed water; and near-sur-
face layers of oxide grains are converted to hydrocar-
bonate and, possibly, nitrate compounds [22]. Using
the methods of IR and Raman spectroscopy and X-ray
diffraction, in initial MgO powders we determined
Vol. 35
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Fig. 1. Changes in EPR spectrum of ultrafine MgO: (a) under the influence of natural and artificial UV irradiation: for initial
unexposed specimen (line /), for specimen exposed to solar radiation within 1 and 12 days (curves 2 and 3), extra 4-hour exposure
to radiation from DKsSh-150 lamp with 16000-Ix irradiation on specimen; and (b) during 20-min roasting at temperatures: up to
heating (curve /), 350 (curve 2), 450 (curve 3), 700 (curve 4), and 950°C (curve 5).
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Fig. 2. Dependences of the contents of paramagnetic states of impurity ions and phase conversions of MgO: (a) normalized inte-

grated intensities of EPR lines from Mn2*, Fe", and Cr* in progressive (20-min) roasting; (b) derivatogram of MgO specimen

with interpretation of effects using data from [23]; and (c) dependences of the Mn?*, Fe?", and Cr** concentrations on the time
of irradiation (by xenon lamp) of initial MgO powder and products of its (4-h) firing at 450 and 1000°C; experimental values are

used as markers; lines show fits plotted using equations (1) and (2) presented below.
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crystalline hydromagnesite Mgs(CO;),(OH), - 4H,0,
in addition to the basic periclase phase. In the hydro-
magnesite composition there is a calcium impurity;
and trace amounts of (Mg,Ca, _ ,)CO; phase are
revealed in powders heated at 400—500°C. Data from
thermal analysis indicate that the total weight losses
after firing up to 1000°C reach 40% (Fig. 2b). Accord-
ing to data in [23], the observed thermal effects are
caused by dehydration (up to 350°C) and decarbonati-
zation (350—600°C) of hydromagnesite; the exoeffect
at 515°C signifies the crystallization of amorphous
MgCOs;; and a minor endothermic effect at 720°C
seems to be due to (Mg, Ca, _ ,)CO; decomposition.
Recalculation of weight losses during firing shows that
the initial powder has the following mineral composi-
5H,0 by weight.

During irradiation, the lines in the Mn?>" EPR
spectrum rapidly grow in intensity both in the initial
powder, in which MgO grains are covered by hydro-
magnesite, and in powder baked at temperatures
>600°C and already comprising no hydromagnesite.
The Fe3* EPR signal also continues to be sensitive to
light in both initial and calcined powders. The line due
to Cr3* ions shows low sensitivity to irradiation. Roast-
ing of powder at temperatures above 450°C leads to an
increase in the limiting photoinduced intensity of the
Mn2* EPR lines by a factor of 2.5—3 as compared to
the initial powder. This shows that photostimulated
conversions of the valency state of iron and manganese
ions occur in the oxide phase; and near-surface hydro-
magnesite, which seems to contain also the Mn, Fe,
and Cr impurities, just strongly reduces its efficiency.
After irradiation of calcined powders (>600°C), the
isotropic lines from electron—hole centers with g =
2.0115 and 2.0012 in EPR spectra do not appear; they
are replaced by short-lived lines of orthorhombic type
with g, =2.0127, g, =2.0096, and g; = 2.0028. Accord-
ing to the values of g-factors, lines in the spectrum of
irradiated initial powder should be referred to rapidly

rotating carbonate CO; (2.0115), CO, (2.0112) radi-
cals in the structure of hydromagnesite [24]; and

short-lived line in baked powder, to ozonide O; radi-
cals fixed in the MgO lattice [25].

The appearance of lines from Mn?" ions in EPR
spectra during irradiation of MgO powder points to
the initial Mn3" or Mn*" states. No Mn?" ions are
detected in our conditions of recording the EPR spec-
tra. The Mn*" ions are paramagnetic, but in the MgO
compound the symmetry of their surroundings is low-
ered to the tetragonal [26, 27]. No such signals from
Mn*" ions in EPR spectra were revealed in either ini-
tial or baked powders. Therefore, in the initial state,
the impurity manganese is in the Mn3* state, consis-
tent with what was obtained before [28]. Photo- and
thermal transformations of the spectra of the Fe3* and
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Cr’" ions are evidently associated with their irrevers-
ible transitions to bivalent states, not detected by the
EPR method [29].

