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Effect of doping with Ce3+ ions on color centers in KY3F10 crystal

induced by x-ray radiation
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The results of investigations into the optical properties of color centers formed under X-ray irradiation in

nominally pure KY3F10 crystals and those doped with Ce3+ ions are presented. The types of color centers and

their characteristic evolution time constants have been studied. The influence of Ce3+ ion doping on the evolution

of color centers has been examined. A comparison of the parameters of color centers in the doped and nominally

pure crystals is provided. X-ray induced color centers in the nominally pure crystal have been identified as F- and

F2-type centers, whereas in the doped crystal, — F-, F2-, and FA-type centers are observed. In KY3F10 crystals

doped with Ce3+ ions, the recombination times of free charge carriers associated with F-type color centers differ

significantly from the recombination times of charges associated with these types of color centers in the nominally

pure crystal. In the doped crystal (in comparison to the nominally pure one), the maxima of the absorption bands

of the color centers are shifted towards the shorter wavelength region.

Keywords: KY3F10 , Ce, color centers, types of color centers, optical transmission spectra, energy state diagram.

DOI: 10.61011/EOS.2025.08.62020.5882-24

Introduction

Currently, fluoride crystals, as materials for scintillators,

play one of the primary roles due to their wide band gap

extending into the short-wavelength region with a cutoff up

to 100 nm. These crystals, doped with trivalent cerium ions,

possess high light output owing to the allowed 5d ↔ 4 f -
transitions of this dopant, as well as short (no more than

tens of nanoseconds) luminescence. They are characterized

by the typical localization of interconfigurational 4 f ↔ 5d-
transitions of Ce3+ ions predominantly in the UV spectral

region [1]. For this reason, these crystals have long been

used as scintillators converting hard radiation into optical

range radiation [2–4]. Moreover, recently, fluoride crystals

doped with Ce3+ ions have been employed in lasers as UV

active media [5].

Scintillator crystals are susceptible to coloration under

the influence of hard radiation. This phenomenon has a

dual significance: on one hand, the formation of color

centers (CCs) in crystals degrades their light output in

the UV spectral region the main one for scintillators;

on the other hand, precisely due to the formation and

accumulation of CCs, these crystals find applications in

dosimetry, determined by the density of crystal coloration

and/or thermoluminescence [6]. It should be noted that,

in some cases, the CCs themselves in crystals are used as

active media for IR lasers [7].
For all these reasons, knowledge of the mechanisms of

formation and destruction of CCs in doped and nominally

pure fluoride crystals under X-ray irradiation, as well as

studying their optical properties, is highly relevant for their

use as scintillators, dosimeters, or active media for UV and

VUV lasers.

The choice of the KY3F10 crystal with a simple cubic

structure as the research object, to exclude problems related

to spectrum property dependencies on light polarization

in anisotropic crystals, allows simplifying the study of

properties and analysis of CC behavior in nominally pure

and doped crystals formed under X-ray irradiation.

Samples

The KYF crystal has a wide band gap (∼ 10 eV [8]), its
structure is cubic, space group Fm3m (O5

h). When activated

by rare earth ions, they predominantly occupy the yttrium

site [9]. The KYF:Ce3+ crystal samples were grown by the

vertical directed crystallization method in graphite crucibles

under an overpressure of fluorinated argon atmosphere. All
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Figure 1. Experimental setup scheme: 1 — lamp, 2, 4 — light

guides, 3 — sample, 5 —spectrometer, 6 — X-ray source.

initial batch components had a purity of about 99.99%. For

doped crystal samples, CeF3 compound was introduced into

the batch at 1 at.%.

Disks 6mm in diameter and 2mm thick with polished

flat-parallel surfaces were fabricated from the grown boules

for optical research.

Experimental setup

The setup for studying CC relaxation in crystals at room

temperature, induced by X-ray irradiation, was based on a

StellarNet spectrometer capable of recording spectra in the

190−1100 nm range with 0.5 nm resolution. This was fully

sufficient for recording absorption and luminescence spectra

of CCs that have broad spectral bands. Additionally, this

spectrometer could automatically register series of spectra at

set time intervals. Exposure time per spectrum registration

was 3 s. A schematic of the experimental setup is shown in

Fig. 1.

