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Abstract

We report here on a spectroscopic study of Dy**-doped and Tm?**-Dy** doped CaF as promising
candidates to develop crystalline waveguide laser sources around 3 um. The advantages of Tm>" ions as
sensitizers to improve the excitation of Dy**ions in CaF; is demonstrated: an energy transfer efficiency
from Tm** to Dy** ions of 99.6% has been reached for Dy** concentration as high as 2 at.%, by
considering a Tm®" ratio set at 5 at.%. Moreover, the behavior of such doped crystals in a laser
waveguide configuration has been modeled and the modeling results show that it seems possible to
achieve promising laser perspectives around 3 um, with laser thresholds in the watt level for singly
doped Dy**:CaF, and around 0.2-0.3 W for codoped Tm?**-Dy**:CaF., presenting both laser efficiencies
in the order of 30%. Finally, the saturation of the absorption which is observed in the modeling for such
codoped Tm**-Dy**:CaF, waveguide at Dy®" concentration below 1% is discussed and its origin is
explained.
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1. Introduction

Mid-infrared (MIR) coherent light sources are of great interest for numerous applications ranging
from spectroscopy [1], biomedicine and surgery [2], material processing [3], defense and security [4].
This comes from the fact that this spectral range contains the spectroscopic signatures of most basic
molecules vibrations [1]. Up to now, very few laser media provide an efficient laser emission in the 2-
4 um spectral range and the development of laser sources in this spectral window appears as a major
and international challenge for cutting edge applications [1] [2][3]. Indeed, there is a renewed interest
for the development of such MIR materials, especially for their implementation in high-power ultrafast
lasers and amplifiers operating in the Near-Mid-Infrared (Near-MIR) around 3 pm. Such laser
capabilities would open the way towards the development of novel supercontinuum sources extending
further in the mid-IR [5] and would constitute very exciting tools for frequency combs [6] and high
order harmonics generation (HHG) [7,8] that will be extremely useful for attoscience [9] and strong
fields physics applications [10].

Dysprosium doped fluoride crystals appear to be very relevant candidates to develop laser sources
around 3 pum, because of the Dy** ®°H;3,—°H;s;, radiative transition and the fluoride relatively low
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maximum phonon energy (< 500 cm™), that reduces rare earth non-radiative relaxations processes and
enables radiative transitions in the Mid-Infrared spectral range. Guggenheim and Johnson have
demonstrated for the first time the stimulated emission at 3.022 um of Dy** doped BaY,Fs (Dy**: BYF),
under flash lamp pumping [11]. Few years later, Antipenko et al have reported the stimulated emission
of Dy-doped LaF3 under a pulsed pumping at 1.06 pm [12]. More recently the 3.4 um laser emission of
Dy?**-doped BaYb,F;s has been obtained at room temperature under pulsed laser pumping at 1.3 pm [13],
while CW laser emissions in the range [2.8 - 3.4 um] has been achieved in Dy**-doped ZBLAN optical
fibers [14][15][16][7][18], as well as in glassy InF3 optical fibers [19].

Laser oscillation around 3 pm can be achieved in Dy** doped fluoride hosts by pumping at 2.8 um,
1.7 pym, 1.3 ym or 1.1 um, as it has been demonstrated in previous studies. Nevertheless, these pump
wavelengths do not correspond to any commercially available high power laser diodes, which is a real
drawback to develop compact and low cost laser systems. Dy** ions can also be pumped around 800 nm
and 900 nm, which facilitate pumping with existing pump sources, but induce a significant quantum
defect and a less efficient absorption of the pump. The alternative route proposed in this work to
overcome these limitations is to use Tm** ions as sensitizers that can be easily pumped around 770 nm,
with high power laser diodes.

