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Abstract: We report on the growth of a 2.86 at.% Ho:YGG crystal using the optical floating
zone technique in an oxygen-rich environment, followed by the study of its structure, optical
spectroscopy and first demonstration of continuous-wave laser operation at 2.1 um. The crystal
structure refined through the Rietveld method reaffirms the cubic symmetry (sp. gr. la3d,
a=12.2796(9) A). The absorption, stimulated-emission (SE), and gain cross-sections for the Ig
< I; Ho* transition were determined from the spectroscopic studies. The SE cross-section,
osg, amounts to 9.5 x 1072 ¢cm? at 2084 nm, and the luminescence lifetime of the >I; state
is 8.94 ms. Among the Ho-doped garnets, Ho:YGG is characterized by smoother gain cross
sections and a long luminescence lifetime. Laser operation of the Ho: YGG crystal is showcased
using a 1908 nm Tm-fiber laser as a pump source. The in-band pumped Ho:YGG laser delivers
976 mW at 2085 and 2109 nm with a slope efficiency of 50.1%.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Solid-state lasers operating around 2 um (“eye-safe” radiation) find numerous applications in
range-finding, remote sensing and wind mapping (LIDAR) [1,2], spectroscopy of molecular
species, material processing, and frequency down-conversion to the mid-infrared via pumping
optical parametric oscillators / amplifiers based on non-oxide nonlinear crystals [3-5]. Laser
action in this spectral range can be attained using Tm3* and Ho>* activator ions. Holmium
ions (Ho’*, electronic configuration: [Xe]4f'?), enable emission slightly above 2 um owing to
their °I; — I3 electronic transition. This helps to avoid the spectral overlap with the intense
absorption lines of water vapors in the atmosphere being essential for generation of femtosecond
pulses from mode-locked lasers [6—8].

All-solid-state lasers based on Ho>*-doped materials rely on the so-called in-band resonant
pumping scheme (i.e., excitation directly to the upper laser level, °17) [9,10]. It naturally provides
high laser efficiency and relatively weak heat loading [11]. Still, due to the energy-transfer
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upconversion (ETU) from the metastable manifold, 17 +>I; — I + I3, this scheme requires
optimization of the Ho>* doping level [12]. It is well known that high concentrations of Ho**
dopant ions lead to a considerable increase in upconversion losses, which degrade the performance
of 2-um lasers based on this ion. High doping levels contribute to significant heat loading in
the gain medium, and the ETU process amplifies these thermal effects, raising cavity losses
and crystal temperature. This increase in temperature and losses subsequently leads to a higher
lasing threshold and a greater excitation density in the upper energy manifold, which further
accelerates the ETU rate. These cascading effects in heavily Ho>*-doped samples can cause a
marked decrease in both the output power and laser efficiency and usually a few at.% of Ho**
ions is recommended to avoid such effects [13].

In-band pumping of Ho-lasers has been readily achieved by commercially available Tm-fiber
lasers or GaSb-based laser diodes emitting around 1.9-1.95 um.

Among the laser crystals employed for doping with Ho>* ions for 2-um emission, cubic garnets
such as the yttrium aluminium garnet, Y3AlsOj, (shortly YAG), are widely used. As a host
crystal, YAG offers good thermal and thermo-mechanical properties and easy accommodation of
rare-earth ions. The dopant Ho>* ions in YAG feature a relatively large Stark splitting of the
ground-state (°Ig, ~540 cm™") and a long luminescence lifetime of the upper laser level (17, ~7
ms) [14]. The main drawback of Ho:YAG as a gain medium for 2-um lasers is its relatively
narrow gain bandwidth at 2.1 um. Efficient [15] and power-scalable bulk [16,17] and thin-disk
[18] 2.1-um Ho:YAG lasers operating in the continuous-wave and mode-locked regimes have
been reported. The optimization of the Ho** doping level for such lasers is still a challenge as
it represents a compromise between boosting the pump absorption efficiency and limiting the
reduction of the thermal conductivity, as well as maintaining relatively weak ETU [19]. Garnet
crystals with high segregation coefficient for Ho** doping and at the same time enabling efficient
in-band pumped laser operation are in high demand, e.g., for thin-disk lasers.