In all experiments, an X-ray tube with a tungsten cathode

(I = 16mA, U = 55 kV) was used as the source of X-ray

radiation.

X-ray Induced Color Centers and Their
Evolution in the Nominally Pure KYF
Crystal Sample

To induce CCs and subsequently study their evolution

in KYF crystals, KYF crystal samples were exposed to

continuous X-ray radiation from the tungsten cathode tube

for 10min, after which the irradiated area of the sample

acquired a yellow color.

The sample was placed in the measuring system with

minimal delay and measurement was started. The transmis-

sion spectrum registration process lasted 6 h. Spectra were

automatically recorded by spectrometer 5 (Fig. 1) at set time

intervals. The first spectrum in this series corresponded to

a few seconds after exposure ended, and the last — several

days after stopping irradiation of the samples.

Fig. 2 shows the result of recording a series of trans-

mission spectra of the nominally pure KYF crystal sample

(NPS) during the first 45min after X-ray irradiation. The
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Figure 2. Series of transmission spectra of undoped KYF crystal

recorded at different times after X-ray irradiation.
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Figure 3. Result of decomposing the optical density spectrum of

the NPS KYF crystal into three Gaussian contours.

shape of the obtained spectra, their maximum positions by

wavelength, and widths are characteristic of CCs in crystals.

The fading yellow color of the irradiated sample area over

time also supports this.

From Fig. 2 it can be seen that transmission spectra

of the NPS KYF crystal after X-ray irradiation consist

of several overlapping spectral bands. The transmission

spectra were converted into optical density spectra, and

the wavelengths were converted into wavenumbers. Us-

ing a spectrum processing and analysis program, these

spectra were mathematically decomposed into Gaussian

contours. Fig. 3 presents the result of this mathematical

decomposition corresponding to the transmission spectrum

recorded 15min after the X-ray exposure ended. The

figure shows that the spectrum is well described by three
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Table 1. Parameters of Gaussian contours

� Area Center, cm−1 Width, cm−1 Height, rel. units

1 268 18400 1914.3 0.11

2 3448 23620 6230.4 0.44

3 84 27740 1870.4 0.04
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y  = 0.679 ± 0.0020
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t  = 2.416 ± 0.9981
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Figure 4. Dependences of optical density of the NPS KYF sample on time after X-ray irradiation (a) at the spectral band with the

wavenumber 27740 cm−1, (b) at the spectral band with the wavenumber 23620 cm−1 .

CB

VB

–1hν = 18 400  cm

–1hν = 27 740  cm

–1hν = 23 620  cm

F-center

F -center2

Figure 5. Energy state diagram of color centers in the undoped

KYF crystal sample relative to fundamental bands (VB and CB),
and transitions between them after X-ray irradiation.

Gaussian components with maxima at 18400, 23620, and

27740 cm−1 the parameters of which are listed in Table 1.

A close examination of the series of irradiated KYF

crystal spectra shown in Fig. 2 reveals that the intensity

of the spectral band with a maximum at 18400 cm−1

practically does not change over time and is present in all

spectra, while the intensities of the bands with maxima at

23620 and 27740 cm−1 decrease over time.

For these bands, dependencies of optical densities at

frequencies 23620 and 27740 cm−1corresponding to the

maxima, on time after irradiation were constructed, shown

in Fig. 4. These dependencies were approximated by

biexponential curves with characteristic times21± 4 and

2± 1min for the band with the maximum at 27740 cm−1

and 13± 2 and 2.0± 0.5min for the band with the

maximum at 23620 cm−1.

In Fig. 4, a the contribution from the exponent with the

longer time (21min) is several times greater than that from

the exponent with the shorter time (2min), while for the

dependence in Fig. 4, b the contributions from the two

exponents to the overall dependence also differ significantly:

13 and 2 min.