Previous works have studied the effect of Tm?* codoping in Dy** doped fluoride crystalline host
matrices like BaY,Fs, KY3Fio, LiYF4 [20][21] and more recently LaF; [22], but such a study has never
been reported in Dy** doped and Tm**-Dy** doped CaF,. Indeed, CaF; is an interesting host matrix
which present good thermo-mechanical properties, as well as a broad transparency window from 0.2 pm
until 6-7 um. Moreover, CaF; has already proven its relevance as a first choice laser material, especially
for laser application at 1 um [23], but also more recently around 2 pm in a CW-regime [24][25], as well
as in pulsed regime [26] [27]. Furthermore, CaF; is used today in high power laser chains, as well as in
various commercial laser devices and presents the required characteristics to become a first choice
material for laser emission around 3 um. When the rare earth doping level in CaF, excess 0.1%at, a
clustering effect takes place [28]. So, in the case of a codoping with Tm**-Dy** ions, a well known cross
relaxation process between Tm** neighboring ions and an efficient energy transfer from Tm**(°Fs) to
Dy*(°H,12) ions occur, allowing thus an efficient emission of Dy** ions around 3 pm and a reduction
of the quantum defect. In addition, it is also known that this clustering effect, which is observed in CaF,,
induces a broadening of the absorption and emission bands that appear as a strong advantage to achieve
short pulse laser operations for high power applications [25]. Otherwise, other works have also studied
the effect of Tm* codoping in Dy* doped oxide crystals like YAIO; [29] and similar detailed
spectroscopic studies have been carried out on various Dy** doped and Tm**-Dy** doped glasses based
on chalcogenides like GezsGasS7 [30,31], chalcohalides [32,33], fluorophosphate [34], as well as on
fluorides glasses [35]. Nevertheless, CaF, crystals allow a better management of the thermal effects than
glassy materials, which is particularly important for a power rise.

This article present, for the first time to our knowledges, a thorough spectroscopic study of the Dy**
and Tm**-Dy** doped CaF; crystals. The advantages of Tm** codoping for such a system is highlighted
and an original modeling of the laser potential around 3 um of such Dy** and Tm**-Dy** doped CaF,
crystal is proposed and discussed for a microstructured channel waveguide configuration. Although the
spectroscopy of various materials codoped with Tm** and Dy** ions have been studied in the considered
spectral range, over the last 20 years, no lasing around 3 pm according to this scheme have been
demonstrated. This could be explained by the fact that these laser experiments have been essentially
carried out on bulk materials, whereas relevant and promising results have been demonstrated on singly
Dy** doped fluorides optical fibers at the same time [14][15] [16][17][18], so that the efforts may have
been focused on this approach without the need of Tm** codoping. Nevertheless, the glassy nature of
such optical fibers present some limitations which are difficult to manage when the pump power
increase, especially the thermal and non-linear effects. Today, another approach to get laser emission of
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Dy*" around 3 um can be considered, as an interesting compromise between bulk crystals and glassy
optical fibers: it is the microstructured waveguide configuration which is based on high optical grade
Tm?**-Dy*" doped single crystalline CaF. epitaxial layers that can be grown by liquid phase epitaxy
(LPE) [36]. Indeed, the technology to achieve high optical grade crystalline epitaxial layers of fluorides
was not mature enough 20 years ago. Nowadays, it is possible to realize such microstructured
waveguides presenting low optical losses, which can be associated to the new pumping capabilities.
Such an approach can indeed associate the advantages of a strong confinement of the laser beam in the
guiding medium, as well as the length of this gain medium that can be centimeters long, hence the
interest of the modeling, which is proposed after the spectroscopic study in this article.

