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Abstract: Cr:Colquiriites (Cr:LiCAF, Cr:LiSAF, and Cr:LiSGaF) are well-known for their
broad emission bands in the near-infrared region. Unfortunately, due to their relatively weak
thermomechanical strength, average powers from Cr:Colquiriite lasers have been so far limited
to sub-5 W level in continuous-wave operation at room temperature. In this study, the promise
of cryogenic operation, which shows significant power scalability in Yb-based systems, is
investigated in detail for Cr-doped Colquiriite crystals in terms of the temperature dependence of
the fluorescence lifetime and emission cross-section (o7,) in the 78-618 K range. The lifetime
measurements showed that the fluorescence, as well as the radiative lifetimes of Cr:Colquiriites
are temperature dependent. The emission cross-section measurements revealed that while cooling
the crystals from 300K to 78 K, the peak o, in E||c polarization increases moderately for all
crystals: from around 1.3 x 10720 cm? to 1.6 x 1072 ¢cm? in Cr:LiCAF, from around 4.5 x 1072°
cm? to 6.3 x 1072 cm? in Cr:LiSAF and from around 3.1 x 1072° cm? to 3.95 x 1072 cm? in
Cr:LiSGaF. We provide analytical formulas describing the measured temperature dependence of
all relevant quantities such as fluorescence/radiative lifetime, peak emission wavelength, peak
emission cross-section, and emission full-width at half-maximum. Overall, the reported results
constitute a solid basis for the modeling of Cr:Colquiriite-based laser and amplifier systems,
especially for the assessment of their potential at cryogenic temperatures.
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Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Chromium (Cr) is among the most widely utilized laser-active dopants [1], and its different
charge states provide broadband vibronic lasing in various spectral regions (Cr’*, Cr**, and
Cr** based solid-state lasers cover the approximate tuning ranges of 1850—-3350 nm [2,3], 700-
1100 nm [4], and 1100-1600 nm [5], respectively). Among these charge states of chromium,
Cr’* is one of the most popular states, which was also employed as the optical gain material
in the first experimental demonstration of lasing action in ruby (Cr’*:A1,03) [6]. In the past
decades, laser action of Cr3* has been achieved in many other hosts such as garnets, silicates,
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tungstates, borates, and niobates [7]. Unfortunately, for most of these hosts, achievable laser
efficiencies are rather low due to (i) difficulty in growing large-size high-quality crystals and
(ii) the existence of strong excited-state absorption (ESA) [7]. So far, efficient lasing has been
demonstrated in Cr>*:Be3 Aly(SiO3)¢ (emerald) [8,9], Cr3*:BeAl, Oy (alexandrite) [10,11], and
Cr3* doped Colquiriites such as Cr:LiCaAlF¢ (Cr:LiCAF) [12,13], Cr:LiSrAlF¢ (Cr:LiSAF) [7]
and Cr:LiSrGaAlFg (Cr:LiSGAF) [14].

The physical structure of the host material influences/perturbs the dopant ion, and this leads
to different sets of optical properties (i.e., energy levels, absorption, stimulated cross-section,
radiative and non-radiative lifetimes, and transition linewidth) in each host. The nature of
the emission linewidths in different hosts of Cr* is determined by the strength of the crystal
field which is categorized as strong, moderate, and weak [15]. Ruby is an example of a
high-crystal-field material, where a strong narrow-line emission at 694.3 nm dominates lasing
(from 2E to *A, transition) [6]. In alexandrite, a moderate crystal field exists, which allows both
narrow-line (from 2E to #A, transition) and broadband (from *T; to *A») lasing emission [16].
In Cr3*:Colquiriites, a low-intensity crystal field exists that induces broad emission linewidths
via the phonon-broadened *T, to *A, transition, resulting in a widely tunable laser operation in
the near-infrared region between 700 and 1100 nm [1,4,15,17,18]. The broad gain bandwidths in
Cr3*:Colquiriites enable the generation of sub-10-fs level pulses in mode-locked regime [19-22],
making them a strong competitor to Ti:Sapphire laser systems [23]. Cr:Colquiriites can be
directly diode-pumped by commercially available low-cost AlGalnP diode lasers around 670 nm,
enabling the construction of compact and robust laser systems. Moreover, they can be grown
with very low passive losses below 0.2% per cm [24], and hence one can build high-Q cavities
with ultralow lasing threshold [25], and use the stored intracavity energy levels for achieving
oscillators with attosecond level timing jitter noise [26].

On the other hand, power scaling efforts with Cr:Colquiriites have been quite challenging
owing to their relatively poor thermomechanical properties along with the presence of several
undesired thermal loading mechanisms such as thermal quenching, ESA, and Auger upconversion
[4,27-31]. As an example, the thermal conductivity of Cr:LiSAF is an order of magnitude lower
than that of Ti:Sapphire, and is only a quarter of the value of Yb:YAG [4]. As a result, despite
their moderate quantum defect levels (15-25%), their low thermal conductivity results in relatively
rapid heating of the Cr:Colquiriite crystals, which then induces additional heating mechanisms
via temperature quenching of fluorescence lifetime. On the positive side, thermal lensing in
Cr:Colquiriites is rather weak since the thermal lensing caused by the temperature-dependent
refractive index is compensated by the opposite lensing effect induced by the photoelastic
stress inside the crystals [32]. Overall, the achievable continuous-wave laser power levels from
Cr:Colquiriites have been so far limited to 3 W in Cr:LiSAF [33-35], 2.5 W in Cr:LiCAF [36],
and 1.2 W in Cr:LiSGaF [14]. Higher average power levels are so far only attained in pulsed
operation at very low repetition rates (2 J pulses at 15 Hz [37], 8.8 J pulses at 5 Hz [38]).

