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Abstract: Mid-infrared Er:CaF2 laser operating on the 4I11/2 →
4I13/2 transition is developed.

Its power scaling capabilities and thermo-optics (fractional heat loading and thermal lensing)
are compared under pumping into the 4I11/2 and 4I9/2 states. Using a 4.5 at.% Er:CaF2 crystal,
a record-high continuous-wave output power of 0.83 W is achieved at 2800 nm with a slope
efficiency of 31.6% and a laser threshold of 24 mW and the fractional heat loading is measured
under lasing and non-lasing conditions, yielding the values of 52.0% and 71.7%, respectively
(for pumping at 967.6 nm, into the 4I11/2 state). The thermal lens in Er:CaF2 is negative
(divergent) owing to the negative thermo-optic coefficient and large and negative contribution of
the photo-elastic effect. The sensitivity factors of the thermal lens are Mr =−4.84 and Mθ =−5.15
[m−1/(kW/cm2)] and the astigmatism degree is as low as 6%. When pumping into the higher
lying 4I9/2 manifold, the thermal lens is enhanced owing to the additional heat generation from
the multiphonon non-radiative path from this state, and the laser slope efficiency is deteriorated.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Lasers emitting at the wavelengths of 2.7 - 3 µm falling into the mid-infrared spectral range are of
practical importance for medicine. Such radiation is strongly absorbed by high moisture content
materials such as biological tissues resulting in a small penetration depth and surgical precision
of incisions. Lasers emitting at these wavelengths have been thus applied in “minimally invasive”
dentistry [1], dermatology [2] and urology [3]. The 2.7 - 3 µm spectral range could be addressed
by several rare-earth ions, such as Er3+, Ho3+ and Dy3+. Among them, the former ion could be
easily pumped at ∼0.96 µm, e.g., by commercial InGaAs diode lasers.

The mid-infrared emission of Erbium (Er3+) around 2.8 µm originates from the 4I11/2 →
4I13/2

transition [4,5]. The latter has a self-terminating nature, i.e., the luminescence lifetime of the
lower multiplet is longer than that of the upper one, making at a glance continuous-wave (CW)
laser operation impossible. However, CW mid-infrared laser action from Er3+-doped materials
can be achieved using gain media ensuring a favorable ratio of upper state to lower state lifetimes,
as well as efficient energy-transfer upconversion (ETU) process 4I13/2 +

4I13/2 →
4I15/2 +

4I9/2
depleting the lower laser level [6]. Longer lifetimes of the 4I11/2 state are expected in low phonon
energy materials which are less subject to multiphonon non-radiative (NR) relaxation. The
condition of efficient ETU is typically reached by using high Er3+ doping levels (tens of at.% in
crystals).

Among the host matrices for Er3+ doping, fluoride materials, such as glasses and single-crystals,
appear attractive for mid-infrared lasers. CW lasing on the 4I11/2 →

4I13/2 transition has been
demonstrated in Er:ZBLAN glasses [7,8] and Er:LiYF4 [9], Er:BaY2F8 [10], Er:KY3F10 [11],
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Er:CaF2 [12] and Er:SrF2 [13] single-crystals. Wyss et al. reported on an Er:LiYF4 laser
operating at 2809 nm with a record-high slope efficiency of 50% well exceeding the Stokes limit
and evidencing efficient ETU for optimized Er3+ doping [14]. Dergachev et al. reported on
power scaling of a diode-pumped Er:LiYF4 laser delivering up to 1.8 W at ∼2810 nm at the
expense of a lower slope efficiency of 13% [15]. Among the above-mentioned fluoride crystals,
Er3+-doped calcium fluoride (Er:CaF2) attracts attention due to a unique combination of high
thermal conductivity, broadband emission properties and efficient ETU even at low doping
levels [12]. This crystal features a very strong clustering of rare-earth dopants (including Er3+

ions) already for >0.5 at.% doping leading to a significant inhomogeneous spectral broadening
resulting in smooth and broad spectral bands (a glassy-like spectroscopic behavior) and efficient
energy-transfer processes among the clustered dopants [16,17]. This makes Er:CaF2 crystals
very suitable for broadly tunable and ultrafast mid-infrared lasers (ensuring that the effect of the
structured water vapor absorption in the air is eliminated, e.g., by gas purging).