2. Materials and experimental details

2.1 Crystals growth and preparation

The Dy**-doped CaF, and Tm**-Dy** doped CaF, single crystals are synthesized by using the
Bridgman technique. Briefly, the principle of this technique consists in translating vertically a crucible
full of molten raw materials through the thermal gradient of a furnace: the crucible moving from the
higher temperatures to the lower temperatures allows the crystallization on a seed and the propagation
of the growth front throughout the whole molten mixture. The melting temperature of CaF, and
consequently its crystallization temperature, lies around 1450°C. The following rare-earth doping in at.
%, have been studied in CaF,: CaF,:X%Dy** for X =0.1-0.2-0.5-1-2 -3 -5 and CaF,:5%Tm?"-
Y%Dy** forY= 0-0.05-0.1-0.2-0.5—-1-2. The Tm** doping ratio in the codoped system has been
set to 5%; this choice is based on previous studies of Tm** doped CaF; crystals, as well as on Tm**-Dy**
doped LiYF4 and KY3Fo crystals. It has been indeed proven that to enhance the cross-relaxation process
between Tm** neighboring ions in fluorides, which is an essential phenomenon for the considered
pumping scheme and the sensitization of Dy** ions through energy transfers, it is necessary to keep a
high doping ratio in Tm* ions (>2%) in order to promote a clustering effect [21]. Moreover, it is also
important to prevent a quenching of the Tm** °F. level lifetime that could occur if the Tm>* concentration
is too high, hence this choice to set the Tm** doping ratio at 5 at. %.

The used precursors are CaF,, Tm203 and Dy>Os powder with a 4N purity. The rare earth oxide
precursors are fluorinated by using NH4HF; as fluorinating agent, following the chemical reaction:

Tm203 + 6 NHsHF> — 2 TmF; + 6 NH4F + 3 H>O ; T=180°C

The cake obtained at the end of this reaction is then annealed into a fluorination furnace at 650°C
during few hours under argon atmosphere, in order to finish the fluorination reaction and to evacuate
the residual water and —OH radicals, as well as the excess of NH4F.

Once the crystal growth has been performed, the bulk crystals present a diameter of 6 mm and are
cut into small cylinders of few millimeters thick; both faces of the crystals are finally polished so as to
achieve a roughness in the order of hundred nanometers for spectroscopic experiments.



2.2 Spectroscopic experiments details

The absorption spectra were first recorded with a Perkin-Elmer Lambdal050 spectrophotometer,
using a 0.75 nm spectral resolution throughout the 600 nm to 2500 nm spectral range, while a 370
NEXUS Nicolet FTIR spectrophotometer is used to complete the collection of the absorption spectra
in the [2500-3600 nm] range.

The emission spectra were performed by exciting the samples with a Coherent 890 tunable
Ti:Sapphire laser pumped by a Verdi V6 visible laser. The detection chain for collecting the emission
spectra consists in a HRS2 Jobin-Yvon monochromator equipped with a 2 um blazed grating with 300
grooves per millimeters, a nitrogen cooled InSb detector coupled to a Stanford Research Systems SR830
lock-in amplifier.

The fluorescence decays are measured by using a Continuum Horizon optical parametric oscillator
pumped by a Continuum Surelite frequency tripled Nd: Y AG pulsed laser to excite the samples; an Oriel
monochromator associated with the same InSb detector are used for the detection.

3. Results and discussion
3.1 Spectroscopic study of Dy**-doped CaF; crystals

In view of the absorption spectra recorded in the [700-2000 nm] spectral range of Dy** ions in CaF,
displayed in figure 1 and the corresponding energy diagram of figure 2, it is possible to assign these
absorption bands centered at 751 nm, 800 nm, 905 nm, 1089 nm, 1275 nm and 1690 nm to the :
®Hisp—°F3n, *Hisp—Fsn, “Hisp— °Frn, *Hisp—®Hipt+%Fon, “Hisp—Hop+Fiin and *Hisp—°Hiin
transitions respectively. The absorption bands centered at 800 and 905 nm present a particular interest
for pumping schemes using commercially available laser diodes, the 905 nm absorption peak being
stronger than the 800 nm one. Nevertheless, the necessity of a strong absorbed pump power requires
high Dy** concentration which is not compatible with the three laser scheme imposed by the 3um
®Hi3,—°His, transition (figure 2). When pumped at 800 nm or 905 nm, the Dy** ions in the °Fs;, and
®F7, energy levels relax non-radiatively to the °Hji2 level. The *H;1,—°Hi3p, transition can be radiative
around 4.3 pm but this emission is mainly quenched in fluoride hosts by multiphonon relaxation and
thus less favorable than the SH;3,—°H;s, transition that occurs around 2.9 pum.