The appearance of additional bands in the absorption

spectrum of the sample after X-ray irradiation is due to

the formation of CCs in the crystal. Thus, based on

the obtained results, one can conclude that several types

of CCs are presumably formed in the NPS KYF crystal

during its X-ray irradiation. The most intense band in the

optical density spectrum with a maximum at 27740 cm−1 s

due to the presence of the simplest electronic type of

color centers the F-center. The spectrum of this center

consists of a single broad bell-shaped band characteristic

of F-type centers, and the maximum of this band closely

coincides with the maxima of F-center bands in other

crystals with similar structures [10]. The short-wavelength

band with a maximum at 23620 cm−1 is interpreted as
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the K-band of a higher-lying excited state of F-centers,

arising as a result of its excitation. The band that does

not change over time, with a maximum at 18400 cm−1

most likely belongs to a more complex F2-type electronic

color center, which represents two closely located F-

centers.

Based on the analysis of experimental data, a diagram

in the form of a model of an open quantum system with

ongoing processes in the nominally pure KYF crystal after

X-ray irradiation was constructed, as shown in Fig. 5. The

occurring processes can be explained as follows. As a

result of the crystal sample absorbing X-ray quanta, an

interband transition occurs: the valence band→ conduction

band (CB). The electron state in the CB is nonequilibrium.

Due to electron movement (diffusion) in the CB, electrons

can be captured by localized defect states of the crystal

forming color centers of two types F-centers with absorption

bands at 23620 and 27740 cm−1 and F2-centers with an

absorption band at 18400 cm−1. Depending on the position

of the ground state relative to the crystal bands, these color

centers can be stable or unstable at room temperature.

Since the absorption band with a maximum at 18400 cm−1

interpreted as the absorption band of F2-centers, does not

change intensity over time, while the F-center bands with

maxima at 23620 and 27740 cm−1 have limited lifetimes,

it can be concluded that the ground state of the F2-centers

lies deeper in the band gap than the ground state of the

F-centers.

Thus, as a result of X-ray irradiation, two types of color

centers are formed in the nominally pure KYF crystal

presumably F- and F2-centers. Moreover, judging by

the longer lifetime of the F2-centers at room temperature

compared to the F-centers, it can be concluded that their

ground state lies deeper within the band gap than that of

the F-centers.

Formation of Color Centers under X-ray
Irradiation in KYF Crystal Doped with
Ce3+ Ions and their Evolution

Similar procedures applied to the nominally pure sample

were performed with the KYF crystal doped with Ce3+

ions. A series of transmission spectra of the KYF:Ce3+

crystal after X-ray irradiation was obtained and recorded at

specific time intervals after irradiation. These spectra are

shown in Fig. 6.

Fig. 6 shows that the transmission of the KYF:Ce crystal

sample after X-ray irradiation consists of several overlapping

bands. It is also evident that the intensities of some of

these bands decrease over time. The transmission spectra

were converted to optical density spectra as a function

of wavenumber and then mathematically decomposed into

Gaussian contours. Fig. 7 shows an example of this

decomposition. The spectra are well described by four

Gaussian contours with maxima at wavenumbers 17600,
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Figure 6. Transmission spectra of the KYF:Ce3+ crystal recorded

at different times after X-ray irradiation.
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Figure 7. Result of decomposition of the optical density spectrum

of the KYF:Ce3+ crystal sample into four Gaussian components.

18400, 23580 and 27300 cm−1. The parameters of these

contours are given in Table 2.

From Fig. 7 it can be seen that the bands with maxima at

17600 and 18400 cm−1 practically do not change intensity

over time, while the intensities of bands with maxima at

23580 and 27300 cm−1 decrease. For these decaying bands,

dependencies of optical densities at wavenumbers 23580

and 27300 cm−1 on time after irradiation were constructed

(Fig. 8). Each of these dependencies was approximated

by biexponential curves with characteristic times 14± 2,

1.5± 0.5min for the band with maximum at 23580 cm−1

and 15± 2, 1.5± 0.5min for the band with maximum at

27300 cm−1.

