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Abstract: Holmium-doped congruent-composition lithium niobate (LiNbO3:Ho, LN:Ho) crystals
were grown by the Czochralski method. The absorption of the LN:1at% Ho®* crystal was recorded at
room temperature. On the basis of the analysis of emission and absorption spectra of the LN:1at%
Ho®* crystal, the possibilities of obtaining, at room temperature, radiation-balanced (RB) lasing in
the region of 640-670 nm wavelengths corresponding to the inter-Stark transitions of manifolds °Fs
and °Ig was theoretically investigated. The RB lasing parameters were calculated and the optimal
pump and laser wavelengths were determined: Agp = 652.1 nm, Ap; = 653.6 nm. The values for the
RB lasing efficiency and radiation amplification in the considered wavelength region were obtained:
Fopp =323 x 107 22em?, Fyoy = 6.08 x 1072 em?.
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1. Introduction

The possibility of creating a self-cooling solid-state laser (radiation- balanced laser)
based on doped rare-earth (RE) ions was first proposed in [1]. The idea of a radiation-
balanced (RB) laser operation is based on the possibility of full (or partial) compensation of
heat generated as a result of pumping and stimulated emission processes by the cooling
of anti-stokes fluorescence (ASF) in the active medium. The mechanism of optical self-
cooling is quite simple: by absorbing a photon, the atom briefly leaves the state of thermal
equilibrium with the environment and, upon restoring equilibrium, spontaneously emits a
photon with a wavelength shifted relative to the absorbed photon. Such processes can lead
to both heating (Stokes luminescence) and anti-Stokes fluorescence (ASF) cooling. Therefore,
it is reasonable to search for active media for RB lasers among RE-doped materials with
high ASF cooling efficiency and minimal heat generation during pumping and stimulated
emission in the region of wavelengths under consideration.

In [1-3], a scheme is constructed for theoretically evaluating parameters of solid-state
RB lasers. References [4,5] provide analytical expressions for minimum pump power, RB
generation efficiency, and maximum signal gain. References [6,7] explore strategies to
minimize waste heat through anti-Stokes fluorescence cooling. A proposed method offers
substantial reductions in heat generation within controlled laser systems. Reference [8]
offers a comprehensive review of both experimental and theoretical advancements in
radiation-balanced bulk lasers, fiber lasers, disk lasers, and micro-lasers.

Among the active media for RB lasers and optical cooling, materials doped with
RE ions hold a special significance, as discussed in [9-19]. Notably, due to the favorable
spectroscopic properties of the ytterbium ion (high absorption coefficient, absence of up-
conversion transitions, and low multi-phonon nonradiative processes), initial focus was
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directed towards Yb%*-doped materials [2,9-17]. The first athermal bulk laser using direct
diode pumping was experimentally demonstrated with a Yb**:KGd(WOy), crystal [13].
It is noteworthy that, due to the characteristic structure of the absorption and emission
spectra of the Yb3* ion, the RB generation wavelength is constrained to the range of
990-1130 nm [4]. Therefore, the search for new doped materials and RB generation channels
involving other rare-earth ions is of particular interest. In [18], the RB laser capabilities of a
LiNbO3:Tm>* crystal were investigated within the wavelength range of 1650-2000 nm.

Note that, for several reasons (such as the near-unity quantum yield of luminescence
and the absence or low efficiency of other excitation relaxation channels), the most popular
ion is Yb%*. Consequently, research is primarily focused on Yb**-doped materials. For
other rare-earth (RE) ions, only transitions between the ground and first excited manifolds
are considered, which limits the range of generation wavelengths.

This paper valuates the RB generating capabilities of the crystal LN:Ho in the
640-670 nm spectral region corresponding to transitions between the Stark sublevels of the
5F5 and °Ig manifolds.