Following the absorption spectra presented in Figure 1, emission spectra of singly doped Dy**:
CaF; crystals have been recorded around 2.9 um, following an excitation at 900 nm and 804 nm. The
normalized fluorescence spectra are reported in figure 3 and present broad emission bands, with a
maximum peak at 2838 nm. These spectra show, that the CaF»:0.2% Dy** and 2% Dy>* crystals present
a similar emission spectrum that peaks at 2838 nm when pumped at 804 nm or 900 nm. Moreover these
spectra present a shoulder at 2920 nm, which is more pronounced in CaF,:0.2% Dy*" with an excitation
at 900 nm than at 804 nm. It can be observed that this shoulder tends to disappear in CaF»:2% Dy**.
This shoulder is most likely related to the existence of different incorporation sites of Dy** ions in CaF,.
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Figure 1: Absorption spectra in the [700 - 2000 nm] spectral range of CaF, crystals respectively doped with
X % of Dy** ions
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Figure 2: Energy levels and main radiative transitions in Dy** doped CaF; crystals
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Figure 3: Fluorescence spectra of CaF»:X % Dy>* excited at 804 nm and 900 nm

In a complementary way, the fluorescence lifetimes of the °Hjs level excited at 900 nm have
been measured for various Dy** concentrations in CaF, and compared to other fluoride host matrices
like ZBLAN glass [37], LiYF,; and KY3F crystals [21], as depicted in figure 4 and summarized in table
1. These fluorescence lifetimes strongly decrease with the Dy** concentration because of concentration
quenching. Nevertheless it is worth noticing that at concentrations lower than 0.2% Dy**, the “Hs»
fluorescence lifetime is significantly longer in CaF, than in ZBLAN, whereas the °H;3; lifetime is similar
over 0.5% of Dy*".
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Figure 4: Lifetimes measurements of Dy>* ®Hy3/, level in various host matrices

Truo Of the SHisp level Traa Of the *Hjsp level

CaF»: 5%Dy 280 ps
CaF,: 3%Dy 330 us
CaF,: 2%Dy 375 us

CaFz: 1%Dy 405 ps 47.5 ms
CaF»: 0.5%Dy 565 ps
CaF,: 0.2%Dy 1.2 ms
CaF,: 0.1%Dy 2.2 ms

ZBLAN: 0.5%Dy 631 pus [37] 46.8 ms [37]
LiYF4: 1%Dy 430 ps [21] 38.6 ms
KY;3Fi0: 1%Dy 650 ps [21] 36.1 ms
Table 1: Summary of the °H;3» measured lifetimes (Tnuo) and radiative lifetimes (T..a) when excited at

900 nm

The ®Hi3/; radiative lifetime in CaF, has been calculated using the Judd-Ofelt analysis [38] and
found to be 47.5 ms, which is similar to other host matrices like ZBLAN, LiYF; or KY3F;o, (table 1).
In all host matrices, a strong difference between T..q and Truo can be observed because of multiphonon
relaxations and also to concentration quenching when increasing the dopant concentration. This issue is
a key factor to be addressed in order to achieve decent laser performance.



In order to limit the shortening of the °His» fluorescence lifetimes at 2.9 um the
Dy*concentrations must be kept at 0.5%, or below. To ensure a strong absorption of the pump beam
despite a low Dy**concentration, we investigated codoped systems, where the pump energy is absorbed
by sensitizer ions such as Tm*" ions and transfered towards the Dy** emitting ions. This codoping has
the further advantage to preserve a small quantum defect while pumping at 800 nm. .