Quantitative changes in the Mn?*, Fe?*, and Cr3*
concentrations in the initial powder after firing at 450
and 1000°C exposed to radiation from the DKsSh-150
xenon lamp are shown in Fig. 2c. In contrast to
strongly exposure-time-dependent concentrations of
Mn?" and Fe3* ions, the changes in the concentration
of Cr*" ions during irradiation remain almost totally
within the measurement error. The photostimulated
transitions Mn3* — Mn?* and Fe’" — Fe?" are obvi-
ously associated with electron trapping and, under the
assumption of unchanged electron production rate,
they refer to monomolecular reaction, during which
the initial concentrations of the Mn3* and Fe’" ions
decay with the growing exposure (7) according to the
exponential law ~exp(—¢/1). Because MgO is ultraf-
ine, impurity ions split into near-surface and volume
populations, differing by phototransition rates. This is
presumably why experimental dependences of the
Mn?** — Mn?' and Fe3* — Fe?' transitions are
approximated by an exponential fit with fast (C,, 1))
and slow (C,, T,) components, describing, respec-
tively, near-surface and volume ions

Co-)=Cl—e"+Ca-e™), ()
Coty=C.+Ce " +Ce ™, )

where C,, ».(f) and C_..(7) are the detected EPR con-

centrations of paramagnetic states of the Mn?" and
Fe3" ions after light exposure for duration ¢. Equa-
tions (1) and (2) differ in that the EPR method records
the residual Fe3* concentration, versus accumulated
content in the Mn?" case. The kinetic parameters,
obtained by fitting the experimental dependences of
the Mn?* and Fe?' concentrations on light exposure
time, are presented in Table 1.

A long-term firing of MgO powder, in contact with
the atmosphere, converts near-surface layers of hydro-
carbonate and carbonate phases to oxide form, thus
leading to an almost three-fold increase in the maxi-
mal Mn?* ion concentration, achieved during irradia-
tion. The accumulation rate of the absolute concen-
tration of Mn?* ions in the region of short exposures
(t— 0) increases by a factor of two, from 0.13 to
0.25 ppm/min. The accumulation time of the half of the
maximally achieved Mn?* concentration ((C; + C,)/2)
in the studied specimens was 10—12 min of irradiation
by xenon lamp, corresponding approximately to a
one-week exposure to scattered solar light. The photo-
stimulated transition Fe’™ — Fe2* is relatively slow
and incomplete. Because chromium ions are weakly
sensitive to irradiation, their EPR signal can be used as
an internal standard of the Mn?* and Fe3* line inten-
sities. Based on EPR data, the total concentration is
Vol. 35
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Table 1. Kinetic parameters of photoinduced transitions of Mn and Fe ions under the influence of radiation from a DKsSh-150

xenon lamp

Treatment of MgO powder | Valence transition C:: Cl* T, min C;k T,, Min
Initial — 1.2+£0.2 9.8 £0.6 0.50+0.08 | 130=*50

Mn3*t — Mn2*
450°C,4h — 29+0.4 12.3+0.8 1.4+0.3 100 = 70
Mn3*t — Mn2* — 31x0.7 124122 1.2+0.6 60 £ 30

1000°C, 4 h

Fe3t — Fe?* 202 12+5 75 185 70 £20

. . . + . . . +
* Concentrations C; are in ppm for ions Mn?" and in conventional units for Fe>*.

estimated to be 60 ppm for Cr ions and 4—5 ppm for
Mn ions.

The spectral ranges of radiation from the xenon
lamp for estimating the spectral sensitivity of the Mn?*
ions were extracted using a set of light filters. The rel-
ative energy fluxes in separate spectral ranges were
obtained using the standard spectral luminescence
curve of the DKsSh-150 and the transmission spec-
trum of the light filter. The spectral dependence of the
efficiency of Mn?* production (Fig. 3) shows that
photostimulated valence transitions of impurity ions
in MgO powders occur exclusively under the influence
of UV radiation (A < 400 nm).

We note that the edge of intrinsic absorption of
MgO is shifted toward much shorter wavelengths, i.e.,
to the region of vacuum ultraviolet (A < 180 nm).
These conversions in the system of metal impurity ions
with variable valence under the influence of radiation
in the near- and mid-UYV regions, as well as solar light,
are likely to be triggered by liberating electrons during
the absorption of light quanta by surface oxygen

0(2;) +hv — O, + e with a subsequent electron trap-
ping by volume impurities Me*", formed on the sur-

face of short-lived ozonide radicals O, + O, — Os,
which were indeed observed in the EPR spectra of
MgO powder just after its irradiation.