Mid-infrared laser operation of Er:CaF2 was studied previously, cf. Table 1 for a summary of
the output characteristics [12,18–20,13,21]. In this table, the results are grouped according to the
pump source (a Ti:Sapphire laser or a laser diode). Labbe et al. used a highly doped crystal (10.3
at.% Er:CaF2) delivering 80 mW at 2800 nm with a slope efficiency of 30% under Ti:Sapphire
laser pumping [12]. In [12], three pumping schemes for Er:CaF2 lasers were proposed, namely
pumping into the upper laser level 4I11/2 (at ∼0.97 µm), into the higher-lying multiplet 4I9/2
(at ∼0.80 µm) and into the terminal laser level 4I13/2 (at ∼1.54 µm), Fig. 1(a). Further power
scaling was demonstrated by Ma et al. using a 4 at.% Er:CaF2 crystal pumped by a laser diode
and generating 304 mW however with a deteriorated slope efficiency of 17.2% and a much
higher laser threshold of 335 mW mainly due to the poorer beam quality of the used pump
source as compared to high-brightness laser pumping [19]. Much better laser performance was
observed by Liu et al. using a compositionally “mixed” (solid-solution) crystal Er:(Ca,Sr)F2: a
diode-pumped laser generated 712 mW at 2732 nm with a high slope efficiency of 41.4% [22].
However, SrF2-based crystals are out of the topic of the present work.

Fig. 1. (a) Energy-level scheme of Er3+ ions showing pump (blue) and laser (red) transitions,
energy transfer upconversion (ETU, green), cross-relaxation (CR, orange) and non-radiative
relaxation (NR, black) processes; (b) Scheme of the Er:CaF2 laser: L, focusing lens, PM,
pump mirror, OC, output coupler, F, long-pass filter.

Thermal lensing is an important effect for solid-state laser engineering as it affects the cavity
stability and the mode-matching efficiency leading to deterioration of the laser performance. So
far, thermo-optic effects have never been studied for mid-infrared Er:CaF2 lasers. In this work,
we aimed to study further power scaling capabilities and thermo-optics (including the astigmatic
thermal lensing and the fractional heat loading) of ∼2.8 µm Er:CaF2 lasers for two commonly
used pump schemes (pumping into the 4I11/2 and 4I9/2 Er3+ states), for the first time, to the best
of our knowledge.
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Table 1. Output Performancea of Mid-Infrared Er:CaF2 Lasers Reported So Far

Pump Er doping, at.% Material λP, nm Pout, mW λL, nm η, % Pth, mW Ref.

LD 4.0 Crystal 974 282 2790 13.9 ∼240 [18]

4.0 Crystal 972 304 - 17.2 335 [19]

4.0 Crystal 974 295 2794 16.7 724 [20]

5.0 Crystal 980b ∼370 2747 5 ∼5000 [13]

5.5 Ceramic 968 ∼4 2720 1.3 183 [21]

TS 10.3 Crystal 968 80 2800 30 23 [12]

4.5 Crystal 967.6 834 2800 31.6 24 This work

aPump: LD – laser diode, TS – Ti:sapphire laser, λP and λL – pump and laser wavelengths, respectively, Pout – output
power, η – slope efficiency, Pth – laser threshold. bTransverse pumping.

2. Laser operation

2.1. Laser set-up

The Er:CaF2 crystal was grown by the Bridgman technique. A mixture of high purity (4N)
CaF2 and ErF3 powders was introduced in a graphite crucible. The growth chamber was sealed
to a good vacuum (<10−5 mbar) before introducing a mixture of Ar and CF4 gases to avoid
oxygen pollution. The furnace temperature was set to ∼50 K above the melting point of CaF2.
After soaking, the charge was thoroughly melted, and the crystal growth was performed with a
rate of 2–4 mm/h. After completing the growth, the crystal was slowly cooled down to room
temperature within 48 hours. The actual Er3+ doping level in the crystal was determined by the
inductively coupled plasma mass spectrometry (ICP-MS) method to be 4.5 at.% (ion density:
NEr = 11.03×1020 cm−3). The crystal was oriented using a Laue diffractometer (ARL EQUINOX,
Thermo Scientific). A rectangular laser element was cut along the [111] crystallographic direction
having a thickness t of 7.0 mm. Both its input and output faces were polished to laser quality with
a measured roughness in the nm-scale and left uncoated. This crystal cut was selected because of
several reasons: (i) it is close to the crystal growth direction leading to better optical quality, (ii) it
corresponds to lower depolarization losses and (iii) it provides lower thermal fracture probability.