3.2 Spectroscopic study of codoped Tm**-Dy** : CaF; crystals

The codoped Tm**-Dy**: CaF, crystals present a strong absorption band centered around 767
nm, as shown in figure 5, due to the Tm>* *Hy level absorption (*Hs—>H.), which can be easily pumped
with commercially available laser diodes. At high enough dopant concentration, the Tm** excitation can
be efficiently transferred to the Dy** ions via energy transfer processes that take place in two steps.
These energy transfers are made even more efficient by the rare earth clustering effect, which takes
place in CaF,. Once the Tm*" ions have been excited in the *Hy level, a very efficient cross relaxation
process occurs between two neighboring Tm** ions within Tm** clusters and brings them both into the
metastable °F, energy level, as described in the energy diagram given in figure 6. This known cross-
relaxation process is remarkable because it leads to the excitation of two Tm?**ions after the excitation
of only one Tm*" ion. The second step of this process is the energy transfer from Tm?** ions to Dy** ions,
which is made efficient thanks to a strong spectral overlap between the Tm** emission band (*Fs—*He)
and the Dy** absorption band (°H;s»—°Hj1,2), as shown in figure 5(b). Once excited in the ®Hy,» level
Dy*" ions quickly relax non radiatively down to the °Hjs» emitting level, which subsequently relax
radiatively down to the ®Hjs» ground state level emitting thus a fluorescence around 2.9 um. So, this
two-steps Dy** excitation scheme allows a significant increase of the quantum efficiency of Tm*-Dy**
codoped systems for an emission around 2.9 um.
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Figure 5: (a) Absorption spectra of the codoped 5% Tm*- X% Dy**:CaF; crystals in the [600 -1450
nm] spectral range, (b) Spectral overlap between the emission band of Tm?* ions and the absorption
band of Dy** ions in CaF; in the [1450-2200 nm] spectral range
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Figure 6: Energy levels, main radiative transitions and energy transfer processes in Tm**-Dy?**
doped CaF; crystals

The energy transfer efficiency from Tm*" to Dy** ions (°Fs, *Hisp — *He, ®Hii2) can be
highlighted by measuring the Tm?" 3F4 level lifetime at 1.9 um (°Fs — *Hp transition), in Tm** singly
doped and Tm*-Dy** codoped CaF, crystals. Table 2 summarizes the Tm** 3F, level and Dy** °Hj3
level fluorescence lifetimes in various Tm**-Dy** codoped CaF, samples.



One can observe in Table 2 that the F; lifetime in 5%Tm doped CaF: is 17 ms and strongly
decreases to 60 ps in CaF,:5%Tm*"-2%Dy>*. This strong decrease in lifetime evidences the efficiency

of the Tm** to Dy** energy transfer, which is further confirmed by the fluorescence spectra shown in

figure 7. Indeed, the intensity of the Tm** emission band centered around 1.85 um (°Fs — *Hp transition)

after a 767 nm excitation, is strongly reduced when codoping with 0.5% Dy*" and completely quenched

at higher Dy** concentration.

Tﬂuo()\exc=900 nm, Dy3+ 6H13,/2 level )

Tawo(Aexc=767 nm, Tm** 3Fylevel )

CaF,: 5%Tm*"-2%Dy**
CaF,: 5%Tm**-1%Dy**
CaF,: 5%Tm**0.5%Dy**
CaF: 5%Tm**-0.2%Dy**
CaF,: 5%Tm*"-0.1%Dy*
CaF: 5%Tm**-0.05%Dy>*
CaF,: 5%Tm>*

475 ps
505 us
590 us
640 us
620 us
630 us

60 us
120 us
270 us
630 us
890 s

1.85 ms

17 ms

Table 2: Summary of the measured lifetimes (Tsuwo) Of the Dy** ®Hj312 level when excited at 900 nm and
of the Tm** F, level when excited at 767 nm
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Figure 7: Fluorescence spectra around 1.9 pm of the CaF,:5%Tm and CaF,:5%Tm-X%Dy crystals
excited at 767 nm
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To further evidence the impact of the Tm codoping, we have recorded the Dy** emission
intensity around 2.9 um in two different CaF; crystals with the same Dy** doping level and the same
excitation density: namely a 5%Tm**-0.2% Dy** codoped CaF; excited at 767 nm and a 0.2% Dy**
doped CaF,; excited at 900 nm, as presented in figure 8. The advantage of Tm codoping is here clearly
demonstrated: the Dy** fluorescence intensity around 2.9 um is more than 6 times higher in the Tm?*-
Dy*" codoped sample excited through the Tm?* sensitizers, compared to the singly doped Dy**:CaF,
crystal which is directly excited at 900 nm.