Within the family of cubic garnets, gallium compounds attract a lot of attention for solid-state
laser engineering due to a combination of appealing thermal and spectroscopic properties [20].
One example is the yttrium gallium garnet (Y3GasO12, YGG) [21]. Apart from its high thermal
conductivity and easy doping with rare-earth ions, this crystal features a lower maximum phonon
energy (hvpn ~783 cm™!) as compared to YAG (hvpn ~857 cm™!), reducing the probability of
multiphonon non-radiative relaxation, which is relevant for the I; Ho>* manifold. It is usually
grown by the optical floating zone method or Czochralski technique. The spectroscopic properties
and laser operation of YGG crystals doped with Yb3* [20,21], Tm>* [22], and Er** [23] ions have
been studied previously. The optical properties including the absorption and emission spectra,
and the determination of energy levels of the °Ig ground state and °I; excited state of Ho>* ions
in YGG host was previously reported by G. J. Dixon and L. F. Johnson [24]. There are only two
reports on laser action on the °I; — 3Ig Ho>* transition in the YGG crystal, the first concerns
the Tm3*,Ho>* codoping scheme with ~0.8 um pumping: a diode-pumped Tm,Ho:YGG laser
delivered 1.33 W at 2086nm albeit with a low efficiency of 10.8% [25]. And the second operation
was conducted at cryogenic temperature at 77 K using Fe, Ho: YGG codoped where the pumping
into the Ho>* bands at 1.2 um was provided by nonradiative energy transfer from Fe>* ions
excited at 0.9-1 um [26].

In the present work, we report on the crystal growth, spectroscopy and in-band pumped
laser operation of a Ho?*-doped YGG crystal with the goal of developing novel materials for
power-scalable and ultrashort pulse lasers at ~2 pm.

2. Crystal growth and structure

2.1. Crystal growth

The Ho:YGG crystal was grown by the optical floating zone (OFZ) method under an oxygen-rich
atmosphere. The raw materials were oxide powders of Ho,O3 (Alfa Aesar, purity: 4N), Y,03
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(Alfa Aesar, 4N), and Ga, O3 (Macklin, 4N). These raw materials were accurately weighed in the
stoichiometric ratios with the doping concentration (x) of Ho>* ions of 2.5 at.% (with respect to
Y3*) in YGG, and then mixed in ethanol. After drying and grinding, the as-obtained mixture was
calcined in a muffle furnace at a temperature of 1000 °C for 5 hours following the solid-state
reaction:

xHo0,03 + (3-x)Y203 + 5Ga;03 — 2(Ho,Y3-,)GasO5.

Subsequently, the sintered powder was ground again and then used to prepare the seed and feed
rods, which needed to be pressed under 60 MPa for 10 minutes. The obtained rods were sintered
at 1300 °C in air for 5 hours. The sample was moved to a four-ellipsoidal-mirror OFZ furnace
(Crystal Systems Inc., FZ-T-12000-X-1-S-SU) where it was exposed to four xenon lamps. The
growth parameters were optimized as follows: the rotation rates of the feed and seed rods were
set at 15 rpm (revolutions per minute), and the growth rate was fixed at 6 mm/hour. Moreover, to
reduce the volatilization of the gallium component, the growth atmosphere was under pure O,
with a flow rate of 250 ml/min. Finally, when the growth process was finished, the furnace was
slowly cooled down to room temperature (RT) within 3.5 hours. No annealing was applied.

A photograph of an as-grown Ho:YGG crystal is shown in Fig. 1. The boule had a cylindrical
shape with length of 3.5 cm and a diameter of 5 mm, and it was free of cracks, inclusions, and
bubbles. The actual concentration of Ho*>* ions within the crystal amounted to 2.86 at.%, as
determined using the electron probe microanalysis (EPMA) technique. The corresponding Ho>*
ion density was calculated to be Ny, = 3.69 x 10%° at/cm? and the segregation coefficient for the
dopant ions Ky, was 1.14.

Fig. 1. Photograph of an as-grown 2.86 at.% Ho:YGG crystal (starting composition).

