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Control of Radiation Sensitivity
of the Oxygen-Containing Fluorite Crystals

S.I. Kachana,∗, V.M. Salapakb, O.A. Nahurskiya and I.B. Pirkob

aLviv Polytechnic National University, 12 Bandera Str., 79013 Lviv, 79013, Ukraine
bUkrainian National Forestry University, 103 Gen. Chuprynky Str., Lviv, 79057, Ukraine

The parameters of radiation sensitivity of the oxygen-doped fluorite crystals were calculated in a one-
dimensional model. The limit concentrations of the color centers as a function of the concentration of the oxygen
impurity in the fluorite crystal were defined. Fluorite crystals with anti-Frenkel defects in the anion sublattice
of the crystal have a specific property: the discolored after irradiation crystal being irradiated repeatedly with
ionizing radiation retains the “memory” of the preceding irradiation. Using an ion chain model this paper studies
under what conditions the “radiation memory” effect can arise in the MeF2-O2− crystals as well as the extent of
its contribution into the overall radiation sensitivity of the crystal.
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1. Introduction

Fluorite crystals have found a widespread use in pho-
tolithography, laser technology, dosimetry, as well as
model objects for theoretical research of ionic crystals.
As it is known from [1], “pure” crystals do not get colored
under irradiation, i.e. they are radiation-resistant. If the
fluorites are doped with non-isovalent impurities (alkali
metal ions or oxygen ions), then host ions get substituted
by impurity ions and vacancies arise in the immediate
surrounding forming impurity-vacancy dipoles (IVD).

If the fluorite crystals with such defects get irradiated,
color centers appear whose properties are used in prac-
tice. They have differing structure at different temper-
ature [1]. For practical application, one has to achieve
the maximum concentration of color centers or, in other
terms, achieve the maximum radiation sensitivity of the
crystal. But this cannot be accomplished only by in-
creasing the concentration of the doping impurity. The
common approach to do it is modifying crystals using
irradiation, heating, and illumination. But it is neces-
sary to determine the execution sequence basing on the
previous experimental results and theoretical calculations
of the following actions: irradiation at nitrogen temper-
atures, heating to room temperature, cooling to liquid
nitrogen temperature, photo-bleaching of the crystal at
this temperature, re-irradiation. These procedures cause
practically a substantial increase in radiation sensitivity
of doped fluorites. The objective of this study consists
in the enhancement of the radiation sensitivity (enhance-
ment of the limit concentration of color centers) in the
fluorite-structured doped crystals by creating in the lat-
tice of the thermally non-equilibrium structural defects.
In order to explain the efficiency of the proposed modifi-
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cation, we calculate the color centers concentrations and
their changes under various ways of the crystal treat-
ments using the ion chain model.

Because ionic radii of the fluorine and oxygen are al-
most identical in size and are equal to 1.33 and 1.36 Å,
accordingly, the oxygen ions easily enter into the fluo-
rites’ crystal matrix and both synthetic and natural crys-
tals contain more or less oxygen impurity. Presence of
the oxygen as a background impurity worsens the optical
transparency of the fluorites in the ultraviolet spectral
region and reduces their radiation resistance.

The current paper is structured as follows: it starts
by summarizing experimental results, the information on
defects structure in MeF2-O2− crystals, as well as the
color centers formation mechanism under the influence
of ionizing radiation. Based on the experimental results,
radiation sensitivity of the MeF2-O2− crystals is calcu-
lated in an ion chain model further. Finally, the obtained
results are discussed and conclusions are made.

2. Point defects structure in the MeF2-O2−

crystals before and after their irradiation
at different temperatures

CaF2-O2− and SrF2-O2− crystals were grown in an in-
ert atmosphere in the graphite ampoules by the modified
Bridgman technique. The crystals were doped with oxy-
gen by adding CaCO3 or SrCO3 salts to the charge. The
entry of oxygen into the crystal as well as its concen-
tration was monitored by measurements of IVD relax-
ation currents. Investigated samples were in the form of
plates cut out in the plane (110) or (100) of the crystal
(cleavage plane is (110)). The irradiation conditions of
the samples, the measurement techniques of the induced
absorption spectra and the thermo-stimulated depolar-
ization currents (TSDC) were described in our previous
paper [2].

