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Abstract—The temperature dependence of the selective emission intensity of the R1 line upon laser-thermal
heating of ruby is studied and explained by competition of radiative and nonradiative relaxation processes.
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INTRODUCTION

The photoluminescence spectra of ruby crystals
Al2O3: Cr3+ are determined by the transitions from the
excited electronic states of impurity Cr3+ ions to the
ground 4A2 state [1–3]. At temperature T = 300 K, the
intense R1 and R2 lines at wavelength λ ≈ 694 nm cor-
respond to the 2E → 4A2 transitions and the weak R′
bands at λ = 670 nm and λ ≈ 630 nm correspond to the
2T1 → 4A2 and 4T2 → 4A2 transitions. The anti-Stokes
luminescence of the R line of ruby was observed upon
two-photon absorption of single pulses of a neodym-
ium-glass laser with a duration of 25 ns at λ ≈ 1.06 μm
[4] and periodic femtosecond pulses of a Ti:sapphire
laser at λ = 800 nm [5]. Temperature quenching of the
luminescence of the ruby R lines occurs at tempera-
tures T > 250 K [2]. Emission at λ = 694 nm was
recorded upon diamond cutting, grinding, and polish-
ing of ruby, but the mechanism of its excitation has no
satisfactory explanation [6].

The integral spectra of the thermal emission of
Al2O3:Cr3+ single crystals in the range of λ = 400–
800 nm upon heating by a cw electric-discharge СО2
laser with λ = 10.6 μm were measured and experimen-
tally studied for the first time in [7, 8]. The spectra
represent a superposition of the selective emission (SI)
spectra of electronic transitions of impurity Cr3+ ions
and the pedestal of the continuous thermal emission
spectrum of the Al2O3 matrix [7] and depend on the
crystal temperature.

The aim of the present work is to experimentally
study and interpret the temperature dependence of the
R1 line intensity upon continuous laser thermal heat-
ing of ruby.

EXPERIMENTAL
We studied the thermal emission spectra of laser

ruby single crystals Al2O3:0.03%Cr3+ with a diameter
of 5 mm. The single crystals were heated to a tempe-
rature exceeding 1000 K by a cw electric-discharge
СО2 laser with a power of ~30 W at wavelength λ =
10.6 μm. The temperature in the laser spot on the pol-
ished single crystal face was varied by varying the time
of heating by a focused laser beam with emission
intensities in the range of 1–20 kW/cm2. The ruby
thermal emission spectra were recorded on an
AvaSpec-2048 spectrometer with a 300-lines/mm dif-
fraction grating, a dispersion range of 200–1100 nm, a
receiving array with 2048 pixels and a spectral resolu-
tion of 0.04 nm, and a fiber-optic input oriented on
the laser spot at a distance of 3–5 cm from the crystal.
The spectrometer sensitivity was corrected by the
spectrum of a photometric standard lamp (Tokyo Shi-
baura Electric Co. Ltd. 72, Japan). The error of the
spectrometer sensitivity calibration was 15%.

Figure 1 shows the temperature dependence of the
experimental emission spectra of Al2O3:0.03%Cr3+,
which were recorded after continuous 1-s laser–ther-
mal heating of the single crystal [8]. The spectra rep-
resent a superposition of the continuous thermal emis-
sion spectrum of the crystal matrix and the selective
emission of the electronic lines of Cr3+ ions. Figure 2
shows a typical selective emission spectrum of the
ruby R lines in comparison with the photolumines-
cence spectrum (L) excited by a diode laser at λ =
405 nm. The peak of the R1 line in the thermal emis-
sion spectrum is shifted to long wavelengths with
respect to the L peak due to the temperature depen-
dence of the wavelength, which is described by the for-
mula ν(R1) = 14 450–0.158T cm–1 [9], where ν(R1) is
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Fig. 1. Temperature dependence of the Al2O3:0.03%Cr3+

crystal emission spectra recorded after laser-thermal heat-
ing at λ = 10.6 μm for 1 s.
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Fig. 2. Luminescence (L) and selective emission (SE)
spectra of ruby at Т = 475 K. R1 and R2 are the most
intense lines of Cr3+ ions.
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Fig. 3. Time dependences of (1) temperature T and (2)
intensity I of the R1 line upon continuous laser-thermal
excitation of Al2O3:0.03%Cr3+ at λ = 10.6 μm.
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Fig. 4. Temperature dependence of the R1 line intensity I
upon laser-thermal excitation of the Al2O3:0.03%Cr3+

single crystal at λ = 10.6 μm.
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the wave number of the R1 line of the 2E → 4A2 transi-
tions. Figure 3 shows the time dependences of tem-
perature T and the R1 line emission intensity I calcu-
lated from the measured spectra shown in Fig. 1. Fig-
ure 4 presents temperature dependence I(T) of the R1
intensity calculated from the time dependences of T
and I given in Fig. 3.

MODEL OF THE R1 LINE 
SELECTIVE EMISSION

Based on the principle of superposition of oscilla-
tors, the intensity of the spectra of impurity crystals
can be represented in the form

(1)λ = ε λ σ 4( ) (, , ,)I T T T
OP
(2)

where emissivity ε(λ, T) is equal to the quantum effi-
ciency of emission at λ and Т, γ21(λ) and θ21(λ, Т) are
the probabilities of spontaneous and nonradiative
transitions between the crystal energy levels with pop-
ulations N2 and N1, and σ in the Stefan–Boltzmann
constant.

The sum of the probabilities in the denominator of
(2) is equal to reciprocal luminescence lifetime τ(T).
Temperature dependence τ(T) for the ruby R1 line is
given in [10]. Figure 5 presents the temperature depen-
dence of the reciprocal luminescence lifetime θ = 1/τ.

Using the presented temperature dependence of
probability θ and the value 1/γ21(694 nm) = 3 ms, we
calculated the quantum efficiency ε of the selective

( ) ( ) ( )( )γε λ = γ λ λ + θ λ21 21 21) ,( , / ,T T
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Fig. 5. Temperature dependence of probability θ of spon-
taneous emission of the R1 ruby line.
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Fig. 6. Temperature dependence of the quantum efficiency
of spontaneous emission of the R1 ruby line.
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Fig. 7. Temperature dependence of selective emission
intensity I(Т) of the R1 ruby line.
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emission of the R1 ruby line by formula (2). Depen-
dence ε(R1) given in Fig. 6 shows that an increase in
thermal losses upon relaxation in the crystal leads to
OPTICS AND SPECTROSCOPY  Vol. 128  No. 6  2020
a decrease in the quantum efficiency. The use of ε(R1)
in the Stefan–Boltzmann law (1) makes it possible to
find the temperature dependence of selective emission
of ruby at the R1 line wavelength (Fig. 7). The shape of
the calculated dependence agrees with the shape of the
experimental curve presented in Fig. 4.

CONCLUSIONS

Thus, using the model of relaxation processes, we
explained the experimentally measured temperature
dependence of the intensity of the R1 line selective
emission spectra upon laser-thermal heating of ruby.
The intensity increases at low temperatures (below
Т ≈ 540 K) due to the dominance of multiphonon
excitation [11] and decreases with further increase in
temperature due to increasing probability of nonradi-
ative relaxation. These processes also explain depen-
dence I(T) upon mechanical treatment of ruby [6].

Selective emission of the R1 line can be used in
thermometry and in investigation of physicochemical
processes on the ruby surface at high thermal loads.
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