2.2. Structure refinement

X-ray powder diffraction (XRD) analysis was utilized to verify the phase purity and structure of
the grown crystal. For this, we employed a Bruker-AXS D8-Advance diffractometer in a 0-0
Bragg Brentano configuration (Billerica, USA) with Cu Ka (4 =1.5406 A) radiation, and the
measurements were conducted over a 20 range of 5° to 80°, employing a step size of 0.02° and
a step time of 16 s. The Rietveld refinement method was further applied. Figure 2 illustrates
the refinement plot for the as-grown Ho:YGG crystal, featuring the observed, calculated, and
residual patterns, as well as the Bragg positions. Table | presents the refinement parameters.
The initial atomic coordinates for undoped YGG utilized for the structure refinement were taken
from Ref. [27].

The Ho:YGG crystal adopts a typical cubic garnet structure with a general chemical formula
{A}3[B12(C)301 (space group O'°- Ia3d, No.230, point group m3n), where {A}, [B], and
(C) stand for dodecahedral (Wyckoff: 24c), octahedral (16a), and tetrahedral (24d) sites,
respectively [28]. For Ho:YGG, this formula reads {Y|Ho}3[Ga],(Ga)3O1,. Its lattice constant a
is 12.2796(9) A, the unit-cell volume V is 1851.123(0) A3, and the calculated crystal density
Pealc 18 5.944 g/crn3 (with the number of formula units per unit-cell Z = 8), as determined through
the Rietveld refinement. The reduced chi-squared value of X2 = (pr/Rexp)2 for this sample is
4.72 (R,;p=11.1%, Rex, =5.10%) indicating that the fit has converged. The fractional atomic
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Fig. 2. The structure of 2.86 at.% Ho:YGG: (a) Rietveld structure refinement of the XRD
pattern, depicting the measured (Y oy, black), calculated (Y ¢, red), and residual (Y gpg
— Ycalc, blue) patterns. Cyan dashed lines represent the Bragg reflections, with numbers
denoting the Miller’s indices (hkl); (b) a fragment of the crystal structure along the [111]

axis.

Table 1. Parameters of the Rietveld structure refinement for 2.86 at.% Ho:YGG

Parameter

Value

Formula

Crystal system

Space group (IT number, Z)
Laue class

Calculated density (g/cm3)
Lattice constant a = b =c (A)
a=B=y (deg.)

Volume (A%)

20 range (deg.)

20 step (deg.)

Radiation

No. of reflections
Refinement software

Reliability factors

Y2.9142H00,0858GasO12

cubic

la3d (230, 8)

mgm

5.944

12.2796(9)

90

1851.123(0)

5-80

0.02

Cu-Kay (1=1.5418 A)

104

Match3! (Crystal impact) software
Ry =8.03, Ryp=11.1, Rexp=5.10 and x> = 4.72

coordinates (x, y, z), the site occupancy factors (O.F.), and isotropic displacement parameters
(Biso) for the Ho:YGG crystal are detailed in Table 2.

Table 2. Fractional atomic coordinates, site occupancy factors and isotropic
displacement parameters for 2.86 at.% Ho:YGG

Atoms ~ Wyckoff  x/a ylb e OF. Biso (A?)
Y|Ho 24¢ 1/8 0 1/4 0.9714|0.0286  0.92(16)
Gal 16a 0 0 0 1 1.827(0)
Ga2 24d 0.375000) 0 1/4 1 1.237(0)
0 96h -0.0268(4)  0.0572(5)  0.1531(7) 1 2.170(0)

The dopant Ho** ions are expected to replace for the host-forming Y3* cations due to the
closeness of the corresponding ionic radii for VIII-fold oxygen coordination, R, (Y>*)=1.019 A
and Ry(Ho**)=1.015 A. The corresponding percentage difference, Dr = (Ry — Rg)/Rn X 100%, is
only 3.34%.
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In Ho:YGG, the rare-earth (Y|Ho) atoms occupy the dodecahedral sites {A} coordinated by
eight O atoms. There are three groups of interatomic distances Y|Ho — O, namely 2 X 2.4165(5)
A, 4%2.3219(7) A, and 2 x 2.4165(5) A. The Ga3* ions are distributed over two different sites
within the crystal lattice: the octahedral [B] and tetrahedral (C) ones, surrounded by six and
four oxygens, respectively. The [GaOg] and [GaO4] polyhedrons are interconnected by sharing
the same O%~ ions. The bond lengths Ga — O in the [GaOg] octahedrons are 6 x 2.0364(2) A,
while inside the tetrahedrons [GaOy4], the Ga — O interatomic distances are 4 X 1.8351(1) A. The
distortion index for the gallium polyhedrons is zero as all the metal — oxygen distances are equal.