2. Materials and Methods

High-purity compounds from Johnson-Mattey (Oberhausen, Germany) (Nb,Os,
99.995%) and Merck (Darmstadt Germany) (LiyCO3, 99.995%) in powder form were used
as the starting materials for the sintering of congruent-composition LN charges. Ho ions of
high purity with a concentration of 1at% and the form of holmium oxide (Ho,0O3, 99.99%)
from Merck were added to the initial melt. Crystals were grown by a modified Czochralski
method in air atmosphere with a platinum crucible with dimensions of 40 x 40 x 2 mm?>. A
radio-frequency heating furnace was utilized, heating the crucible and after-heater. Crystals
were pulled along the c axis of the LN crystal with a speed of 2 mm/h and rotation rate of
20 rpm. During the growth process, an electric field was applied to the crystal-melt system
with a dc electric current of around 12 A/m. The latter provides the possibility to obtain
single-domain crystals directly during the growth process and contributes to a high homo-
geneity of the crystals [19]. Obtained crystals were orientated along the crystallographic
axis, cut to 10 x 4 x 8 mm? (X x Y x Z) size samples, and then handled and polished.

The absorbance of the crystal LN doped with 1.0at% Ho>* ions was carried out at
room temperature using a Varian Cary 500 Scan UV-Vis NIR Spectrophotometer (Markham,
Canada). The emission cross-section was determined by the reciprocity method using the
measured absorption cross-section.

As is known, for RB generation to occur, condition (1) must be fulfilled [1]

A <Ap<Ap (1)

where A, and A, are the pump and generation wavelengths, respectively, and Ay is the
average luminescence wavelength, defined as

[ ALem(A)dA

A= [ Tom(A)dA

(2)
Loy (A)—spectral dependence of the emission intensity.
The efficiencies of RB generation and maximum signal amplification at high pumping

intensities, as well as the efficiency per unit length of the optical cooling process, are defined
as follows [4,5]:

_ 1ol B(Ap) — B(AL)
1L (Apr )\Lrlp) = EE = Oaps (/\p)NtUopﬁ(W 3)
Imax = Ogps ()\L)NtM (4)

B(AL)
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absorption coefficient, cm'1

=
o

(3]

A
Fcool = Ogps (Ap) |/gj - 11 (5)

(where 17, = (/\p —-A f> / ()L L—A f)) is the intrinsic optical efficiency of the continuous RB
laser, and Nj is the concentration of impurity ions,

o Oy s(/\)
BN = G 8 OV @

Oaps(A) and 0., (M) are the absorption and emission cross-sections.

The condition of radiation balance in the laser, taking into account the contributions of
heat released in the pumping and signal amplification processes, is [5,17]

Izﬂn Ipml}’l
_ =0 7
T )

1—

where I, and I, are the pump and laser intensities,

min __ 1 ﬁ(AP):B(AL) g )Lp - /\f
s M) B(Ap) — B(AL) - Af (AL —Ap

Pump saturation intensity (k = p) and emission (k = L) are determined by the expression [17]

>Isat, k k= p, L (8)

hc
Isat, k= /\kTr(Ua (Ak) + Oem (Ak)) (9)

where T, is the radiation lifetime of the excited multiplet,  is Planck’s constant, and c is the
speed of light.

From (7), it follows that as the pump intensity becomes larger (I, — o), the signal
intensity asymptotically approaches a constant value Ij = I, The same is also true for
the pump intensity, meaning that if I} — oo, then I, = I;""".

Note that the dependence imposed by the radiation balance condition on the pump
and radiation intensities differs significantly from the dependence in a typical laser, for
which the pump and signal have a linear dependence, I ~ Ip.

3. Results

The absorption spectrum is shown in Figure 1(I), from which the absorption cross-
section is determined; o,s(A) = k(A)/Np, (N = 1.67 x 1020 cm 3 is the concentration
(Ho" ion) (Figure 1(I-a)). Figure 2 shows the energy diagram of the Stark levels of the
ground, 55, and excited, °Fs, manifolds of the Ho®* ion in the LN crystal [20].
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Figure 1. (I) Absorption coefficient; (II) absorption (a) and emission (b) cross-sections of LN:1at%Ho.
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Figure 2. Energies of Stark levels of LN:Ho [21].