Cryogenic operation of solid-state lasers has been shown to provide great power scalability for
various gain media including Yb:YAG [39,40], Yb:YLF [41,42], Nd:YAG [43], and Ti:Sapphire
[44]. The performance improvement at reduced temperatures is due to the improvement in
spectroscopic, mechanical, and thermo-optic properties [45]. For example, in the case of
Yb:YAG (Ti:Sapphire), the thermal conductivity improves 4-fold (30-fold), the thermal expansion
coefficient reduces 3-fold (15-fold), the thermo-optic coefficient reduces 8-fold (7-fold) [44], and
the emission cross-section improves 5-fold (not reported yet for Ti:Sapphire) when cooled from
300K to 100 K [41], enabling the construction of higher-power laser/amplifier systems with better
beam quality in cryogenic operation. Despite the demonstrated performance of Cr:Colquiriites at
room temperature, to our knowledge, almost no effort has been made for the investigation of their
spectroscopic and thermo-opto-mechanical properties at cryogenic temperatures [4]. Hence, as a
starting point, a detailed temperature-dependent characterization of spectroscopic properties in
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Cr:Colquiriites is then of significant importance for the efficient use and accurate modeling of
laser and amplifier systems pumped with high-power red-diode sources and exploration of their
potential at cryogenic temperatures.

In this work, we have investigated the temperature dependence of fluorescence lifetime and
emission cross-section in Cr:LiCAF, Cr:LiSAF, and Cr:LiSGaF crystals at cryogenic (78-300 K)
and at elevated temperatures up to 618 K. Fluorescence lifetime measurements indicated that the
quantum efficiency of the crystals stays above 90% up to 510K in Cr:LiCAF, 315 K in Cr:LiSAF,
and 325K in Cr:LiSGaPF, respectively. A limited improvement in emission strength in E||c
polarization is obtained while going to cryogenic temperatures: ~1.2-fold in Cr:LiCAF, ~1.4-fold
in Cr:LiSAF, and ~1.3-fold in Cr:LiSGaF. The emission width at 80 K is found to be still as broad
as 100 nm, 140 nm, and 125 nm for the case of Cr:LiCAF, Cr:LiSAF, and Cr:LiSGaF, respectively.
Empirical formulas reporting the temperature dependence of all relevant spectroscopic quantities
are presented. To our knowledge, this work stands as the first study reporting temperature
dependence of fluorescence lifetime and emission cross section in Cr:Colquiriite crystals in detail.
The reported results may aid laser engineers and scientists in designing room-temperature and
cryogenic Cr:Colquiriite-based laser and amplifier systems.

The paper is organized as follows: Section 2 describes the experimental setups used in the
temperature-dependent characterization of fluorescence lifetime and emission cross-section (in
E_Lc and E||c) for Cr:Colquiriites. In section 3, we present the results of experimental findings
for each Cr:Colquiriite crystal and discuss the results. A short conclusion and outlook for future
work are provided in Section 4.

2. Experimental methodology

2.1. Fluorescence lifetime measurements

Figures 1 (a) and (b) show the experimental setups used for the measurement of temperature-
dependent fluorescence lifetime in Cr:Colquiriites over 78-300 K and 300-618 K ranges, respec-
tively. In both setups, a 1.8 W multi-mode laser diode (MMD) with a narrow emission peak at
657 nm is used as the excitation source. The MMD output is first collimated with an aspheric
lens (fi = 4.5 mm), and then an achromatic doublet with £, = 100 mm is used to loosely focus
the pump beam into the crystal (tight focusing is not applied to prevent lifetime quenching
via the Auger upconversion process). Even though the overlap between the absorption and
emission bands of the crystals under investigation is rather small, the crystals are excited from
their edge to further minimize radiation trapping [4]. The pump beam is then modulated using a
delay generator (DG in Fig. 1) to produce 1 ms long rectangular excitation pulses, with sharp
(sub-microsecond) rising and falling edges, at a repetition rate of 10 Hz (average power incident
on crystals: 180 mW). The emitted fluorescence is collected by an uncoated lens (f3 = 50 mm)
and is detected using a photodetector placed at 90° in the direction of the excitation beam.

In the experiments, the following a-cut Cr:Colquiriite crystals grown at the Institute for Crystal
Growth (IKZ) in Berlin were utilized: (i) a rod-shaped Cr:LiCAF crystal with a length of 16.7
mm, a diameter of 4.7 mm, and Cr-doping level of 3 mol%, (ii) a 15 mm long, 2 mm thick
Brewster-Brewster cut Cr:LiSAF slab sample with a thickness of 2 mm and doping of 0.8 mol%,
(iii) a cuboid-shaped Cr:LiSGaF crystal with a length of 1.5 mm, aperture of 6 X 5 mm? and
Cr-doping level of 3 mol%. For the 3 mol% (LiCAF, LiSGaF) and 0.8 mol% (LiSAF) Cr-doped
Colquiriites under investigation, the concentration quenching of fluorescence lifetime is negligible
according to the literature (for 2-15 mol% Cr-doping in LiSAF [46], for 0.3-8.8 mol% Cr-doping
in LiCAF [13,47,48]).