2.3. Raman spectra

The Raman spectrum of the grown crystal was measured using a confocal Raman microscope
(Renishaw InVia) equipped with a x 50 Leica objective, and a He-Ne laser as an excitation source
(4=633 nm). The primitive unit cell of the cubic garnet lattice comprises four formula units
(equivalent to 80 atoms). By means of the factor group analysis, a total of 25 Raman-active
modes is determined, classified into 3A; g, 8E,, and 14T, g irreducible representations [29]. The
Raman spectrum of Ho: YGG, cf. Figure 3, can be divided into two main regions: a low-frequency
(100-300 cm™!) and a high-frequency (300-800 cm™!) one. In the latter range, bands associated
with antisymmetric stretching vibrations of the [GaOg] and [GaO4] polyhedrons are observed at
400-580 cm~! and 580-700 cm™!, respectively. In particular, the band at 351 cm™! is assigned to
a symmetric stretching vibration of [GaOy4], coupled with a rotational movement encompassing
the entire tetrahedron. The most intensive Raman line at 757 cm™! primarily arises from the
symmetric stretching mode of the [GaO4] tetrahedron and this peak is overlapping with the one
corresponding to the maximum phonon frequency of 783 cm™!. In the low-frequency range,
the bands primarily originate from the O-Ga-O bending modes of the gallium polyhedrons,
alongside the lattice modes associated with the vibrations of these polyhedrons relative to the
rare-earth ions. These vibrations can be comprehended as stretching or bending modes of the
dodecahedrons [Y|HoOg] with the highest phonon frequency at 783 cm™.

| Ho:YGG
L Exc. 633nm

Intensity (a.u.)

100 200 300 400 500 600 700 800 900
Raman shift (cm™)

Fig. 3. Raman spectrum of 2.86 at.% Ho:YGG, numbers indicate the phonon energies in
em™ !, Apye =633 nm.

2.4. Electronic structure

The band structure and the densities of states (DOS) of the garnet host YGG were calculated using
the CASTEP code, employing a plane-wave pseudopotential total energy calculation method
grounded in density functional theory (DFT). The electronic wave functions were extended
using a plane-wave basis set with a self-consistent field (SCF) tolerance of 1x 1075 eV/A.
The non-conserving pseudopotentials and a 5 X5 X 5 k-point sampling were selected for the
calculation. The calculated band structure and the total density of states (TDOS) of YGG, based
on the refined crystal data, are presented in Fig. 4(a) and (b), respectively. Notably, both the
bottom of the conduction band (CB) (3.49 eV) and the top of the valence band (VB) (0 eV -
Fermi energy level) are at the same G point, meaning that YGG is a direct bandgap material
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(Eg =3.49 eV). In Fig. 4(c), the atom-resolved partial densities of states (PDOS) for Y, Ga and O
are showcased. The conduction band is primarily determined by the d-state of Y and the s-state
of Ga. Conversely, the valence band, stretching from the Fermi energy level located at 0 eV down
to approximately -6.81 €V, is predominantly influenced by the 2p O and 3p, 3d Ga states.

(b) c
= 20 50( )
= vy 4s
15 25t LY 4p
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o
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High symmetry points TDOS (eleV) Energy (eV)

o

Fig. 4. Electronic structure of YGG crystal: (a) calculated band structure; (b) total density
of states (TDOS); (¢) Partial densities of states (PDOS) for Y, Ga and O.

3. Optical spectroscopy
3.1. Optical absorption

The spectroscopic properties of Ho:YGG were studied at RT. The transmission spectrum at
250-2200 nm was measured using a Varian CARY 5000 spectrophotometer. In the mid-infrared,
a FTIR spectrometer (Jasco FI/IR 6700) was used.