Note that if the energy levels of the upper and lower manifolds are known, then,

according to the principle of reciprocity, the absorption and emission cross-sections are
related by the following relation [5,22]:

Zgr Eg— ke
Oem(A) = Ouaps (A) 5> exp | — (10)
up

where E, is the energy distance between the lower sublevels of the ground and upper
manifolds, Zgr, up = Y. giexp [(EF””P) - El(gr’up )) / kBT—‘ is the statistical weights of the
i

ground and upper manifolds (E i(gr’up ) and g; are the energy and degeneration of the ith
sublevel of the ground and upper manifolds), kp is the Boltzmann constant, and T is the
temperature. Relation (10) allows us to express the main characteristics of RB lasing through

the parameters Eq, 0gp5(A), Zgr, and Z,,. Indeed, substituting (10) into (6), and (3) and (4),
we obtain the following:

B Zgr Eo—he/A\] 7!
B(A) = [1 + Zupexp<kTﬂ (11)
Zor — —hc/A
n(Ap AL Ip) = ij UONtUubs(/\P)exp(fr;w> [EXP< h]f;AL) *EXP< ,:7/~ p)}ﬁ(h) (12)

Zor E —hc/A —hc/A
Smax = ZintaabS(AL)exP<k;> {exp<;1/~L> _exp(]:Tp>:|ﬁ(AP) (13)
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The use of expressions (11), (12), and (13) significantly simplifies both the qualitative
analysis of the capabilities of specific materials doped with rare-earth elements for RB
generation and the procedure of quantitative calculations.

Using the calculated values of the statistical weights of °Ig and °Fs manifolds
(Zgr = 8.0606 and Z,, = 6.7192), the emission cross-section in the wavelength
range 640-670 nm was determined by Formula (10) (Figure 1(II-b)). Noting that
Iem(A) ~ Ao (A),, for the average fluorescence wavelength calculated by the formula
Ap=[ (Cem(A)/A*)dA/ [ (0em(A)/A%)dA, we obtain Af = 649.2 nm.

4. Discussion

Note that Formula (8) is obtained for the case when the luminescence quantum yield
(external quantum efficiency) is close to unity (et = 1) [1]. Otherwise, the average
fluorescence wavelength, A s should be replaced by /\;i = NextA e In the case that transitions

with 5F5 are under consideration, according to the data presented in [23], #ext = 0.54.

The absorption and emission cross-section spectra and the value of the mean flu-
orescence wavelength are shown in Figure 1(II). Taking into account condition (1), we
choose the following pump wavelengths: 651.5 nm (v3 — k3, vs — kg, k7) and 652.1 nm
(vq,v2 = k1,ko; v4 — k3, vg — k7), corresponding to the maxima of the ASF cooling ef-
ficiency (5). According to (1), RB generation can occur at the following wavelengths:
653.2 nm (ky — v3, kg — vg), 654.5 nm (ky — v3, kp — 14, ks — vg), 655.9, and 655.6 nm
(k1 = va, kg = v5, ke = v7, ky = vg, k3 = vg, ks — v7), corresponding to the maxima of
the emission spectrum (Figure 1(II-b)). The transitions corresponding to the wavelengths
of spectral lines with linewidth accuracy (AA ~ 0.5 nm) are given in the brackets. Using
the value of the radiative lifetime of the level °Fs, 7, = 0.62 ms can be calculated by the
formula obtained by transformation of the Fuchtbauer-Ladenburg formula [21],

1 2 [ Tem(M)
Z —87rcn/ e ai (14)

Here, n = 2.287—refractive index at the considered wavelengths [24]); the calculated RB
generation efficiency parameters are as follows: Feff =7 ()\p, AL, Ip) /N;, Fgm = Qmax/ Nt
(Table 1).

Table 1. Parameters characterizing the RB lasing of LN:Ho in 640—-670 nm regions.

Aps Feools AL, Mo, Ly, I, Fogy Fepin
nm 10~ 22¢m? nm % KW/em2 10~ 2cm?