Thus, the studies showed that the EPR effect,
observed during UV irradiation of MgO powders, is
caused by reversible valence transitions of isomor-
phous impurity ions Fe3*, Mn3* <« Fe?*, and Mn?*.
They go rightward under UV irradiation; and the ini-
tial (leftward) state is recovered through roasting at
temperatures above 400°C. To create the initial state of
Mn impurity ions, ultrafine MgO powder should be
preliminarily exposed to long-term roasting at a tem-
perature of ~1000°C. The specimen can be used many
times in roasting—irradiation cycles. The photoin-
duced transition Mn3" + e~ — Mn?" in ultrafine mag-
nesium oxide, detected quantitatively using EPR, can
be used as a passive integrating sensor of UV fluxes.
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APPLICABILITY AREA OF UV DETECTOR
ON THE BASIS OF ULTRAFINE MAGNESIUM
OXIDE: LAYER-BY-LAYER ESTIMATION
OF UV SNOW TRANSPARENCY

Quartz tubes with baked MgO powder were
mounted on a rod 5 cm apart and submersed into the
snow cover. The upper tube was 5 cm above the snow
cover. The exposure time was 5 days. The snow density
in 5-cm layers varied from 0.15 to 0.18 g/cm? down-
ward. The schematic illustration of tube arrangement
and EPR spectra, obtained after five days of exposure,
are presented in Fig. 4.

The recording range covers the total partial spectra
from Fe?" and Cr3* ions, and only the third HFS com-
ponent for Mn?*. Over the exposure time, in the spec-
trum of sample in the upper tube, the intensity of the
Mn?" line strongly increased, while the Fe3* signal
decayed to the noise level. Passing to the lower tube,
the intensity of the Mn2?* line monotonically
decreased; while for the Fe®' line, the intensity
increased almost to the values characteristic for a non-
exposed tube.

UV monitoring in the Arctic. It is well known that
photocatalytic reactions on aerosol surfaces can con-
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Fig. 4. Schematic illustration of how tubes with specimens are arranged in snow cover, as well as EPR spectra obtained after 5 days

of exposure.

tribute appreciably to the dynamics of UV radiation
incident on the Earth’s surface. An increase in UV
radiation due to stratospheric ozone depletion may be
one of such examples [30]. For the Arctic, this phe-
nomenon was first recorded in early 2010s; and, as
noted in the report by the UN Environment Pro-
gramme (UNEP) experts [31], it continues to be
recorded at present. This is confirmed by the fact of
the largest ozone loss over the entire observation
record in the Arctic, was recorded in spring 2020 [32].
For this area, this led to an almost twofold increase in
the UV index [33, 34]. This raised the need for more
data on UV radiation incident on the Earth’s surface.

Our survey of literature showed that the methods of
estimating UV radiation are confined to just a few
well-elaborated processes. It is noteworthy that the
measuring infrastructure is complex and requires cer-
tain conditions to maintain its workability; also, highly
professional operators are required to exploit the
instrumentation. Therefore, the sparse present-day
reference network of ground-based stations in the
Arctic does not provide representative prognostic esti-
mates of the consequences of climate changes caused
by stratospheric ozone losses. To a certain degree, this
problem can be solved using a passive UV detector,
based on ultrafine magnesium oxide, in which the
photoinduced transition Mn3* + e~ — Mn?* under the
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influence of UV radiation is recorded using the EPR
method. Estimates of the ultraviolet transparency of
snow cover, presented in this work, show that a UV
radiation detector based on ultrafine magnesium
oxide may turn out to be an efficient auxiliary tool in
organizing passive UV monitoring in poorly habited
and hard-to-reach tundra regions of the Arctic.

CONCLUSIONS

Using the EPR method, it is shown that the valence
state of isomorphous metal impurity ions with transi-
tional valence (iron and manganese) in the lattice of
ultrafine magnesium oxide with periclase crystal
structure is sensitive to light: Fe*", Mn?*" « Fe?*,
Mn?". The transitions are reversible: they go rightward
under the influence of UV radiation; and the initial
state (leftward) is recovered through roasting at tem-
peratures no lower than 450°C. The high efficiency of
the Mn?" photorecharging stems from the ultrafine
structure of MgO powder. Based on EPR data, the
total chromium and manganese ion concentrations
are estimated to be 60 ppm and 4—5 ppm, respectively.

The photoinduced transition Mn** + e~ — Mn?*
with EPR recording can be used as a passive integrat-
ing sensor of UV fluxes. A possible practical applica-
Vol. 35
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tion area of the new UV detector based on artificial
ultrafine magnesium oxide may be to monitor the UV
transparency of snow cover and its variations under the
conditions of dust pollution of the atmosphere. It can
also be used to create a passive UV monitoring net-
work in poorly inhabited and difficult-to-reach tundra
regions in the Arctic. It is noteworthy that, in contrast
to chemical UV detectors, the exposure time of the
ultrafine MgO UYV detector is not limited in time and
is determined only by the objectives of the research.
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