The overview transmission spectrum is shown in Fig. 5. The sharp Ho>* absorption lines are
evident. These bands correspond to transitions from the ground state (°Ig) to various excited
states (ranging from I, at ~2 um, to (° G,> H)s + 3H, at 0.36 um). In the visible, there is a
broad and faint absorption band spanning from 400 to 600 nm, which originates from color
centers linked to cationic vacancies. The weak yellow-brown coloration of the as-grown crystal
is a consequence of the combined effects of color center and Ho>* absorption. The determination
of the optical bandgap by the Tauc method is complicated by Ho** spectral bands in the UV
spectral range, an estimate of Eg oy gives ~ 5 €V. In the mid-infrared, the crystal shows a broad
transparency, with the IR absorption edge around 7.45 um.

3+
£

lg— 1
0.4 0.6 0.8 1.0 12 1.8 20 22
Wavelength (um)

" (b)

Transmission (%

7.45 um
N

5 6 7
Wavelength (pm)

Fig. 5. Transmission spectrum of the as-grown Ho:YGG crystal: (a) visible and near-infrared
ranges; (b) mid-infrared range. Sample thickness: 2.0 mm.
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The Ho* absorption around 2 um is due to the transition from the >Ig ground state to the
lowest-lying excited state >I7 serving as the upper laser level, see Fig. 6. The absorption spectrum
is relatively broad and structured due to the strong crystal-fields inherent to dodecahedral sites of
garnets. Compared to the absorption spectrum of Ho:YAG, however, that of Ho:YGG is much
less structured, as seen in Fig. 6. Next, the absorption cross-sections, 0 aps = @aps/Ngo, Were
calculated, where a@,ps is the absorption coefficient. The maximum o,,s amounts to 0.37 X 10720
cm? at 1914nm and the absorption bandwidth (full width at half-maximum, FWHM) is relatively
large, about 7 nm. At the pump wavelength employed in the present work (1908nm), o aps is
about 30% lower (0.26 x 10720 cm?). This pump transition can be addressed by GaSb diode
lasers and Tm-fiber lasers resulting in resonant (in-band) pumping directly to the upper laser
level.

15— , ,
nTE‘ 102l Ho:YAG

gu 0.9r um

b 908 nm
O 06F

-—

“':%0.3 I Ho:YGG
© oo

1850 1900 1950 2000 2050 2100 2150
Wavelength (nm)

Fig. 6. Absorption cross-sections, o-ps, of Ho3* in YGG for the 5Ig — 317 transition. The
O abs spectrum for Ho: YAG is added for comparison.

3.2. Emission (spectra and lifetime)

The stimulated-emission (SE) cross-sections of Ho?*:YGG around 2 um (the 51; — Sl transition),
denoted as osg, were calculated using two methods with a satisfactory agreement. First, the
Fiichtbauer-Ladenburg (F-L) equation was used [30]:

pE W’(2)
87 n21ypqc [ AW/(DdA’

ose(d) = )]
where, A denotes the wavelength, 7 is the refractive index at the average emission wavelength
(n=1.91 for YGG), c is the speed of light, T, is the radiative lifetime of the emitting state (°I7),
and W’(A) is the luminescence spectrum calibrated for the spectral response of the set-up and
the structured water vapor absorption. The luminescence of Ho>* ions was excited by focusing
the radiation of a GaSb laser diode emitting at 1928nm at the polished crystal edge to reduce
the effect of reabsorption and collected at 90° angle relative to the excitation direction using a
home-made objective, an optical fiber and an optical spectrum analyzer (OSA, Yokogawa model
AQ6375B) having a resolution of 1 nm.

Alternatively, the reciprocity method (RM) was employed, also known as the McCumber
equation [31]:

ke _EZPL). )

Z
osg(4) = U—abs(/l)z_;exp (— 4 T

Here, h stands for the Planck constant, (hc/A) represents the photon energy, k denotes the
Boltzmann constant, 7 is the crystal temperature (RT), Ezpy. is the energy of the zero-phonon line
(ZPL) transition between the lowest-lying Stark sub-levels of the two multiplets involved in the



Research Article Vol. 33, No. 2/27 Jan 2025/ Optics Express 2536 |

Optics EXPRESS : N

transition, and Z,, are the partition functions of the lower (m = 1) and upper (m = 2) manifolds:

Zn= ), glexn(-E] [KT). 3

In the given formula, g;" are the degeneracies of crystal-field sub-levels characterized by the
index k and energy E}". This energy is measured relative to the lowest sub-level within each
multiplet. The crystal-field splitting for Ho>* ions in YGG was taken from [32]. A comparison
of the obtained SE cross-section spectra calculated by means of the F-L equation and RM is
presented in Fig. 7(a). Both approaches converge by using a value of the radiative lifetime 7,9 of
10.3+0.5 ms.

n’g 15f(a) laser |HO:YAG
G 1.2t——RM
Q —F-L
5 0.9 laser
— 06
0.3
0.0 - - .
1850 1900 1950 2000 2050 2100 2150
Wavelength (nm)
EE 1.5 = . :
L & =0.17 Ho:YAG =
L 12 :“B —0.15
9 09r% —0.17
=4 %, / —o02
x 0.6} ¢ 2070 2100 2130 zie0 ) 0.23
% 0.3l Waveleng(h(rlm)'//" 0.25
P 0.27

0.9 T - :
2000 2025 2050 2075 2100 2125 2150
Wavelength (nm)

Fig. 7. Emission properties of Ho>*:YGG at 2 um (the 3I; — °Ig transition): (a) stimulated-
emission (SE), osg, cross-sections, F-L: Fiichtbauer—Ladenburg equation, RM: reciprocity
method, arrows — observed laser wavelengths. The ogg spectrum for Ho: YAG is added for
comparison. (b) gain cross-sections, " gain = B0sg — (1 — B)0 aps, B — inversion ratio. Inset:
gain cross sections of Ho:YAG for 8 =0.17.

For the °I; — Ig Ho* transition, relevant for laser operation slightly above 2 um, the SE
cross-section reaches a maximum value of 9.5 x 1072! cm? at 2084nm (emission bandwidth:
17 nm). There are two additional peaks: one occurring at 2111 nm with osg =4.3% 10721
cm?, and the other at 2061nm, with osg=5.2X% 102! cm?, as determined via the F-L formula.
The calculated maximum osg for Ho?* ions in YGG is somewhat lower than that reported for
Ho:YAG crystal (1.34 x 1072° cm? at 2091nm) but the emission band is less structured compared
to Ho: YAG, see Fig. 7(a).

Ho-lasers at 2 pm act in a quasi-three-level configuration, where gain cross-sections, given by
O gain = BOsE - (1 - B)0 s, are derived to predict possible laser wavelengths and the prospects
for wavelength turning and ultrashort pulse generation. Here, 8 = N»(°17)/Ny, is the population
inversion ratio. The calculated gain curves are illustrated in Fig. 7(b). For a modest g3 value
of 0.15, the gain spectrum displays smooth features, ranging from 2090 to 2120 nm, with a
maximum at 2111 nm. The FWHM of the gain curve is approximately 11 nm for 8=0.2. The
weaker structuring of the cross sections of Ho:YGG compared to Ho:YAG manifested here
is advantageous for ultrafast lasers where typical inversion rates 8 are of the same order of
magnitude (inset Fig. 7(b)). As the population inversion ratio increases, a broad peak at ~2085nm
becomes dominant in the spectra. Further increase of the inversion rate results in an additional
peak emerging at 2062nm.

For the luminescence decay measurement, we employed a continuous-wave 1928-nm GaSb
laser diode as an excitation source, modulating its emission with a mechanical chopper. To
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study the luminescence dynamics, we employed the same optical spectrum analyzer working
in a dynamic regime for detection at 2084nm with a 2 GHz digital oscilloscope (Tektronix,
model DPO5204B). The luminescence was collected from the edge of the sample to reduce the
reabsorption effect. The luminescence decay curve from the >1; level of the Ho** ion is shown
in Fig. 8. The decay is close to a single exponential one, yielding a luminescence lifetime 7y,
of ~8.9 ms. This is in line with a single site for Ho** ions in the YGG crystal structure. The
observed lifetime is longer than that for Ho** ions in other garnet crystals, such as the disordered
CNGG (7.75 ms [33]) and YAG (7.04 ms [34]).

1

—— Measured
Exponential fit

Tum= 8.94£0.01 ms

hexc= 1928 nm

hym= 2084 nm

0 5 10 15 20 25
Time (ms)

o Inten%ity (a.u.)