653.2 26.1 170.4 50.90 0.76 212

654.5 16.7 154.9 17.23 0.85 227

651.5 0.03 655.6 12.8 101.58 13.89 0.88 8.22

655.9 12.0 47.33 7.43 271 7.08

6545 333 111.88 52.43 163 7.29

652.1 0114 655.6 255 64.47 4311 323 6.08

655.9 24.0 57.18 74.03 3.29 3.26

It can be seen that the optimal pump and emission wavelengths maximizing the
product of # X gmay are App = 652.1 nm and Ap;, = 655.6 nm. At the same time, RB
generation at a wavelength of 655.9 nm, with sufficiently high efficiency, can also occur
with pumping at a wavelength of 651.5 nm (Table 1).

A graph of the dependence of the emission intensity on the pump intensity (Equation
(7)) at wavelengths of 652.1 nm and 651.5 nm, at which the radiation balance at RB lasing at
wavelengths of 655.6 nm and 655.9 nm, respectively, is shown in Figure 3.
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Figure 3. Dependence of RB lasing intensity versus pumping intensity: (I) A, = 651.5 nm and
AL = 655.9nm; (I) A, = 652.1 nm and A}, = 655.6 nm.

For comparison, Table 2 shows the values of the RB generation parameters of materials
doped with RE®*. It is evident that the unconditional leader is the KY(WQO,),:Yb3" crystal,
whose quality factor for both optical cooling and RB generation (A,;, = 1041 nm) is an
order of magnitude higher than that of other materials. At the same time, it is clear that
the RB generation capabilities of this crystal are not only on par with but in many ways
exceed the generation capabilities of many other materials, which may incentivize further
theoretical and experimental research.

Table 2. Parameters of optimal RB generation of RE3+—doped materials.

. AF Aop AoL Mo T Ip,,. It e Feoo1 For Fenin
Matrix
nm % mc kW/cm? 1022 ¢cm?

LN:Ho current article 650.1 652.1 655.6 25.5 0.6 64.5 43.1 0.11 3.23 6.08
LN:Tm [18] 1818.6 1919 1929 90 1.1 459 93.0 0.10 0.80 0.81
YAG:YDb ceramics [11] 1018 1030 1050 39 0.9 5.9 53.3 0.14 3.3 1.3
LuAG:Yb 2] 1002 1033 1048 67 0.9 26 303 0.49 5.1 0.8
KY(WQOy4),:Yb [5] 992 1002 1041 20 0.6 1.6 55 1.50 41 36
ZBLANP:Yb [25] 995 1005 1024 36 1.7 38 46 0.07 1.3 2.4
Rb,NaYFg:Yb [26] 996 1011 1068 20 10.8 1.8 17 0.02 0.25 0.34

5. Conclusions

Holmium-doped congruent-composition lithium niobate crystals were grown by
the Czochralski method. The absorption of the LN:1at% Ho" crystal was measured at
room temperature. On the basis of the analysis of emission and absorption spectra of the
crystal LN:Ho, the possibilities of obtaining, at room temperature, RB lasing in the spectral
region 640-670 nm, corresponding to the inter-Stark transition >Fs and 5Ig multiplets,
were investigated. The RB lasing parameters were calculated and the optimal pump and
laser wavelengths were determined: App = 652.1 nm and Ap;, = 655.6 nm. At the same
time, the efficiency of RB lasing and radiation amplification (F,;f = 3.23 x 10722 cm?,
Feain = 6.08 x 10722 cm?) is high enough. Note that RB generation at a wavelength of
655.9 nm with a sufficiently high efficiency (Table 1) can also occur with pumping at a
wavelength of 652.1 nm. However, the minimum values of pumping and generation
intensities are rather high (Table 1), which is likely to complicate experimental studies of
RB laser capabilities in the wavelength region under consideration.
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From the data presented in Table 2, it is evident that the RB generation capabilities of
the LN:Ho crystal are highly competitive and surpass those of many other materials. This
may incentivize further theoretical and experimental research.
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