The scheme of the laser set-up is shown in Fig. 1(b). The laser crystal was mounted on a
Cu-holder using a silver paint for better heat removal, it was passively cooled. The crystal
was placed at normal incidence in a nearly hemispherical cavity formed by a flat pump mirror
(PM) coated for high transmission in the two pump ranges (T > 97% at 0.93–1.03 µm and
T > 80% at 0.78–0.84 µm), and for high reflectance (HR) at 2.6–3.0 µm, and a concave output
coupler (OC) having a radius of curvature of −75 mm and a transmission TOC = 1.5% at the
laser wavelength. The geometrical cavity length was ∼75 mm. The airgap between the crystal
and the PM was less than 0.5 mm. A tunable CW Ti:Sapphire laser (model 3900S, Spectra
Physics) delivering up to 3.8 W at 968 nm and 4.1 W at 799 nm with excellent beam quality
(M2 ≈ 1) was used as a pump source. The higher available pump power at 799 nm compensated
the lower transmission of the PM at this wavelength. The pump radiation was focused into
the laser element through the PM using an antireflection (AR) coated achromatic lens (focal
length: f= 75 mm). Due to the differences in the position of the focus, pump beam quality
and pump wavelengths, the pump beam radii averaged along the crystal length<wP> were
considered. From the measurements performed by the optical knife method (at the 1/e2 level),
they were determined to be<wP>= 63± 5 µm (λP = 967.6 nm) and 48± 5 µm (λP = 799.2 nm).
The confocal parameter of the pump beam 2zR was ∼12 mm (in the crystal), i.e., being longer
than the crystal thickness.
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Two pump schemes were studied corresponding to the 4I15/2 →
4I11/2 (at ∼0.97 µm) and 4I15/2

→ 4I9/2 (at ∼0.8 µm) Er3+ transitions, Fig. 1(a). A part of the unabsorbed pump beam was
redirected back into the laser crystal due to a non-neglectable reflectivity of the OC at the pump
wavelength (R= 12.2% at 968 nm and 40.0% at 799 nm). The single-pass pump absorption at
the threshold pump power was determined from a pump-transmission experiment, ηabs(1−pass)
76.9% (4I15/2 →

4I11/2) and 50.1% (4I15/2 →
4I9/2), and the total (double-pass) absorption was

calculated accounting for the reflectivity of the OC and the Fresnel losses at the crystal surfaces,
ηabs(2−pass) = 78.6% (4I15/2 →

4I11/2) and 59.2% (4I15/2 →
4I9/2).

The non-absorbed (residual) pump was filtered out using a long-pass filter (LP1400, Spectrogon).
The spectra of laser emission were measured using a fluoride fiber (Le Verre Fluoré) and a laser
spectrum analyzer (Bristol, 771 series). The spatial profile of the laser mode and the beam radii
in the far-field were measured using a camera (Pyrocam IIIHR, Ophir-Spiricon).

2.2. Laser performance

When pumping into the 4I11/2 multiplet (λP = 967.6 nm), the Er:CaF2 laser generated a maximum
CW output power of 834 mW at 2800 nm with a slope efficiency η of 31.6% (versus the absorbed
pump power) and a threshold Pth of only 24 mW, Fig. 2(a). This slope efficiency is only slightly
below the Stokes limit, ηSt,L = λP/λL = 34.6%. The optical-to-optical efficiency ηopt with respect
to the pump power incident on the crystal reached 23.2%. When pumping into the 4I9/2 state
(λP = 799.2 nm), the maximum output power was lower, namely 318 mW at 2800 nm with reduced
η = 18.9% and slightly higher Pth of 33 mW. The reduction of the slope efficiency is mainly due
to an additional energy loss originating from the non-radiative relaxation between the 4I9/2 and
4I11/2 states. The input-output dependences for both pump wavelengths were linear well above
the laser threshold and no thermal roll-over nor crystal fracture were observed in the studied
range of pump powers. A slight nonlinearity of the output dependence was observed near the
threshold, as shown at the inset of Fig. 2(a).