In experiments performed at cryogenic temperatures (78-300 K, Fig. 1 (a)), the Cr:Colquiriite
samples are mounted on copper holders of suitable geometry for each respective sample. A firm
physical and thermal contact between crystals and respective holders is maintained by the use of
thin indium sheets. The crystal holder is in turn firmly fixed on the top of a multi-stage cold head
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Fig. 1. Simplified schematic of the temperature-dependent fluorescence lifetime measure-
ment setups used for (a) 78 - 300K and (b) 300 - 618 K ranges. (c) Fluorescence decay
curves of Cr:LiCAF measured at 1 K increments over the 78-618 K range (temperature color
map is shown on the right in K). The inset shows the Cr:LiCAF crystal inside the dewar.

inside a vacuum-sealed dewar. The dewar tank is filled with liquid nitrogen for cooling crystals
down to 78 K. The temperature-dependent fluorescence lifetime is then measured during the
slow heating cycle of the dewar (heating from 78 to 300 K took around 4 hours). A temperature
sensor attached to the crystal holder enabled real-time measurement of crystal temperature with
+0.1 K accuracy. In experiments performed at above room temperature (>300K, Fig. 1 (b)), the
Cr:Colquiriite crystals in respective holders are placed directly on top of a heating plate that
enabled controlling the temperature of crystals up to 618 K.

By use of the setups shown in Figs. 1 (a,b), the fluorescence decay for each Cr:Colquiriite
crystal is collected at 1 K increments over their respective temperature range (78-618 K for
Cr:LiCAF, 78-478 K for Cr:LiSAF, 78-471 K for Cr:LiSGaF). A small-area (0.8 mm?) 350 MHz
free-space Si detector (Thorlabs DET10A2) was used in the experiments. The Si detector has
I ns rise time for 50-ohm termination, and sub-25 ns response time could be achieved while using
a lk-ohm termination. As an example, the fluorescence decay curves of Cr:LiCAF measured in
the 78-618 K range are shown in Fig. 1 (c). A single exponential decay model provided a very
good fit to the measured data at all temperatures for all Cr:Colquiriite crystals under investigation.
The estimated error bar in lifetime measurements is around +0.25 ps at room temperature and
below and is around +0.75 ps at elevated temperatures. The resulting measurements of the
temperature-dependent fluorescence lifetime for Cr:Colquiriites are discussed further in Section
3. Here, we limit the upper temperature applied in the case of Cr:LiSAF and Cr:LiSGaF to
around 480 K, since above this temperature, these crystals mostly decay nonradiatively so the
radiative emission signal almost disappears.

2.2. Emission cross-section measurements

The experimental setups used for the determination of temperature-dependent o, in E_Lc and E||c
polarizations of Cr:LiCAF, Cr:LiSAF, and Cr:LiSGaF crystals are shown in Fig. 2. A ~250 mW
continuous-wave output (at 660 nm) from a single-mode diode (SMD) is used for the excitation
of crystals. For Cr:LiCAF and Cr:LiSGaF, the emission intensity spectra are measured at a 90°
angle to the pump propagation direction. For Cr:LiSAF, due to the Brewster cut geometry of
the crystal at hand, the emission intensity spectra are measured in the transmitted pump beam
direction to capture the emission intensity in both E_Lc and E||c polarizations (shown in Fig. 2
(c,d)). A small aperture beam dump placed at the exit blocked the transmitted pump beam.
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Fig. 2. Simplified schematic of the temperature-dependent o, measurement setups used for
(a-b) Cr:LiCAF & Cr:LiSGaF and (c-d) Cr:LiSAF. Setups (a-c) and (b-d) are for cryogenic
and room/elevated temperature experiments, respectively.

In all measurements, a linear thin film polarizer (Thorlabs LPNIRE100-B) with an extinction
ratio above 400:1 is used for selecting the fluorescence emission in the relevant polarizations.
The respective fluorescence in each polarization is then collected by an uncoated plano-convex
lens (Newport KPX076) with a focal length of 25.4 mm and fed into the Yokogawa AQ6315A
optical spectrum analyzer via a 400 um core size fiber (internal spectral resolution setting: 1 nm,
effective resolution of the device: 2nm). At each temperature, 1000 data points are recorded
within the spectral range of 600-1400 nm, at an average wavelength separation of ~0.8 nm. The
spectral resolution setting is adequate as we have confirmed that, Cr:Colquiriites do not possess
any closely-spaced sharp emission lines within the temperature range of interest. For improving
SNR, at each temperature, the average of 64 measurements is recorded as the intensity spectrum
in each polarization.