1.2 : . . . .
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Figure 8: Fluorescence spectra around 3um of 5%Tm**-0.2%Dy** and 0.2%Dy>* doped CaF; crystals
respectively excited at 767 nm and 900 nm with the same excitation density.

Using the Tm** F, fluorescence and radiative lifetimes (Table 2) it is possible to derive the energy
transfer efficiency from Tm?* to Dy** ions. This energy transfer efficiency ngris defined by the following
expression:

ner=(1-2) (1)

where T corresponds to the Tm*" *F; measured fluorescence lifetime at 1.85 um (°F4 — *Hp transition) in
the 5%Tm**-X%Dy** codoped samples and Ty corresponds to the *F lifetime in a singly doped 5%Tm?*
crystal (To =17 ms) meaning without any energy transfer towards Dy*" ions. Figure 9(a) depicts this
energy transfer efficiency as a function of the Dy*" concentration along with the Dy** ®His/ level
fluorescence lifetime. Figure 9(a) shows clearly the efficiency of the energy transfer that already occurs
at very low Dy** concentration (0.05%). For concentrations higher than 0.5%, the energy transfer
efficiency is close to unity, which means that almost all the energy absorbed by the Tm?" sensitizers is
transferred to Dy** ions, thanks to the presence of Tm-Dy clusters. In the meantime, the Dy** *Hjs»
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fluorescence lifetime drops significantly when increasing the Dy** concentration due to concentration
quenching effects that occur between Dy** neighboring ions. As a conclusion of Figure 9(a), the Dy**
concentration should be kept at 0.5% or below since the sensitization by Tm?" ions is already very
efficient at these low Dy** concentrations.

2.0 | T T ' T y T T 1]
@ o9
15 TeE
{07
0 H06 &
E —X=ET efficiency 05 _g
g 18y —o— Lifetime T e
£ ® {04 °
5 LY Jos ™
@ _
0.5t \ {02
10.1
® J
\. Joo
]
0.0 - ' ' - ' 4] o1

0.0 0.5 1.0 1.5 2.0
Dy* concentration (%)

18000 - - T - | - T
16000 -

14000 -

)

S
T
1

"w 12000

10000 -

8000 [ -

ET probability

(o2}
o
o
o
I
1

4000 < 4

2000 | -

0 ' ] f 1 L | f |
0.0 0.5 1.0 1.5 2.0

Dy*" Concentration (%)

Figure 9: (a) Evolution of the Dy*" °Hj3/ fluorescence lifetime of 5%Tm - X% Dy codoped CaF,
crystals versus the Tm to Dy energy transfer efficiency, as a function of the Dy** concentration (where
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X =0;0.05;0.1; 0.2; 0.5; 1; 2), (b) Tm** to Dy** energy transfer probability (Agr) as a function of the
Dy** concentration

In a complementary way, the energy transfer probability Agr (s') has been calculated as a
function of the Dy** concentration Npy and is displayed in figure 9(b), according to the expression: Agr
=11 -10. It shows that the energy transfer probability is proportional to the Dy** acceptor concentration,
which is typical of energy transfer mechanisms among rare-earth ions between donors (here Tm** ions)
and acceptors (Dy** ions). Moreover, it becomes possible to determine the energy transfer parameter
Wrmpy (cm®.s) from Tm** to Dy** ions, by calculating the slope of this linear dependence Agr=f(Npy)
in figure 9(b). The Wrm.py parameter is found equal to 3.38 x10'7 cm?.s! and represents a key parameter
for the modeling of laser operation around 3 um in Tm?**-Dy** codoped systems which will be discussed
in the next section.

3.3 Laser potential of Dy**-doped and Tm**-Dy** codoped CaF; crystals

around 3 pm
3.3.1 Laser gain cross section of Dy**:CaF,

The laser gain cross-section Og(A) of Dy** in CaF; is calculated, according to the following
relationship Eq 2.a [39]:

O'g(l) = f.0em(A) — (1 = B). 0qps(A) (Eq 2.2),

where B is the population inversion coefficient such as f= No/N;, where N, and N; are the populations
of the *His» and ®Hisp levels respectively; Ous(A) and Oem(A) are respectively the absorption cross-
section and the emission cross-section of the Dy** ®Hy3»,—H;s;, transition around 3um.