Fig. 2. Output performance of Er:CaF2 lasers: (a) input-output dependences, η – slope
efficiency, inset – a close look at the laser thresholds; (b) typical spectra of laser emission
for λP = 967.6 nm measured at different pump powers, TOC = 1.5%. The laser emission is
unpolarized.

The laser emission was unpolarized. For both pump wavelengths, the emission wavelength
experienced a red shift with increasing the pump power slightly above the laser threshold (from
2730 nm to 2747 nm and further to 2800 nm) and stabilized for high pump levels, as shown in
Fig. 2(b) for the particular case of λP = 967.6 nm.

To explain this spectral behavior, one need to consider several factors. First, at a glance, the
4I11/2 →

4I13/2 laser transition is a quasi-four level one with no reabsorption. However, for Er3+

ions, there exist a strong resonant excited-state absorption (ESA) channel, 4I13/2 →
4I11/2, which

may play a significant role considering a relatively high population of the metastable 4I13/2 state.
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In Fig. 3(a), we show the stimulated-emission (SE) cross-section, σSE, spectrum for the 4I11/2 →
4I13/2 transition, calculated using the Füchtbauer–Ladenburg (F-L) equation using a radiative
lifetime τrad = 6.77 ms and a luminescence branching ratio B(JJ’) = 16.3% [23]. The maximum
σSE = 0.61×10−20 cm2 at 2730 nm. The broad and smooth profile SE cross-section spectrum is
due to a strong ion clustering appearing for Er:CaF2 crystals for doping levels >0.5 at.% leading
to a significant inhomogeneous spectral broadening. By reciprocity method (RM), the ESA
cross-sections, σESA, were calculated, Fig. 3(a). The maximum σESA = 0.45×10−20 cm2 at 2730
nm.

Fig. 3. Mid-infrared emission properties of Er3+ ions in the CaF2 crystal: stimulated-
emission (SE), σSE, and excited-state absorption (ESA), σESA, cross-sections for the 4I11/2
↔ 4I13/2 transition (excluding water vapor absorption in the atmosphere); (b) gain cross-
section, σgain = βσSE – (1 – β)σESA, spectra for different inversion ratios, β=N2/(N1 +N2),
N2 and N1 are the populations of the upper and lower laser levels, respectively. Vertical lines
– water vapor absorption in the atmosphere (according to HITRAN database), in arb. units.

Thus, by analogy to quasi-three-level lasers, the gain cross-sections, σgain = βσSE – (1 –
β)σESA, were calculated, where β=N(4I11/2)/(N(4I11/2)+N(4I13/2)) is the inversion ratio and N
are the manifold populations, as shown in Fig. 3(b). With decreasing β, several local peaks appear
in the gain spectra centered at 2.73, 2.75, 2.76 and 2.81 µm, depending on the inversion level.
Not all these wavelengths can be generated because of the structured water vapor absorption in
the atmosphere spectrally overlapping with the mid-IR Er3+ luminescence, see Fig. 3(b). The
possible lines are indicated by arrows, and they agree well with the laser spectra. The decrease of
β with the pump power causing the observed red-shift of the laser wavelength is probably due to
the pump-dependent ETU refilling the upper laser level.

The laser excitation curves (the dependence of the output power on the pump wavelength for a
fixed incident pump power Pinc) were measured for both pump transitions, as shown in Fig. 4.
When pumping into the 4I11/2 and 4I9/2 manifolds, lasing was achieved for λP in the ranges of
944.9–1014.8 nm and 781.0–834.2 nm, respectively. For comparison, in Fig. 4, we also show
the corresponding absorption cross-section, σabs, spectra. The two sets of data agree well with
each other, indicating that pumping into the absorption peak is desirable. For the 4I15/2 →

4I11/2
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transition, σabs = 1.85×10−21 cm2 at 967.6 nm and the absorption bandwidth (FWHM) is as
broad as ∼21 nm.