The emission cross-section in absolute units for E.Lc (0, ,) and E||c (0. ,) polarizations are
then calculated using the modified Fiichtbauer—Ladenburg formula [49-51]

PR L)
O—e,a(/la T) = (1)
8rentx(T) ¢ (%10(1) + §Iau)) 1da
5
Cee(A.T) = —2 L) @)

Srentu(T) 1 (11,(1) + 21,(1)) 2 d2

where I, (1) are the measured emission intensities in the E_Lc and E||c polarizations of the
uniaxial crystal, c is the speed of light in vacuum, A is wavelength, n is the average refractive
index of the gain medium (n = 1.41 for Cr:Colquiriites), and 7x(7T) is the radiative lifetime of
the upper laser level. The nature of temperature dependence of 7x(T) is modeled (Eq. (3)) from
measurements of fluorescence lifetime performed in this work and is discussed in section 3.1.
As an example, the measured o, spectra of Cr:LiCAF in the 78-618 K range are illustrated
in Fig. 3. Within expectations, the increased temperature causes a red-shift of the emission
wavelength, and the full-width at half maximum (FWHM) of the emission increases with
temperature. On the other hand, the peak emission strength in E||c polarization increases whereas
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interestingly a slight decrease is observed in E_Lc polarization when the crystal is cooled to
cryogenic temperatures. For all three Cr:Colquiriite crystals under investigation, a detailed
quantitative characterization of temperature-dependent emission cross-section in terms of peak

o, strength, FWHM, and peak o, wavelength in E||c and E_Lc polarizations will be given in
section 3.2.
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Fig. 3. Measured variation of o, with temperature for Cr:LiCAF in the 78-618 K range for
(a) E||c and (b) E_Lc polarizations. Temperature color map is shown on the right in K

3. Results and discussion
3.1. Fluorescence lifetime measurement results

The temperature dependence of the fluorescence lifetime for the three Cr:Colquiriite crystals
are summarized in Fig. 4. In this figure, the red symbols represent the experimentally measured
fluorescence lifetime data (as the data is taken with 1 K intervals, the points look like a line). The
solid and dashed curves in Fig. 4 are numerical fits to the data that we will outline shortly.

First of all, as we can see from the graphs, there are two clear distinct trends in the measured
fluorescence lifetime data: (i) a slow quasi-linear variation in the low-temperature regime, and
(ii) a sharp sudden decrease at elevated temperatures. At low temperatures (below ~300 K), the
nonradiative decay rate is ignorable in Cr:Colquiriites, and the observed temperature dependence
is mostly determined by the temperature variation of the radiative lifetime 7x(7’). In this low-

temperature regime, as proposed by Andrews et al., one can use the following empirical formula
to fit the measured variation of lifetime [52]:

1 I .7

= — T, 3
TR(T) TROe )

In Eq. (3), Tro is the low temperature limit of radiative lifetime and « is an empirical fit coefficient.

The significantly reduced lifetimes measured at elevated temperatures (above 400 K) are due to
the nonradiative process and are also referred to as thermal quenching of fluorescence lifetime. At
elevated temperatures, the nonradiative lifetime 7yg(7) starts to decrease and become dominant
in determining the temperature dependence of measured fluorescence lifetime. This process can
be described by a single configurational coordinate Mott model [52,53] as follows:

1 1 (-4E
= ——e\ T/, 4
™wr(T)  Tnro )

where Tygo is the high-temperature limit of the nonradiative lifetime, k is the Boltzmann constant,
and AE is the activation energy (energy gap between the minimum of the T, excited state and
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Fig. 4. Measured dependence of fluorescence lifetime on temperature for (a) Cr:LiCAF, (b)
Cr:LiSAF, and (c) Cr:LiSGaF. The red symbols indicate the experimentally measured data,
whereas the black lines are analytical fits to the measured data using the Mott model. The
goodness of the fit to the measured lifetime is quantified by the R-square test (R> = 0.9989
for Cr:LiCAF, R? = 0.9998 for Cr:LiCAF, and Cr:LiSGaF). The analytical estimates for the
radiative lifetime are represented by gold color dashed lines and the quantum efficiency is
plotted as solid green lines.

the crossing point of 4T, excited state with the A, ground state [54]). Then, the overall variation
of measured fluorescence lifetime with temperature 75(7") could be described as the combined
rate of radiative and nonradiative transitions as follows:

! ! ! Le‘ﬂ + 1 - 17). )

= + =
w(T) w(T) twwr(T) 7ro TNRO

To probe the strength of nonradiative transitions compared to radiative transitions, one can
also use the temperature-dependent fluorescence quantum efficiency (17o(T)), as the ratio of ions
making a radiative transition via the following definition:

7r(T)
no(M) = - ©6)

The gold color dashed curves in Fig. 4 represent the calculated best-fit curves to the temperature
dependence of the radiative lifetime 7x(7) for each crystal using Eq. (3). The black solid curves
represent the overall fit to the measured fluorescence lifetime data using Eq. (5). The respective
fluorescence lifetime fits for each crystal were found by regression analysis where Root Mean
Squared Error (RMSE) is employed as the performance indicator of the model. The corresponding
fit constants (for lowest RMSE) of best-fit curves for each crystal are summarized in Table 1.
Lastly, the solid green curve represents the estimated variation of fluorescence quantum efficiency
with temperature ngre(7T) for each material (Eq. (6)). Note that the previous studies with
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Cr:Colquiriites reported a fluorescence quantum efficiency of unity (179 ~ 1) at low temperatures,
thus 77 ~ 7 for T < 300 K [53,55,56], and hence in our analysis, the fluorescence quantum
efficiencies are assumed to be 1 at cryogenic temperatures.