.01

Fig. 8. Luminescence decay curve from the 5 17 manifold of Ho3":YGG, Aexc = 1928 nm,
Alum = 2084 nm.

4. Laser operation
4.1. Laser setup

The configuration of the laser setup is illustrated in Fig. 9. A cubic laser element was cut from
the as-grown 2.86 at.% Ho:YGG crystal for light propagation along the [111] direction, having
an aperture of 3 X 3 mm? and a thickness of 3 mm. Both surfaces were polished to laser-grade
quality with good parallelism. The uncoated crystal was mounted in a passively cooled copper
holder using indium foil with thermal contact on all four lateral surfaces. A plane-concave laser
cavity was employed with a radius of curvature (RoC) of 50 mm for the output coupler (OC).
The flat pump mirror (PM) was coated for high transmission (HT) at the pump wavelength and
high reflectance (HR) at 2.05-2.43 um. OCs with transmission (7oc) in the range 0.5% - 5% at
the laser wavelength were used which were HT for the pump. The laser element was placed near
the PM leaving a small airgap of less than 1 mm. The total cavity length was 49 mm.

HR mirror HR mirror
@1908nm ngog nm
Laser
output M1 M2
ﬁ Tm-fiber laser

Cu-holder @1508nm

PM
Residual
pump HR mirror

M4 @1908 nm
RoC=-50 mm Ho'YGG Lens M3
oc F=150 mm

Fig. 9. Scheme of the Ho-laser setup: M1, M2 and M3 — highly-reflective mirrors for the
pump radiation, M4 — dichroic mirror, PM — pump mirror, OC — output coupler.

A commercially available CW Tm-fiber laser (IPG, model TLR-5) was employed as a pump
source, delivering up to 5.2 W of unpolarized output with a beam quality factor (M?) of 1.06 at a
central wavelength of 1908nm (emission bandwidth: 0.2 nm). The collimated pump beam was
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focused into the laser crystal through the PM using an antireflection-coated spherical focusing
lens with a focal length f of 150 mm. The beam radii in the focus were 16.1 pm x 38.9 um in the
sagittal and tangential planes, respectively. To capture the laser emission spectra, a spectrometer
(WaveScan, APE GmbH, spectral resolution: 0.5 nm) was employed. The laser emission was
separated from the residual pump using a dichroic mirror (M4) providing high reflectivity (HR,
R >99.8%) at 2.05-2.16 um and HT at 1.88—1.95 nm for 45° angle of incidence.

4.2. Laser performance

The input-output performance of the in-band pumped Ho:YGG laser is presented in Fig. 10(a).
Under non-lasing conditions, the intrinsic single-pass pump absorption of the crystal was ~59%
at maximum pump level, just below the calculated small-signal absorption of 62%. Thus, the
ground-state bleaching was almost negligible, and under lasing conditions, the pump absorption
would weakly depend on the output coupling or the pump level. The Ho: YGG laser delivered
a maximum output power of 976 mW with a slope efficiency 1 of 50.1% with respect to the
absorbed pump power and a laser threshold Py, of 150 mW, when using a 5% OC. The laser
emission was unpolarized. The optical efficiency versus the incident pump power was 27.1%.
This is much higher than the 13.5% slope efficiency reported with the same Toc in [23] by using
the co-doped Tm,Ho:YGG. No thermal roll-over in the output dependences was observed. The
output power exhibited a linear dependence on the pump power, indicating the potential for
further power scaling. By increasing the output coupling, the laser threshold gradually increased
from 73 mW (Toc =0.5%) to 150 mW (Toc = 5%).

= 1.0((a) 2.86 at.% Ho:YGG
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Fig. 10. Continuous-wave 2.86 at.% Ho:YGG laser pumped by a Tm-fiber laser at 1908 nm,
Inset: 2D spatial intensity profile captured at a distance of 40 cm from the OC. (a) Input-
output dependences, 77 - slope efficiency; (b) typical laser emission spectra (unpolarized
output).

We used a simple model of a quasi-4-level laser with reabsorption at the laser wavelength [20]
to predict the output performance of the developed in-band pumped Ho:YGG laser based on
the spectroscopic parameters reported in this work. This simulation yielded an estimate for the
round-trip passive losses L of 4.0 + 0.5% and suggested a significant contribution of ETU from
the upper laser level to the experimental laser threshold.