Fig. 4. Laser excitation curves for the Er:CaF2 laser operating at ∼2800 nm. The pump
transitions are (a) 4I15/2 → 4I11/2 and (b) 4I15/2 → 4I9/2. Symbols – experimental data,
curves - absorption cross-section, σabs, spectra.

The measured beam quality factors M2
x,y (x and y – horizontal and vertical directions) were

close to 1 near the laser threshold and they increased to 2–2.5 at the maximum applied pump
power. This mode behavior is common for quasi-four level lasers with no reabsorption in the
unpumped regions of the gain medium which may provide additional spatial mode filtering. An
example evaluation of the M2

x,y parameters for the Er:CaF2 laser pumped at λP = 967.6 nm is
shown in Fig. 5. It was performed according to the ISO-standard procedure. At an intermediate
absorbed pump power Pabs of 0.75 W, they amounted to M2

x = 1.35 and M2
y = 1.88. At the inset

of Fig. 5, we show the typical profile of the laser mode in the far-field. The mode shows only
slight ellipticity.

Fig. 5. Evaluation of the beam quality factors M2x,y for the Er:CaF2 laser, inset – typical
far-field profile of the laser mode, Pabs = 0.75 W, λP = 967.6 nm.

3. Thermo-optic effects

3.1. Fractional heat loading

The fractional heat loading, i.e., the fraction of an absorbed pump power transferred into heat,
ηh =Pheat/Pabs, is an important parameter for calculation of the optical power of the thermal lens,
as well as for evaluation of the risk of thermal fracture. In the present work, it was measured by
laser calorimetry (the gradient method) [24]. The change of the crystal temperature ∆T at its
periphery was monitored as a function of time t when the pump was on (0< t < tp) and off (t > tp,
tp = 120 s – pump pulse duration). For this, a sensitive thermocouple (Type K, Ni-Cr+Ni-Al)
was attached to the crystal edge using a small amount of silver paint. The heating and the cooling
curves were measured with a time step of 5 s and 10 s, respectively. By fitting the heating curve
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as an exponential rise, the heating rate (dT/dt)h was determined at the moment of t ≈ 0.8tp. By
fitting the cooling curve with an exponential decay, the cooling rate (dT/dt)c was determined at
the moment of equal temperature, Fig. 6(a). Then, the fractional heat loading was calculated as
ηh = [(ΣmiCi)/Pabs] [(dT/dt)h + (dT/dt)c] [24], where mi and Ci are the masses and the specific
heats of the crystal (m= 0.941 g and C= 0.858 Jg−1K−1) and the Cu-holder (m= 3.698 g and
C= 0.385 Jg−1K−1), respectively. Between the measurements, the laser crystal was left for ∼10
min to return to the thermal equilibrium. Each measurement was repeated 3 times and the
obtained ηh values were averaged.

Fig. 6. Evaluation of the fractional heat loading ηh in a 4.5 at.% Er:CaF2 laser crystal for
lasing and non-lasing conditions. The pump wavelength λP is (a) 967.6 nm and (b) 799.2 nm.
Symbols – experimental data, curves –exponential fits of rise and decay. Vertical line – the
moment of switching off the pump (tp), dashed line – temperature rise at t= 0.8 tp, red lines
– heating and cooling slopes (see explanations in the text).

The measurements were done under lasing (L) and non-lasing (NL) conditions for both pump
schemes, Fig. 6. From the measured heating curves, one can see that for the same absorbed pump
power, under L conditions, the temperature rise at the boundary of the crystal (and the associated
heat loading) are weaker than under NL conditions. Moreover, this effect is clearer for pumping
into the 4I11/2 state. The results on ηh are summarized in Fig. 7. When pumping into the 4I11/2
state, ηh,L = 52.0± 2% and ηh,NL = 71.7± 3%. When pumping into the 4I9/2 state, both values
increase and approach each other, ηh,L = 64.1± 4% and ηh,NL = 77.6± 5%. The heat dissipation in
Er:CaF2 originates from multiphonon non-radiative (NR) relaxation and non-radiative transitions
related to energy migration to defects and impurities from the excited-states directly populated
via pump absorption, as well as populated via ETU. For the 4I15/2 →

4I9/2 pumping scheme, the
heat loading both under L and NL conditions is increased due to an additional NR relaxation
channel between the closely located 4I9/2 and 4I11/2 states.