Table 1. Empirical fit parameters to the measured
fluorescence lifetime data of Cr:Colquiriites. see

Eq. (3)-(6).
Cr:LiCAF | Cr:LiSAF | Cr:LiSGaF
Tro (us) 195.6+03 | 62.6+03 | 81.7+03
a (107K 447 £2 445 +3 293 +3
TNRo (PS) 0.11+0.05 | 24+05 33+05
AE (cm™!) 8235+50 | 420050 4325+50
12 (K) 563+5 350+5 363+5

We see from Fig. 4 that, in the low-temperature range, for Cr:LiCAF, the measured lifetime
monotonically decreases from 193 us at 78 K to 170 ps at 300 K, and later to 164 us at 400 K.
A similar trend in the radiative lifetime of Cr:LiCAF was already reported by Payne ar al.:
fluorescence lifetime decreased from around 200 ps at 20K to 175 ps at 300K [57]. The
slight increase in lifetime at low temperatures is reported to be due to an additional small
vibronic contribution to the oscillator strength at room temperature [47] (typical behavior under a
centrosymmetric environment without non-radiative decay [58]). In comparison with Cr:LiCAF,
at low temperatures, a monotonic increase of lifetime is observed for Cr:LiSAF (from 66 ps at
78 K to 89 ps at 255 K) and Cr:LiSGaF (from 85 ps at 78 K to 89 us at 265 K) as the respective
crystals are heated towards room temperature. Data reported in [7,53] show a similar behavior of
fluorescence lifetime in Cr:LiSAF over cryogenic temperatures which is attributed to the slight
rearrangement of the LiSAF lattice since the fluorescence lifetime of Cr’* is sensitive to the
exact positions of the surrounding ions [53]. In addition, Kuze et al. showed that for decreasing
temperatures in Cr:LiSAF, the tendency of even-parity strain mode of AlFg and CrFg octahedra
towards more positive values could act as complementary to the decreased vibrational motion,
thus resulting in an overall slight decrease of measured lifetime over this range [59]. Similar
arguments may be made for Cr:LiSGaF due to its similar structural properties with Cr:LiSAF.
Overall, the empirical fit parameters given in Table 1 could be used to obtain an estimate for
the temperature dependence of radiative lifetime in each Cr:Colquiriite crystal. In this way, a
convenient expression could be obtained for extrapolation of the radiative lifetime 7x(T’) to higher
temperatures which we have later used in the calculation of emission cross-section curves using
Egs. (1) and (2).

The variation of the fluorescence lifetimes above room temperature (see Fig. 4) shows that
Cr:LiCAF is superior in terms of resistance to thermal quenching. This is linked to the empirical
fit parameters: AE and Tngg, which is shown in Table 1. The activation energy for thermal
quenching AE for Cr:LiCaF is estimated to be 8235 cm™!, which is considerably higher than
the values estimated for Cr:LiSAF (4200 cm™') and Cr:LiSGaF (4325 cm™"). Due to the higher
activation energy, thermal quenching of fluorescence lifetime in Cr:LiCAF starts at much
higher temperatures compared to Cr:LiSAF and Cr:LiSGaF. Another way to quantify this is by
comparing the critical temperature for thermal quenching: T;/,. This temperature is defined as
the temperature at which the rate of radiative and nonradiated transitions are equal to each other
(or the temperature at which the fluorescence lifetime drops to half of the radiative lifetime value).
We have calculated T, as 563 K (290 °C), 350K (77 °C), and 363 K (90 °C) for Cr:LiCAF,
Cr:LiSAF and Cr:LiSGaF, respectively. The fit parameters, gy, Tnro, AE, and T /2 are in fairly
good agreement with the literature (note that the earlier studies assumed a constant radiative
lifetime resulting in some difference in the fit parameters) [33,53,60].
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‘We conclude this section with Table 2, which tabulates the measured and estimated radiative
and fluorescence lifetimes for Cr:Colquiriites at selected temperatures. A comparison with the
values reported in the literature is also provided [7,14,53,57,61].

Table 2. Representative values of measured and/or calculated radiative
lifetimes, fluorescence lifetimes, and fluorescence quantum efficiencies
for Cr:Colquiriites at selected temperatures. Earlier reports from the
literature are also included for comparison.

Material Temperature (K) | 7z (T) (us) 7F (T) (us) nre(T) (%)

78 193 193, 190 [56] 100

. 200 179 178 ~100
Cr:LiCAF

300 171 170, 175 [60] ~100

400 164 164 ~100

78 65 65, 64 [56] 100

. 200 68 68 100
Cr:LiSAF

300 71 68, 67 [7], 70 [53] ~96

400 75 8 ~10

78 85 85 100

. 200 86 86 100
Cr:LiSGaF

300 89 87,88 [14] ~98

400 92 16 ~17

3.2. Emission cross-section measurement results

Figure 5 summarizes the emission cross-section measurement results for Cr:LiCAF. In Fig. 5 (a),
we show the measured o, for both E_Lc and E||c polarizations at 78 K and room temperature
(300 K) between 650 nm and 1050 nm. In Fig. 5 (b), we show the same results in normalized
logarithmic units in a broader spectral range (550-1150 nm) for better visibility at the shoulders
of the spectrum. The emission spectra measured for both polarizations at room temperature are
typical of the 4T, — *A; transition. The peak of the T, — *A, emission at room temperature
is centered at 772 nm and has a cross-section of around 1.3 x 1072° cm? and 0.9 x 10720 c¢m?
for E||c and E_Lc polarizations, respectively. These values match the initial results of Payne et
al. quite well [13]. Note that the emission of Cr:LiCAF at room temperature covers the whole
600-1150 nm region (Fig. 5 (b)), whereas the demonstrated tuning range is 720-887 nm [12,62].
The laser tuning range of Cr:LiCAF is limited by self-absorption losses in the short wavelength
range and by ESA in the long wavelength range [12,62], and hence the emission spectrum shown
in Fig. 5 does not directly reflect the gain spectrum.