As it follows from data on the ionic conductivity
study of the MeF2-O2− crystals [3], theoretical investi-
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gation [4], as well as from own studies of TSDC [2, 5]
and defects induced by electron pulse irradiation [6],
O2−-ions enter into the lattice of fluorite crystals sub-
stituting the host ions. Electric charge of the impurity
ion is surplus relative to the lattice and is compensated
by the anionic vacancy. On the base on known data one
can state that the following defects can be formed in
MeF2-O2− crystals:
	 the substituting ion O2− (O2−

F−

)′
;

� the fluorine vacancy (VF−)
•;

	 � impurity-vacancy dipole (IVD)
[(
O2−

F−

)′
(VF−)

•
]x
;

� F-center
[
(VF−)

•
e−
]x;

	 � FA-center
[
(VF−)

•
e−
(
O2−

F−

)′]′
;

# the substituting ion O−
[
O−F−

]x;
# � O−(1)-center

[(
O−F−

)x
(VF−)

•]•;
� � M+-center

[
(VF−)

•
e− (VF−)

•]•;
� 	
�

Me+A-center
[
(VF−)

•
e− (VF−)

• (
O2−

F−

)′]x
;

�	� FD-center (F-center located near IVD)[
(VF−)

•
e−
(
O2−

F−

)′
(VF−)

•
]x .

Color centers models are shown schematically in Fig. 1.

Fig. 1. IVD and color centers models in the MeF2-O2−

crystals.

As is known from experimental data on thermally stim-
ulated depolarization currents [2], at T < 150 K anionic
vacancies are “frozen” in the crystal lattice. At the tem-
perature > 150 K anionic vacancies are located in the
vicinity of an oxygen ion (forming the IVD) and are able
to perform only rotational motion in the vicinity of an
impurity. Temperature dependences of the dipole relax-
ation conductivity of the MeF2-O2− crystal are presented
in Fig. 2.

Impurity-vacancy dipoles being the growth defects can
be manifested in the studies of the TSD currents. If the
doped crystals are being irradiated at differing tempera-
tures, different color centers emerge: at low-temperature
irradiation, these are FA-centers, at room temperatures

Fig. 2. Temperature dependence of the dipole relax-
ation conductivity (thermally stimulated depolarization
currents) of CaF2-O2− (1) and SrF2-O2− (2) crystals at
polarization electric field strength Ep = 5000 V/cm and
heating rate β = 0.1 K/s.

— M+
A -centers. We fix them by means of absorption

methods.
Color centers generation in the MeF2-O2− crystals un-

der low-temperature irradiation of the samples occurs by
means of localization of the charge carriers on IVD:[(

O2−
F−

)′
(VF−)

•
]x R(e−,h+)

· · ·
[(
O2−

F−

)′
(VF−)

•
]x ω1

�
ω2[

(VF−)
•
e−
(
O2−

F−

)′]′ R(e−,h+)
· · ·

[(
O−F−

)x
(VF−)

•]•
.(1)

R(e−, h+) is in this notation an electron–hole pair
(e−, h+ generated by ionizing radiation R;ω1 is a
probability of capture of the charge carriers (e−, h+)
by the IVD-pair and, accordingly, of the emergence

of the
{[

(VF−)
•
e−
(
O2−

F−

)′]′ − [(O−F−

)x
(VF−)

•]•}–pair
of color centers; ω2 is a probability of destruction of{[

(VF−)
•
e−
(
O2−

F−

)′]′ − [(O−F−

)x
(VF−)

•]•}–pair due to
localization of the charge carriers (e−, h+) on the color
centers and, accordingly, of the IVD-pair regeneration.

Fig. 3. Induced absorbance spectra of the irradiated
CaF2-O2− crystals irradiated at different temperatures:
absorption of FA-centers formed by irradiation at 80 K
(1) and absorption ofM+

A -centers induced by irradiation
at 215 K (2) and 268 K (3).
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Fig. 4. Induced absorbance spectra of the SrF2-O2−

crystals irradiated at different temperatures: absorption
of FA-centers formed by irradiation at 80 K (1) and ab-
sorption of M+

A -centers induced by irradiation at 215 K
(2) and 268 K (3).

Figures 3 and 4 show induced absorbance spectra of
CaF2-O2− and SrF2-O2− crystals irradiated by X-rays at
different temperatures. These spectra contain the same
absorption bands of color centers.