Our experimental results agree well with the theoretical estimations by Pollnau [25] for
Er:LiYF4 crystals pumped into the 4I11/2 Er3+ state with doping levels optimized for high slope
efficiency [14], both qualitatively (the fractional heat loading is weaker under lasing conditions)
and quantitatively.

Let us discuss in detail the mechanisms of heat generation in Er:CaF2. First, the relevant
energy-transfer processes have to be considered, see Fig. 1(a). These are two energy-transfer
upconversion processes, ETU1 (4I13/2 +

4I13/2 → 4I15/2 +
4I9/2) and ETU2 (4I11/2 +

4I11/2 →
4I15/2 +

4F7/2), as well as a cross-relaxation process, CR (4S3/2 +
4I15/2 →

4I9/2 +
4I13/2). Due

to the strong ion clustering in Er:CaF2 even at moderate doping levels, all the energy-transfer
processes are expected to be more efficient than intrinsic decay from the long-living states, i.e.,
4I13/2, 4I11/2 and thermally-coupled 4S3/2+

2H11/2 ones. Thus, the multiphonon NR relaxation
from these states weakly contributes to heat generation. Still, for the levels quenched by fast NR
relaxation, 4I9/2, 4F9/2 and 4F7/2, its contribution to heat generation could be significant. As the
4S3/2+

2H11/2 states are mainly depleted by CR bypassing the 4F9/2 state, the latter manifold has
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Fig. 7. A summary of measured values of the fractional heat loading ηh for a 4.5 at.%
Er:CaF2 laser crystal under lasing and non-lasing conditions. The calculated data for
Er:LiYF4 are given for comparison [25].

low population and does not contribute to heat release. Thus, two processes have to be considered:
NR1 (4I9/2 →

4I11/2) and NR2 (4F7/2 →
4S3/2). Note that both of them are associated with an

ETU process: NR1 follows ETU1 and NR2 follows ETU2. Under non-lasing conditions, the
population of the 4I11/2 level is not clamped by the threshold condition, and it greatly increases
as compared to lasing conditions giving rise to an efficient ETU2 process followed by NR1, CR
and NR2 processes. This explains higher ηh values observed under non-lasing conditions.

3.2. Thermal lensing

The thermal lens in the Er:CaF2 crystal was studied under lasing conditions. To quantify it, first,
the radii of the laser beam along two orthogonal directions were measured in the far-field at
different pump powers. The measurements were performed at a certain difference from the OC
(∼9 cm) to reasonably increase the size of the output laser beam which gave better precision for
further calculation of the thermal lens parameters. Then, the laser mode inside the cavity, as well
as its propagation outside of the cavity were simulated using the ray transfer matrix formalism
(ABCD) accounting for a thin ideal astigmatic thermal lens located in the center of the crystal, as
well as the measured beam quality parameters M2

x,y of the laser radiation [26]. According to the
ellipticity of the laser beam, two meridional planes of the thermal lens were established, denoted
as “r” (A) and “θ” (B). Here, we use the same notations for cubic crystals as in the state-of-the-art
works of Koechner [27] and Chenais et al. [28]. Note that these planes are not necessarily linked
to the horizontal and vertical directions.

The beam radii of the laser mode measured as a function of the absorbed pump power for
λP = 799.2 nm are shown in Fig. 8. The laser mode expands with the pump power indicating an
action of a negative (divergent) thermal lens. The beam ellipticity is weak. In the same graph,
we show the simulated dependences (curves) accounting for a pump-dependent thermal lens.