The emission cross-section Oem(A) is calculated thanks to the well-known Fiichtbauer-
Ladenburg relationship given by Eq 2.b and by using the results of the spectroscopic study presented in
the previous section:

B 25.1(2)
8mn2.etr [ 1(2).dA

Oem(d) = (Eq. 2.b),
where, B is the branching ratio, c is the light speed, Tr is the radiative lifetime of the emitting level, I(1)
is the emission intensity as a function of the wavelength.

By this way, we determined the Dy** emission cross-section in CaF, at 3.1 um Gem(3100 nm),
so that Oem(3100 nm) = 0.165 x102° cm?2, while its absorption cross-section at the same wavelength is
Ous(3100 nm) = 0.0331 x10%° cm?. Thus, it becomes possible to calculate the gain cross sections for
various inversion population coefficients 3, as presented in figure 10.
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Figure 10: Calculated gain cross section of Dy** in CaF, for different values of population inversion

Figure 10 shows that a 30% population inversion ($=0.3) is required to reach a positive laser gain
around 3 um and thus to be able to achieve Dy** laser emission. For this purpose, promising laser
perspectives can be expected in a waveguide configuration. The poor emission quantum efficiency of
the °His» emitting level highlighted by the lifetimes measurements in Table 1, will necessarily bring
about a high laser threshold which can be difficult to attain in a standard bulk laser crystal configuration.
This laser threshold can however be reached more easily in a waveguide configuration, as it has been
previously demonstrated for Dy** doped ZBLAN optical fibers with low Dy** concentration (~ 0.1%
at.) [15]. Indeed, high laser efficiencies around 2.9 um have been reached in such optical fibers thanks
to low Dy** concentrations, combined with the length of the gain medium and the confinement of the
laser modes in the guiding medium [15]. In the case of crystalline waveguides, it is not possible to
achieve the length of an optical fiber, which can be meters long, allowing thus very low dopant
concentrations. Nevertheless, this limitation can be balanced by a quite higher Dy** concentration in
CaF, waveguides, which are centimeter long and present stronger absorption and emission cross-
sections than a glassy medium like ZBLAN.

3.3.2 Modeling of the laser efficiency around 3 um of Dy** doped CaF, waveguides

To perform the modeling of the laser efficiency around 3 pm of Dy**-doped CaF, waveguides,
a 1 cm long linear waveguide with a section of 35 x 35 um? and a refractive index contrast of 1x10?
between the doped guiding layer and its undoped substrate, have been considered. These waveguide
dimensions would be small enough to present a transverse single mode behavior at 3.1um, as well as
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thick enough to minimize the scattering optical losses and the coupling losses of the pump. We then
envisioned two different pump wavelengths (Ap) at 900 nm and 1690 nm, which could be emitted by a
Ti:Saphire laser and a Raman shifted Er-doped laser fiber respectively. Both types of pump sources
typically exceed the Watt level in output power. These two pump wavelengths offer different
advantages. The pumping at 1690 nm strongly reduces the quantum defect, while the pump energy is
better absorbed by the Dy**-doped CaF, waveguides at 900 nm because of a higher absorption cross-
section.

Previous works have demonstrated that it is possible to get very high optical quality waveguides
along a 1 cm length [, like in Tm**-doped LiYF; crystalline planar waveguides elaborated by Liquid
Phase Epitaxy (LPE), for which optical losses as low as 0.11 dB/cm, corresponding to [2.5% of optical
losses, have been achieved [40]. The modeling presented here, considers optical losses as high as 6.5 %
(1D.3 dB/cm) along a round trip in a 1 cm long waveguide. Indeed, it is a typical optical losses level,
which is frequently observed in such crystalline waveguides.