The bands with maxima at 18400, 23580, and

27300 cm−1 in the KYF:Ce3+ crystal coincide with bands

observed after X-ray irradiation in the nominally pure

crystal. This means that the same color centers form in

Optics and Spectroscopy, 2025, Vol. 133, No. 8
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Table 2. Parameters of Gaussian contours of the color center spectrum in the KYF:Ce3+ crystal sample after X-ray irradiation

� Area Center, cm−1 Width, cm−1 Height, rel. units

1 778 17600 3618.1 0.17

2 103 18400 1194.4 0.07

3 2316 23580 5006.9 0.37

4 224 27300 3185.2 0.06
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Figure 8. Dependencies of optical density of the KYF:Ce3+ crystal on time after X-ray irradiation: (a) at the spectral band with

wavenumber 27300 cm−1, (b) at the spectral band with wavenumber 23580 cm−1 .

the KYF crystal doped with Ce3+ ions as in the pure

KYF. However, the spectrum of the Ce3+ ion doped

crystal contains a band absent in the pure crystal spectrum.

The maximum of this band is at frequency 17600 cm−1

(Fig. 7). This band is presumably attributed to impurity-

related electronic color centers localized in the crystal

lattice near the dopant Ce3+ ion. Supporting evidence

is that this color center appears only upon doping. The

lifetimes of the F-centers were shorter than in the nominally

pure KYF crystal, suggesting that the Ce3+ impurity

ions accelerate the recombination process of free charge

carriers.

Based on the analysis of experimental data, a diagram was

created presenting a model of the processes occurring in

the doped KYF:Ce3+ crystal after X-ray irradiation, shown

in Fig. 9. Upon absorption of X-ray quanta, an interband

transition takes place inside the KYF:Ce3+ crystal, causing

electrons to move from the valence band to the conduction

band of the crystal. From the conduction band, electrons

can be captured by local defects in the KYF:Ce3+ crystal

lattice, forming three types of color centers: F-centers with

absorption bands at 23620 and 27740 cm−1, F2-centers with

an absorption band at 18400 cm−1 and FA-centers with an

absorption band at 17600 cm−1. The absorption band with a

maximum at 17600 cm−1 interpreted as the absorption band

of FA-centers, does not change intensity over time, whereas

CB
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Figure 9. Energy state diagram of color centers in the KYF:Ce3+

crystal sample relative to fundamental bands and transitions

between them formed after X-ray irradiation.

the F-center bands with maxima at 23580 and 27300 cm−1

have limited lifetimes. From this, it can be concluded that

the ground state of FA-centers in the KYF:Ce3+ crystal lies

deeper within the band gap than the ground state of the

F-centers.

Thus, under X-ray irradiation, three types of color centers

are formed in the crystal: F-, F2- and FA-centers. In the case

of UV irradiation of the KYF:Ce3+ crystal [11] the same

types of centers are formed.
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Conclusion

This work identified the types and parameters of color

center evolution in nominally pure KYF crystal and in the

KYF crystal sample doped with Ce3+ ions.

Thus, upon X-ray irradiation, nominally pure KYF crystal

forms two types of color centers — presumably F- and F2-

centers. The most intense absorption band is observed at the

maximum with wavenumber 23620 cm−1. The absorption

bands with maxima at wavenumbers 23620 and 27740 cm−1

are assigned to F-type color centers. The absorption band

with a maximum at 18400 cm−1 is assigned to F2 type color

centers.

Upon X-ray irradiation of the doped KYF:Ce3+ crystal

sample, three types of color centers are formed: along

with F-centers (23580 and 27300 cm−1) and F2-centers

(18400 cm−1), which were found in the nominally pure

crystal, impurity centers — presumably — FA-type with

a maximum near 17600 cm−1 — also appear in the doped

crystal. There is consistency in the types of color centers

in the studied sample with those in other fluoride crystals

of similar crystal structure [12,13]. It is demonstrated that

under UV irradiation of the KYF:Ce3+ crystal [11], the same

types of centers form as under X-ray irradiation, i.e., these

color centers have the same nature. The Ce3+ ions act as

”
triggers“ for the formation of color centers in the crystal

via a two-step excitation mechanism.

The research results revealed that F2- and FA-centers

are more stable at room temperature, from which it is

concluded that their ground states lie deeper within the

forbidden band than the ground state of the F-centers.