At 78 K, the measured emission spectrum is structured with local peaks seen in Fig. 5 (a). The
vibrational assignments of these peaks are reported at 20 K in [61]. With decreasing temperatures,
a shift of the emission spectrum towards shorter wavelengths and a narrowing of the emission
bandwidth are also visible. The peak emission wavelength shifts from 772 nm at 300 K to 743 nm
at 78 K, and the peak o, values for E||c and E_Lc polarizations at 78 K become 1.6 x 1072 cm?
and 0.8 x 1072% cm?, respectively. As expected, with decreasing temperatures, we see an increase
of emission strength in E||c polarization, but interestingly a decrease of emission strength in ELc
polarization. The literature provides only the cryogenic o, data of Cr:LiCAF for unpolarized
light in normalized units [61], so we cannot perform a comparison with the literature for the 78 K
data measured in this study.

Figure 5 (c) shows the measured variation of peak o, value in the 78-618 K range (for this
graph, the data shown in Fig. 3 are analyzed with a simple Matlab code, and the relevant
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Fig. 5. Measured temperature-dependent characteristics of o in E_Lc and E||c polarizations
of Cr:LiCAF: (a) o at 77 K and 300 K, (b) Normalized emission spectra at 78 K and 300 K
in logarithmic scale, (c) Variation of the peak value of o, (d) peak emission wavelength and
emission FWHM with temperature in the 78-618 K range.

information is extracted). Note that the ratio of peak emission cross-sections in E||c and E_Lc
polarizations increase from ~1.15 at 600 K to ~1.5 at 300K, and to ~2 at 78 K. Hence, cooling
of Cr:LiCAF crystal enhances E||c emission, which is favorable for laser action. Finally, in Fig. 5
(d), we present the measured variation of emission bandwidth and peak emission wavelength
for both polarizations. Here, as expected, with increasing temperature, the emission spectra get
broader and shift to longer wavelengths. The FWHM of emission for both polarizations increases
from around 95 nm to 195 nm with increasing temperature (78 K — 618 K) whereas the peak
emission wavelength for both polarizations shifts from 743 nm to 823 nm.

For Cr:LiSAF, the emission cross-section measured in this work at room temperature and at
78 K is shown in Fig. 6 (a) and (b). The peak of the T, — *A, emission at room temperature is
measured at 855 nm and has a cross-section of around 4.5 x 1072° cm? and 1.45 x 1072 ¢cm? for
E||c and ELc polarizations, respectively. The measured peak emission wavelength (855 nm) is in
good agreement with the free-running laser wavelengths reported in the literature (835-860 nm
[35,63]). Note also that the emission spectrum has a rather flat structure around 850 nm, which
helps to minimize gain narrowing effects. The emission of Cr:LiSAF at room temperature also
covers the whole 650-1350 nm region (Fig. 6 (b), whereas the demonstrated tuning range of
Cr:LiSAF so far is limited to 770-1110 nm range [35], which is again limited by self-absorption
losses in the short wavelength range and the presence of ESA on the long wavelength side [48].
As a side point, the values of peak emission cross-section measured for Cr:LiSAF in this work are
slightly (8-10%) lower than that reported by Payne ez al. (4.8 x 1072 cm? and 1.6 x 10720 cm?)
[7]. This is in part due to the slightly longer radiative lifetime used in this study (67 ps in [7]
versus 71 ps at 300 K in this work). Moreover, our emission spectra are recorded for a wider
spectral range than earlier studies, which could also contribute to the observed difference (the
integrated spectral intensity is larger in Egs. (1)—(2), which reduces the peak o, value).
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Fig. 6. Measured temperature-dependent characteristics of o in E_Lc and E||c polarizations
of Cr:LiSAF: (a) o at 77 K and 300 K, (b) Normalized emission spectra at 78 K and 300 K
in logarithmic units, (c) Variation of the peak value of o, (d) peak emission wavelength and
emission FWHM with temperature in the 78-443 K range.

When we look at the emission spectra at 78 K, we see that the underlying structure of emission
is washed out in Cr:LiSAF, consistent with the report of unpolarized emission measurement at
20K [61]. When the crystal is cooled to 78 K, the peak o, for E||c-polarization increases to
6.2 x 1072° cm?, whereas that for E Lc polarization only slightly increases to 1.6 X 10720 cm?.
For both polarizations, the peak emission wavelength shifts to ~803 nm. Similar to Cr:LiCAF,
since earlier cryogenic emission cross-section data for Cr:LiSAF in the literature is only given for
unpolarized light and in normalized units [61], a comparison with literature is not possible for
cryogenic emission data.