The results on the corresponding optical (refractive) power of the thermal lens D= 1/f for
both pump transitions are shown in Fig. 9. For the sake of correct comparison, the optical
power of the thermal lens was plotted versus the on-axis absorbed pump intensity for a Gaussian
beam, Iabs = 2Pabs/(π<wP >

2). The thermal lens in Er:CaF2 is negative. Within the studied
range of absorbed pump powers, the dependence of the optical power on Iabs can be reasonably
good approximated with a linear law. Pollnau have simulated thermal lensing in Er:LiYF4 and
predicted a non-linear variation of the dioptric power, especially at high pump levels, mainly due
to a temperature dependence of material parameters [25]. Such effects seem to be still weak for
the studied lasers.

The slopes of these dependences are called the sensitivity factors, Mr(θ) = dDr(θ)/dIabs,
showing the increase of the optical power due to a variation of the pump intensity by 1 kW/cm2
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Fig. 8. Measured radii of the output beam from the Er:CaF2 laser, λP = 799.2 nm, the
distance from the OC is 9 cm, “r” and “θ” mark the semiaxes of the elliptical beam.

Fig. 9. Thermal lensing in the Er:CaF2 laser crystal: optical power for principal meridional
planes, symbols – experimental data, lines – calculation using Eq. (1), the calculated
sensitivity factors (M) are indicated. The pump wavelength λP is (a) 967.6 nm and (b)
799.2 nm.

[29]. For λP = 967.6 nm, we obtained Mr =−4.84 and Mθ =−5.15 [m−1/(kW/cm2)]. The
thermal lens is weakly astigmatic: the astigmatism degree, S/M = |Mθ – Mr |/|Mθ |, is only ∼6%.
For λP = 799.2 nm, the thermal lens becomes stronger owing to the stronger heat dissipation,
Mr =−6.15 and Mθ =−6.49 [m−1/(kW/cm2)].

For completeness, we also list the sensitivity factors of the thermal lens versus the absorbed
pump power (note that they should not be directly compared due to the slightly different mean
pump spot radii), Mr =−77.7 and Mθ =−82.7 [m−1/W] (λP = 967.6 nm) and Mr =−133.7 and
Mθ =−142.3 [m−1/W] (λP = 799.2 nm).

At the maximum applied pump power, the focal length of the thermal lens (f = 1/D) is as
short as −12. . . −13 mm (λP = 967.6 nm) and −8. . . −9 mm (λP = 799.2 nm). The main reasons
for such a strong lens are the following: (i) high fractional heat loading for Er3+ ions (e.g., as
compared to Yb3+ ones [28]) and (ii) small pump spot size used in the present work together with
a Gaussian profile of the pump beam (as compared to typical values for diode-pumped lasers).
The latter is beneficial for the thermal lens measurements as it allowed us to observe stronger
(and more easily detectable) effect of the thermal lens on the laser characteristics. Despite the
observed relatively short focal lengths of the thermal lens, the laser cavity remained stable. The
calculated stability limit of such a cavity expressed in the focal length of a divergent thermal lens
is f =−4 mm.

The optical power of the thermal lens in a longitudinally pumped laser element made of a
cubic crystal in the “plane stress” approximation is given by [28]:

Dr(θ) =
ηhPabs

π⟨wP⟩
2κ

(dn/dT + 2n3αCr(θ) + (1 + ν)(n − 1)α), (1)
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where κ is the thermal conductivity, n is the refractive index and dn/dT is the thermo-optic
coefficient, α is the coefficient of thermal expansion, ν is the Poisson ratio and Cr(θ) are the
so-called photoelastic constants [27]. The three terms in parentheses correspond to three main
effects contributing to the thermal lens formation: (i) temperature dependence of the refractive
index under zero strains, ε = 0 (expressed by the dn/dT term), (ii) the photo-elastic effect
(expressed by the photo-elastic term, PPE,r(θ)) and (iii) macroscopic bulging of crystal end faces
(expressed by the end-bulging term, Qdist), respectively. The whole expression in parentheses is
called the “generalized” thermo-optic coefficient χr(θ) = dn/dT +PPE,r(θ) +Qdist. Equation (1)
considers the case of a Gaussian spatial profile of the pump beam. The Cr(θ) values for an
optically isotropic material under “plane stress” approximation are given by [28]:

Cr =
−(1 + ν)(9p11 + 15p12)

48
, (2a)

Cθ =
−(1 + ν)(7p11 + 17p12 − 8p44)

48
, (2b)

where pij are the elasto-optical coefficients. The set of material parameters involved in the thermal
lens simulation is provided in Table 2 [30,31].