Finally, in the KYF crystal, doping with Ce3+ ions facil-

itates the acceleration of the recombination process of free

charge carriers of the F-type color centers corresponding

to the band at 23580−23620 cm−1, which manifests as a

reduction in lifetime from 21 to 14 minutes. In the case of

the shorter-wavelength K-band, a slight increase from 13 to

15 minutes is observed, which may indicate charge transfer.

Doping also affects the shift of the maxima of these bands

toward the shorter wavelength region.

Moreover, alongside the formation of F-type centers in

the crystal doped with Ce3+, ions, stable color centers —
impurity FA-type centers associated with the presence of the

dopant — are formed.

Funding

The crystal growth experiments were funded by a subsidy

allocated to Kazan Federal University for the fulfillment of

the state task in the field of scientific activity �. FZSM-

2023-012. Spectroscopic investigations were carried out

within the framework of the state assignment of the Ministry

of Science and Higher Education of the Russian Federation.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] P.A. Rodnyi, I.V. Khodyuk, G.B. Stryganyuk. Phys. Solid

State, 50 (9), 1639−1643 (2008).
DOI: 10.1134/S1063783408090072

[2] W.W. Moses, S.E. Derenzo. Nucl. Instrum. Methods Phys. Res.

A, 299 (1−3), 51−56 (1990).
DOI: 10.1016/0168-9002(90)90746-S

[3] A. Gektin, N. Shiran, S. Neicheva, V. Gavrilyuk, A. Bensalah,

T. Fukuda, K. Shimamura. Nucl. Instrum. Methods Phys. Res.

A, 486 (1−2), 274−277 (2002).
DOI: 10.1016/S0168-9002(02)00717-9

[4] T. Nakazato, Y. Furukawa, M. Cadatal-Raduban, M. Pham,

T. Tatsumi, A. Saiki, Y. Arikawa, N. Sarukura, H. Nishimura,

H. Azechi, K. Mima, T. Fukuda, M. Hosaka, M. Katoh,

N. Kosugi. Jpn. J. Appl. Phys., 49 (12R), 122602 (2010).
DOI: 10.1143/JJAP.49.122602

[5] M.A. Dubinskii, V.V. Semashko, A.K. Naumov, R.Yu. Ab-

dulsabirov, S.L. Korableva. J. Mod. Optics, 40 (1), 1−5

(1993). DOI: 10.1080/09500349314550011
[6] N. Shiran, A. Gektin, S. Neicheva, V. Voronova, V. Kornienko,

K. Shimamura, N. Ichinose. Radiat. Meas., 38 (4−6),
459−462 (2004). DOI: 10.1016/j.radmeas.2004.03.010

[7] A.M. Prokhorov. Sov. Phys. Usp., 29 (1), 3−19 (1986).
DOI: 10.1070/PU1986v029n01ABEH003077

[8] N.G. Debelo, F.B. Dejene, K.T. Roro. Mater. Chem. Phys.,

190, 62−67 (2017).
DOI: 10.1016/j.matchemphys.2016.12.064

[9] S.L. Chamberlain, L.R. Corruccini. Phys. Rev. B, 71, 024434

(2005). DOI: 10.1103/PhysRevB.71.024434
[10] A.A. Vorob’ev.

it Centry okraski v ShchKG (Izdatel’stvo Tomskogo univer-

siteta, 1968), 386 s. (in Russian)
[11] E.Yu. Tselishcheva, A.K. Naumov, D.I. Tselishchev, O.A. Mo-

rozov, S.L. Korableva, Opt. Spektrosc., 114 (6), 901−906

(2013).
[12] W. Chen, P. Song, Y. Dong, Y. Zhang, W. Hua. Sci. Bull.,

58 (11), 1321−1324 (2013).
DOI: 10.1007/s11434-012-5615-z

[13] J.V.R. Kaufman, C.D. Clark. J. Chem. Phys., 38, 1388−1399

(1963). DOI: 10.1063/1.1733863

Translated by J.Savelyeva

Optics and Spectroscopy, 2025, Vol. 133, No. 8