According to Eq. (1), radiation destruction of each
of the dipole pairs is accompanied by the emergence of{[

(VF−)
•
e−
(
O2−

F−

)′]′ − [(O−F−

)x
(VF−)

•]•} color cen-

ters pair. And vice versa, at radiation bleaching

of
{[

(VF−)
•
e−
(
O2−

F−

)′]′ − [(O−F−

)x
(VF−)

•]•}–pair re-

sults in reconstruction of an IVD-pair.
IVD is electrically neutral associate relative to the

lattice,
[
(VF−)

•
e−
(
O2−

F−

)′]′
and

[(
O−F−

)x
(VF−)

•]•-
centers — electrically charged relative to the lattice.
The emergence of each of the color centers pairs
disturbs the thermodynamic equilibrium of the crys-
tal lattice and increases the potential energy of the
lattice by about 1 eV in colored crystals contain-

ing
{[

(VF−)
•
e−
(
O2−

F−

)′]′ − [(O−F−

)x
(VF−)

•]•}–pairs
of color centers can be restored by heating of the crystal:[(

O−F−

)x
(VF−)

•]• · · · [(VF−)
•
e−
(
O2−

F−

)′]′ T>150 K−→
kT[

O−F−

]x · · · [(VF−)
•
e− (VF−)

• (
O2−

F−

)′]x
. (2)

Newly created
{[

(VF−)
•
e− (VF−)

• (
O2−

F−

)′]x − (O−F−

)x}–
pairs of color centers are electrically neutral relative to
the lattice, hence, they minimize the potential energy of
the crystal lattice.

Experimental findings indicate that{[
(VF−)

•
e− (VF−)

• (
O2−

F−

)′]x − (O−F−

)x}–pairs of color
centers can be generated in the crystal directly during
irradiation while the samples are irradiated at > 150 K:[(

O2−
F−

)′
(VF−)

•
]x R(e−,h+)

· · ·
T>150 K

[(
O2−

F−

)′
(VF−)

•
]x ω4

�
ω3[

(VF−)
•
e− (VF−)

• (
O2−

F−

)′]x R(e−,h+)
· · ·

T>150 K

[
O−F−

]x
. (3)

Here ω3 is probability of radiation bleaching of{[
(VF−)

•
e− (VF−)

• (
O2−

F−

)′]x − (O−F−

)x}–pair of color
centers during the disintegration of the electron–hole pair
in the ion chain.

Fig. 5. The general picture of thermally stimulated
processes during the heating of CaF2-O2− crystals ir-
radiated at 80 Ę: thermal bleaching of FA-centers (1);
the M+

A-centers formation (2) and the dipole relax-
ation conductivity (3) (thermally stimulated depolar-
ization current) at polarization electric field strength
Ep = 5000 V/cm and heating rate β = 0.1 K/s.

The general picture of thermally stimulated processes
during the heating of CaF2-O2− crystals irradiated at
80 K is adduced in Fig. 5.

3. Calculations of radiation sensitivity
of crystals under re-irradiation

Colored crystals containing{[
(VF−)

•
e− (VF−)

• (
O2−

F−

)′]x − (O−F−

)x}–pairs
of color centers can be optically discolored by
irradiating them with monochromatic light in[
(VF−)

•
e− (VF−)

• (
O2−

F−

)′]x
–absorption bands.

If the crystal is being discolored at < 150 K, color
centers bleaching leads to the emergence of new defects
in the crystal lattice[

(VF−)
•
e− (VF−)

• (
O2−

F−

)′]x · · · [O−F−

]x hν−→
T<150K[

(VF−)
•
e−
(
O2−

F−

)′
(VF−)

•
]x
· · ·
(
O2−

F−

)′
. (4)

Thus, by means of photobleaching one can create new
uncharacteristic structural defects in the crystal; this af-
fects crystal physical properties, and in the first place, it
changes their radiation sensitivity.

In the discolored crystals, there are both dipole-type
defects inherent in synthetic crystals and charged defects
thermally unbalanced non-equilibrium with the crystal
lattice. Because of this, under low-temperature irradia-
tion, besides reactions described by Eqs. (1), there are
processes running in parallel leading to the emergence of
the structurally novel color centers in the crystal(

O2−
F−

)′ R(e−,h+)
· · ·

[
(VF−)

•
e−
(
O2−

F−

)′
(VF−)

•
]x ω4

�
ω6
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[
O−F−

]x R(e−,h+)
· · ·

[
(VF−)

•
e−
(
O2−

F−

)′
(VF−)

•
]x

, (5)

where ω4 is a probability of generation of{[
(VF−)

•
e−
(
O2−

F−

)′
(VF−)

•
]x
−
(
O−F−

)x}–pair
of color centers during the dissolution of electron–
hole pair; ω5 is probability of bleaching of{[

(VF−)
•
e−
(
O2−

F−

)′
(VF−)

•
]x
−
(
O−F−

)x}–pair of color
centers during the decay of electron–hole pair (ω5 = ω2).