The measured temperature dependence of the peak o, value in Cr:LiSAF in the 78-443 K
range for both polarizations is illustrated in Fig. 6 (c). We see a decrease of the o, strength in
E||c polarization from 6.20 x 10720 cm? at 78 K to 4.05 x 10720 cm? at 443 K with increasing
temperature. For the E_Lc polarization, we see a very slight decrease from 1.6 x 1072 ¢m?
at 78 K to 1.5 x 10720 cm? at 443 K. As a result, the ratio of peak emission cross sections
in E||c and E_Lc polarizations increases from ~2.7 at 443K to ~3.1 at 300K, and to =3.9 at
78 K. Hence, compared with Cr:LiCAF, we see a much stronger E||c to E_Lc emission ratio in
Cr:LiSAF, which provides a greater advantage while implementing E||c configuration for lasing.
The temperature-dependence of emission width and peak emission wavelength for Cr:LiSAF
is shown in Fig. 6 (d). Similar to the behavior observed with Cr:LiCAF, while heating from
78 K up to 443 K, the FWHM increases linearly from 140 nm to 223 nm, whereas the peak o,
wavelength for both polarizations shifts from 800 nm at 78 K to 881 nm at 443 K.

Figures 7 (a)-(b) show the polarized emission spectrum of Cr:LiSGaF. For Cr:LiSGaF, the peak
of the *T» — *A, emission at room temperature is measured at 826 nm and has a cross-section
of 3.1 x 10729 cm? and 1.6 x 1072% c¢m? for E||c and E Lc polarizations, respectively. Note that,
Cr:LiSGaF room-temperature emission peak (826 nm) resides in between Cr:LiCAF (772 nm)
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and Cr:LiSAF (855 nm). Moreover, the peak o, for E||c polarization (3.1 x 1072 ¢cm?) is also
in between the value of Cr:LiCAF (1.3 x 1072 ¢m?) and Cr:LiSAF (4.5 x 1072 cm?). The
measured values of peak o, for Cr:LiSGaF are slightly (~5%) lower than that reported earlier [14].
For Cr:LiSGaF, we believe this difference is probably due to the more sensitive measurement of
fluorescence signal for a wider detection range in this work. The room-temperature emission
spectra of Cr:LiSGaF have a FWHM of 169 nm, and cover from 650 nm to 1250 nm (Fig. 7 (b)).
The demonstrated tuning range of Cr:LiSGaF (777-977 nm [63]) is again quite narrow concerning
the measured emission spectral width. We believe the tuning range of Cr:LiSGaF laser might
be further extended on the long wavelength side, as the tuning limits of this material have not
been thoroughly investigated yet. Similar to Cr:LiSAF, the emission data of Cr:LiSGaF at 78 K
do not show sub-structure superimposed on the emission spectrum. This is consistent with the
unpolarized Cr:LiSGaF emission spectrum at 24 K reported in [14]. In the case of Cr:LiSGaF,
when the crystal is cooled to 78 K, the peak emission cross section of E||c and E_Lc polarizations
increases to 4.0 X 1072° ¢cm? and 1.7 x 1072 cm?, respectively.
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Fig. 7. Measured temperature-dependent characteristics of o in E_Lc and E||c polarizations
of Cr:LiSGaF: (a) o at 77 K and 300 K, (b) Normalized emission spectra at 78 K and 300 K
in logarithmic units, (c) Variation of the peak value of o, (d) peak emission wavelength and
emission FWHM with temperature in the 78-463 K range.

The measured temperature variation of Cr:LiSGaF peak o, in the 78-463 K range is shown
in Fig. 7 (c). The o, strength in E||c polarization decreases from 4.0 x 1072 cm? at 78 K
to 2.8 x 1072° cm? at 463 K. For the ELc polarization, we see a very slight decrease from
1.7 x 10729 cm? at 78 K to 1.5 x 10729 ¢cm? at 463 K. The ratio of peak o, for two polarization
increases from ~1.85 at 463 K to ~1.95 at 300K, and to ~2.3 at 78 K. Above 310K, this trend in
o, strength data is relatively less discernable in comparison to Cr:LiSAF due to the lower SNR
caused by the shorter Cr:LiSGaF sample used during experiments. From Fig. 7 (d), in heating
from 78 K to 463 K, the FWHM in both axes is seen to widen from 123 nm to 200 nm whereas
the peak emission wavelength makes a shift from 786 nm to 867 nm.

In closing this section, we would like to provide empirical fit equations for the temperature
dependence of important o, parameters of Cr:Colquiriites. We adopted the forth-order polynomial
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functions with respective fit constants (ag_4, bg_2, Co—4) resulting in minimum Root Mean Squared
Error for fitting as follows:

W(T) =ag+a;T +arT* + a3 T + as T*, (7
0e(Ay, T) =bo+bT + by T2, (8)
A(T) =co+ciT +cerT? + 3T + s T 9)

Above, 1,(T) is the peak emission wavelength, o (4,,T) is the o, at the peak emission
wavelength, and A, (T) is the full-width at half-maximum of the measured emission spectra.
The respective best-fit results are shown in Figs. 5—7 by black dashed lines and the relevant
best-fit parameters for all three crystals are given in Tables 3—5. Furthermore, for easier access,
Table 6 tabulates measured/fit values for the peak emission wavelength, peak o, and emission
FWHM for all crystals, for the E||c polarization at selected temperatures.