The free-running emission spectra of the Ho-laser were recorded for all output couplers at the
maximum absorbed pump power, Fig. 10(b). The laser wavelength experienced a small blue
shift with the output coupler transmission determined by the changing reabsorption effect in
dependence on the steady-state inversion as expected for 2-um Holmium lasers. When using a
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low Toc of 0.5%, the laser emitted at 2111 nm. However, when the OC transmission reached
5%, two laser lines simultaneously appeared at 2085 and 2109 nm, in line with the gain spectra
of Ho** ions in YGG.

A circular beam profile was recorded using a Pyrocam PY-III-C-B camera (Ophir-Spiricon) at
the maximum absorbed power with Toc = 5%, see inset Fig. 10(a).

Figure 11 presented the crystal-field splitting of the upper (°I7) and lower (°Ig) laser levels
of Ho?* ions in the YGG crystal for the 2-um laser transition, after Gruber et al. [32]. In the
D2 symmetry crystal field, each 2 'Ly manifold with integer J is split into 2J + 1 sub-levels
numbered as O, 1,... 16 for 518 and 0°, 1°,... 14 for °I;. On this energy-level scheme, we
indicate the pump and laser transitions for the developed in-band pumped Ho:YGG laser: 0 —
4’ (pump) and 0’ — 14 (laser). Barnes et al. proposed a criterion for distinguishing 3-level
and 4-level operation schemes for lasers with reabsorption at the laser wavelength [35], namely
introducing a parameter y = 1 + N;/N,,, where N;(N,,) are the fractional thermal populations of the
lower and upper laser sub-levels, respectively. For the considered laser transition in Ho: YGG,
one finds N;=0.013 and N,, =0.104 at room temperature, yielding y =1.127 (y = 1.0 and 2.0 for
4-level and 3-level lasers, respectively). Thus, we conclude that the developed laser operates
closer to the 4-level scheme with a relatively weak effect of reabsorption at the laser wavelength.

5400
%l 7,79.622
5200
. laser N, =0.104
- Po0amm [2170nm u
£ 0'—14 1
£5000= 5185-5453cm”
3 400 N=0.013
Q
S 5 |04 _
Yool '8 |0353280m Z,~8.167
0-
Ho>*(D,) Z,1Z,=0.849

Fig. 11. Crystal-field splitting of the >1Ig and 7I; manifolds of Ho>* ions in D sites in the
YGQG crystal (after [32]) showing the pump and laser transitions for the developed in-band
pumped 2-um laser, Zj(7) are the partition functions at room temperature, N;(N,,) are the
fractional thermal populations of the lower and upper laser sub-levels, respectively, also at
room temperature.

5. Conclusion

To conclude, we report on a comprehensive study of a novel material for laser operation at 2.1-pm,
Holmium-doped yttrium gallium garnet. A Ho**-doped YGG crystal has been successfully grown
by the optical floating zone method. The crystallographic structure has been refined, the electronic
structure simulated, and Raman and optical spectroscopy performed including measuring the
fluorescence lifetime. In comparison with the state-of-the-art Ho:YAG crystal, Ho: YGG exhibits
stronger homogeneous line broadening in the absorption and stimulated-emission spectra around
2 um, leading to a somewhat broader gain bandwidth. In connection with the smoother gain
cross section compared to Ho: YAG, Ho: YGG is more advantageous with respect to shortest pulse
generation. Furthermore, Ho: YGG exhibits a longer luminescence lifetime of the upper laser
manifold, >I, supporting low-threshold laser behavior. The latter is assigned to the difference in
the crystal-field strength and the phonon spectra for Al- and Ga-based garnets. We also have
demonstrated the first laser operation of Ho**:YGG on the main Ho transition delivering watt-level
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output near 2 um. A slope efficiency as high as 50.1% was achieved under in-band pumping at
1908nm. Further improvement of the laser performance towards high-power operation should
involve a Ho** concentration-dependent study of YGG crystals, including thermal characteristics,
and quantification of ETU from the upper laser manifold which is responsible for increased laser
thresholds and heat loading.
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