Resulting from (5), the{[
(VF−)

•
e−
(
O2−

F−

)′
(VF−)

•
]x
−
(
O−F−

)x}–pairs of color
centers emerge additionally in the crystal which increases
the crystal radiation sensitivity.

In a one-dimensional model the real crystal can be pre-
sented in the form of an ion chain containing host ions
and IVDs. Hence the calculations of radiation sensitivity
of the crystals under initial and repeat ionizing irradia-
tion can be fulfilled based on this model and assuming
the following.

Under ionizing radiation, high-energy excitations arise
in the ion chain, their decay into electron–hole pair occurs
as a result of an electron escaping host anions. Emergent
electron–hole pair can arise with equal probability in any
of nodes of the ion chain while the distance between an
electron and a hole varies depending on the electron ex-
citation energy. The hole location during the escape of
the electron remains unchanged which is determined by
the large effective mass of the hole. Depending on the
topological disposition of the electron, the hole, and the
IVDs which limit the ion chain, the electron and the hole
can form a pair of color centers or recombine one with
another. The contribution of each of these processes de-
pends on the distribution of electric potential along the
ion chain.

The calculations were made as follows: n stands for
the number of host ions contained in the ion chain. The
chain length is l = na, where a is the parameter of the
ion chain. The mean distance between impurities in the
crystal lattice is determined by their concentration. Im-
purity ions concentration varied from 0.01 to 0.5 mol.%.

The calculations of radiation sensitivity of the fluorite
crystals under initial irradiation at 80 K were conducted
as follows. Irradiation generates an electron–hole pair: in
the ion chain, there are N = n2 ways of arrangement of
the electron vs. the hole. Each of them was taken into ac-
count at calculation of the electron–hole pair relaxation.
The electron–hole pairs can localize: (a) on the impurity-
vacancy dipoles thereby forming a complementary pair
of color centers (n1); (b) on the same IVD (n2); (c) on
the electron–hole pair relaxation on one of the nodes of
the ion chain (n3). At this n1 + n2 + n3 = N . Having
found n1, n2, and n3, one can calculate the probability
of color centers generation (ω1) and of their radiation de-
cay (ω2):

ω1 =
n1

N
; ω2 =

n2

N
. (6)

At the stage of the crystal coloration saturation the dy-

namic equilibrium is achieved between color centers gen-
eration processes and bleaching effect of the radiation.
The calculation data is adduced in Tables I–III. Table I
presents the results of calculations of parameters describ-
ing the radiation sensitivity of the CaF2O2− crystals.
Probability of color centers generation (ω1, ω4) and of
their radiation decay (ω2, ω3 and ω5) during the disin-
tegration of the electron–hole pair in the ion chain frag-
ment; [c] — molar concentration of the oxygen in the
crystal lattice; l — average distance between impurity
ions; a — parameter of the lattice; [cD]0 — dipole pairs
concentration in the crystal lattice before its irradiation:
[cD]0 = 1

2 [c]; [c]1 and [cD]1 — concentration of pairs
of color centers and of IVD-pairs after low-temperature
irradiation of the samples ( = 80 K) at the stage of color
saturation of the crystal; [c]2 and [cD]2 — concentration
of pairs of color centers and of IVD-pairs after the irra-
diation of the samples at > 150 K at the stage of color
saturation of the crystal.

TABLE I
Parameters of the radiation sensitivity of CaF2-O2− (for
notations see the text).

c l ω1 ω2 ω3 c1 : c0 n1 [cm−3] c2 : c0 n2 [cm−3] c2 : c1

0.50 6 0.100 0.32 0.067 0.240 6× 1018 0.60 1.5× 1019 2.5
0.10 10 0.069 0.32 0.044 0.180 9× 1017 0.61 3.1× 1018 3.4
0.01 21 0.032 0.33 0.014 0.088 4.4× 1016 0.70 3.5× 1017 8.0

TABLE II

Limit concentrations of color centers after re-irradiation
(subscript index 2) of the discolored crystal at T2 = 80 K
(initial irradiation at T1 = 80 K). [M+

A]1 is a limit con-
centration of M+

A-centers after initial irradiation of the
crystal.