Table 3. Best fit values of the temperature coefficients in Eq. (7) for the estimation of
peak emission wavelength (in nm) in E_Lc and E||c polarizations of Cr:Colquiriites.

Axis as (K™ az(K™) a(K72) ar(k™h ao
) Ellec | -3.6%x10710 | 686x1077 | -3.75x10™* | 2.13x 107" | 7253
Cr:LiCAF
Elc - 1.8x1077 | —-1.1x10™* | 143x107' | 731.6
) Ellc | -143x107% | 132x107% | =3.95x 1073 | 6.5x 107! 769.1
Cr:LiSAF
Elc - 7.3% 1077 -3.1x107* 2% 107! 788.25
i Ellc | -528x107% | 5.61x107° | —1.84x 1073 | 4.06x 107! | 7614
Cr:LiSGaF
Elc - - 1.64 x 1074 1x 107! 777.7

Table 4. Best fit values of the temperature coefficients
in Eq. (8) for the estimation of peak o, value (in 10-20
cm?) in ELc and E||c polarizations of Cr:Colquiriites.

Axis by(K7?%) bi(K™") bo
) Ellc | 1.62x107° -2x1073 1.755
Cr:LiCAF
Elc - 335x107% | 0.773
) Ellc | 147x1075 | -13x1072 | 7.127
Cr:LiSAF
Elc | 265x107% | -1.76 x 1073 | 1.726
) Ellc | 817x107% | —=722x1073 | 4.52
Cr:LiSGaF
Elc | 154x107° | —124x1073 | 181

Table 5. Best fit values of the temperature coefficients in Eq. (9) for the
estimation of emission spectrum width (FWHM) (in nm) in Cr:Colquiriites.
The emission width is found to be independent of polarization.

ca(K™ c3(K73) o (K72) cl(k™h co
Cr:LiCAF - -3.6x 1077 41%x107* 45%x1072 | 93.75
CrLiSAF | -7.1x107° | 61x10°% | -1.76x1073 | 43x 10! 114
Cr:LiSGaF 6.14x 1078 | —1.65x10™* | 274x 107! | 101.7
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Table 6. Representative values of measured/calculated peak emission wavelength, peak o, and
emission bandwidth for Cr:Colquiriites at selected temperatures. Earlier reports from the literature
are also included for comparison.

Material | Temperature (K) | A,(T) forE|lc (nm) | 0(4,,T) for E|lc (10720 cm2) | FWHM(T) (nm)
100 744 1.56 102
i 200 759 1.41 117
Cr:LiCAF
300 772 1.29, 1.3 [13] 135
400 786 1.23 155
100 807 5.93 144
i 200 823 5.07 168
Cr:LiSAF
300 855 4.48,4.8 [7] 189
385 875 4.43 206
100 788 3.87 127
. 200 806 3.41 152
Cr:LiSGaF
300 826 3.09,3.3 [14] 169
400 860 3.01 191

4. Conclusion

We have investigated the temperature dependence of the fluorescence lifetime and polarized
emission strength for Cr:LiCAF, Cr:LiSAF, and Cr:LiSGaF crystals over the 78-618 K range.
To the best of our knowledge, this study presents the first detailed experimental cryogenic
spectroscopy data for Cr:Colquiriites. We observed a temperature-dependent radiative lifetime in
all three crystals when cooling in the range of 300-78K: 1.15-fold increase in Cr:LiCAF (from
170 ps to 195 ps), 1.08-fold decrease in Cr:LiSAF (from 71 ps to 66 ps), and a slight 1.04-fold
decrease in Cr:LiSGaF (from 88 ps to 85 ps). We have also seen that, by cooling to cryogenic
temperatures, the peak o, value in E||c polarization improves ~1.2-fold in Cr:LiCAF, ~1.4-fold
in Cr:LiSAF, and ~1.3-fold in Cr:LiSGaF. The emission bandwidth (FWHM) at 78 K is measured
as 100 nm in Cr:LiCAF, 140 nm in Cr:LiSAF and 123 nm in Cr:LiSGaF (narrows down 1.25-fold
in Cr:LiCAF, 1.28-fold in Cr:LiSAF, and 1.27-fold in Cr:LiSGaF). These bandwidths at cryogenic
temperatures are quite sufficient for the generation/amplification of sub-50-fs level pulses

The improvement in emission cross-section at cryogenic temperatures is rather moderate
(1.2 to 1.4 fold) in Cr:Colquiriites. On the other hand, at cryogenic operation, one is further
away from temperatures where nonradiative transitions become significant, which may in turn
enable the application of at least 2-3-fold higher pump powers compared to room-temperature
systems. Furthermore, several-fold improvement in the thermal conductivity of materials is
expected by cooling to cryogenic temperatures [45]. Hence, we believe that, as in the case of
Yb-based materials, an order of magnitude improvement in obtainable output powers is feasible
in cryogenically cooled Cr:Colquiriite laser/amplifier systems. This study solely focusing on
spectroscopic aspects is the first step to fully reveal the potential of Cr:Colquiriites lasers at
cryogenic temperatures. Further work to understand the temperature dependence of thermo-
mechanical and thermo-optical parameters such as thermal conductivity, thermal expansion
coeflicient, refractive index, etc. is required for accurate modeling of cryogenic Cr:Colquiriite
lasers.
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