Table 2. Material Parameters of Er:CaF2 Involved in the Thermal Lens Calculation

Parameter Value [30,31] Parameter Value [31] Parameter Value (calculated)

n 1.419 p11 0.038 PPE,r [10−6 K−1] −11.79

dn/dT [10−6 K−1] −8.5 p12 0.266 PPE,θ [10−6 K−1] −12.48

α [10−6 K−1] 18.9 p44 0.0254 Qdist [10−6 K−1] 9.58

ν 0.21 Cr −0.109 χr [10−6 K−1] −10.71

κ [Wm−1K−1] 5.4 Cθ −0.116 χθ [10−6 K−1] −11.40

Note that the expression for the end-bulging term, Qdist = (1+ ν)(n – 1)α, is strictly valid for
an infinitely thin crystal [28] (or at least in the case when the heat loading is strongly localized
near the input crystal face due to a strong pump absorption). Cousins showed that for a laser
element (rod) with a length / diameter ratio of about 1.5, this expression overestimates the actual
bulging by about 1/3 [32]. Thus, it should be taken as an upper limit estimation of end bulging
and stronger negative thermal lens is expected in long uniformly pumped Er:CaF2 crystals.

The calculated sensitivity factors of the thermal lens are the following: Mr =−5.16 and
Mθ =−5.49 [m−1/(kW/cm2)] for λP = 967.6 nm and Mr =−6.15 and Mθ =−6.55 [m−1/(kW/cm2)]
for λP = 799.2 nm and S/M = 6%. These values agree well with the experimental ones confirming
the correctness of the measured fractional heat loading. Thermal lens in Er:CaF2 is divergent
mainly because of the negative thermo-optic coefficient, dn/dT, and large and negative photo-
elastic terms, PPE,r(θ), see Table 2. Negative thermal lens is common for fluorite-type crystals
[33].

The determined parameters of the thermal lens in Er:CaF2 crystals are relevant for the design
of power-scalable mid-infrared lasers based on this gain material, including diode-pumped ones.
In this case, the parameters of the thermal lens can be easily recalculated from our data by
considering the changed pump spot size. The knowledge of the thermal lens of a laser element is
crucial for determining the stability of a designed laser cavity, as well as matching of the pump
and laser modes in the laser element with increasing the pump power.

4. Conclusion

To conclude, Er:CaF2 crystals are promising for CW low-threshold mid-infrared lasers emitting
at ∼2.8 µm. In the present paper, we report on the highest output power ever extracted from this



Research Article Vol. 30, No. 5 / 28 Feb 2022 / Optics Express 8102

type of lasers (0.84 W at 2800 nm), owing to a high optical quality of the crystal and a moderate
doping level (4.5 at.% Er). The latter maintains reasonably good thermal properties (which
deteriorate fast with the doping level) and at the same time ensures efficient ETU between the
Er3+ ions owing to their strong clustering. The power scaling capabilities and thermo-optical
behavior of Er:CaF2 are directly compared for two pump schemes, namely pumping into the
4I11/2 and 4I9/2 levels. Direct excitation into the upper laser level provides higher slope efficiency,
lower fractional heat loading under lasing conditions and, consequently, weaker thermal lens. The
latter is found to be negative (divergent) for the Er:CaF2 crystal due to the negative thermo-optic
coefficient and large and negative contribution of the photo-elastic effect. The mechanisms of
heat generation in Er:CaF2 are discussed. The achieved laser slope efficiency (31.6%, pumping
into the 4I11/2 state) is only slightly lower than the Stokes limit indicating a room for further
improvement via a careful optimization of the Er3+ doping level which determine the ratio of
ETU probabilities. The smooth and broad gain spectra of Er3+ ions in CaF2 make this crystal
particularly attractive for generation of ultrashort pulses.
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