[c] [mol.%] l [FD ]2
[cD ]0

[FA]2
[cD ]0

[M+
A

]2
[cD ]0

[FA]2

[M+
A

]2

[M+
A

]2

[M+
A

]1

0.50 6 0.19 0.18 0.37 0.51 1.5
0.10 10 0.15 0.14 0.29 0.52 1.7
0.01 21 0.086 0.081 0.17 0.51 1.8

TABLE III

Limit concentrations of color centers in CaF2-O2− crystal
that emerged under its re-irradiation (T1 = 250 K, T2 =
80 K).

[c] [mol.%] l [FD ]2
[cD ]0

[FA]2
[cD ]0

[M+
A

]2
[cD ]0

[FA]2

[M+
A

]2

[M+
A

]2

[M+
A

]1

0.50 6 0.46 0.100 0.56 0.82 0.97
0.10 10 0.55 0.065 0.62 0.89 0.99
0.01 21 0.67 0.027 0.70 0.96 1.00

Limit concentrations of color centers were computed
by the following formulae:

c1 =
ω1

ω1 + ω2
c0; n1 =

ω1

ω1 + ω2
n0, (7)

c2 =
ω1

ω1 + ω3
c0; n2 =

ω1

ω1 + ω3
n0, (8)

where n0 is the IVD-pairs concentration in the crystal
before the irradiation.
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[FA]2 =
ω1

ω1 + ω2
; [cD] =

ω1ω2

(ω1 + ω2)2
[cD]0 ; (9)

[FD]2 =
ω2

ω1 + ω2
[cD]1 =

ω1ω2

(ω1 + ω2)(ω1 + ω2)
[cD] ; (10)

[M+
A ]2 = [FD]2 + [FA]2; [M+

A ]1 = [c]1;

[FA]2 =
ω1

ω1 + ω2
[cD]2 =

ω1ω3

(ω1 + ω2)(ω1 + ω3)
[cD]0 ; (11)

[FD]2 =
ω4

ω4 + ω5
[cD]2 =

ω3ω4

(ω4 + ω5)(ω1 + ω3)
[cD] ; (12)

[M+
A ]2 = [FD]2 + [FA]2; [M+

A ]1 = [c]2;

4. Discussion

As data in Table I data suggests, under low-
temperature irradiation of the crystal the probability ω1

of color centers generation is less than the probability
ω2 of their radiation bleaching. Accordingly, color center
concentration is considerably lower than the IVD con-
centration. Conversely, if the crystal is being irradi-
ated at room temperature, ω1 is higher than ω3. Conse-
quently, at the crystal coloration saturation the concen-
tration of color centers exceeds the IVD concentration.
As the bleaching effect of the ionizing radiation domi-
nates at lower temperatures than at room temperatures
(ω2 > ω3) this factor significantly enhances the radiation
sensitivity (the ability for coloration) of the crystals with
the increase of the temperature of irradiation.

Let us compare the radiation sensitivity of the doped
fluorite crystals with that of alkali halide crystals, in par-
ticular, with well-studied in the literature KCl crystal [3].
According to literary source, the limit concentration

of color centers in KCl crystals is about 1018 cm−3. As
Table I demonstrates, this is exactly the radiation sensi-
tivity of the fluorite crystals at the oxygen concentration
of 0.1 mol.%. As the oxygen content reaches 0.5 mol.%,
the color centers concentration runs up to 1019 cm−3
which is by order of magnitude higher than that in KCl
crystals [3].

5. Conclusions

In the re-irradiated crystals (Tables I–III), the limit
concentration of color centers is 3–8 times higher than
the concentration of color centers being generated by the
initial irradiation of the crystal, which is also confirmed
experimentally. Therefore, by performing the following
sequence of actions: irradiation of MeF2-O2− crystals at
nitrogen temperatures — warming-up to room tempera-
tures — cooling-down to liquid nitrogen temperatures —
bleaching at nitrogen temperatures — re-irradiation at
nitrogen temperatures, one can repeatedly increase the
color centers concentration. In this way, one can am-
plify the radiation sensitivity of the oxygen-doped fluorite
crystals. Increasing the radiation sensitivity of modified
oxygen-containing fluorite crystals will improve the op-
erational properties of devices operating on their basis.
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