Two different approaches have been considered and compared: a classic 3-levels scheme
analytic model labeled as theoretical and a numerical modeling labeled as model.

The analytic model leads to the calculation of the theoretical laser threshold P theoretical apq
the theoretical slope efficiency ntteoretical according to equations (Eq. 3) and (Eq. 4) [41]:

hvpT w3
Mabs (Uabs (D +0em ()L))T

- Ll’l(l—Toc)—Ll’l(l—L)
2

P theoretical _
thr

(Gans(1) NDyl + ) (Eq. 3),

theoretical _ hvi Ln(1-Toc) (Eq. 4)

= N
N hvp S Ln(1-Toc)+Ln(1-L)

where £ is the Planck constant, V, is the frequency at the pump wavelength, w, is the radius of the pump
laser beam waist, Tis the fluorescence lifetime of the Dy** ®Hi3, emitting level, / is the waveguide length,
T, is the output coupler transmission and L corresponds to the round-trip optical losses. napsrefers to the
pump absorption, which can be estimated by the following expression (Eq.5), considering that there is
no saturation of the absorption:

Ngps~1 — e~ PabsW-Noy L (Bq  5),

The numerical approach is based on the rate equations Eq.6a and Eq.6b, by considering a quasi-
four level laser scheme:

dN N.

d—tl = —nglelp + ‘L'_ZZ + (O'é‘mNz - O-Cll‘bSNl)IL (Eq6a),
dN N.

d_tz = O-CILDbSNllp —_ T_zz ot (O'é‘mNZ - GébSNl)IL (Eq6b),

where N; and N: are the populations of the Dy** ®His» and ®Hjs» levels respectively, while I and Ip
represent the laser and pump beams intensity respectively, which are expressed in photons/cm?2. 6%as is
the absorption cross-section at the pump wavelength Ap; 6"aps and o'em are the absorption and emission
cross-sections at the laser wavelength Ar; 7 is the emitting laser level lifetime.

The numerical model requires first the discretization of the pump intensity along the propagating

z axis, according to Eq.6c, as well as the calculation of the average signal gain S, along the same direction in the
gain medium according to Eq.6d:
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I,(z+dz) = I,(z) — (afbledz). I,(2) (Eq.60),

Sy = 2(0nNy — 05Ny ) dz  (Eq.6d),
The intracavity laser intensity /. is then calculated considering Eq.6e:

i Ln(R(1-L))

at (Sg + T)LIL (Eq.6e),

lC av
where R is the output coupler reflectivity, c is the speed of light and [, is the cavity length.

In this manner, the numerical model leads to the output power PM24¢l at the laser wavelength

according to Eq.6f:

model _ 1-R 2
PR =1, IR hvrw, (Eq.65),

where w; is the laser mode radius. In addition, it is assumed that the overlap between the pump and laser
modes is equal to unity and that the spatial profiles of both pump and laser beams are top-hat beams.

By this way, it becomes possible to determine the laser threshold P/R2%¢! (W), as well as the

laser slope efficiency n ™°%et,

The laser performance of Dy**-doped CaF, waveguides have been compared by pumping at 900
nm and at 1690 nm, for various Dy** concentrations (Npy) which have been investigated in this work,
i.e. 1%, 2%, 3% and 5% Dy>*. At 1690 nm, the absorption cross-section Gas(1690 nm) is equal to 1.44
x1072' cm?, while at 900 nm, O.s(900 nm) = 3.8 x10' cm?. In such conditions, the simulations show
that a 15% transmission output coupler is required to open sufficiently the laser cavity, while keeping a
reasonable laser threshold at the same time. Considering the hypothesis mentioned above, the laser
modeling results for both pump wavelengths are presented in figure 11 and summarized in table 3.
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Figure 11: Laser output power at 3.1 um of Dy** doped CaF, waveguide for a 15% transmission
output coupler as a function of the Dy** concentration, for different pump wavelength and incident
pump power

Ap (nm) 1690 1690 1690 1690 900 900 900 900
Npy(%) 1 2 3 5 1 2 3 5
Nabs(%) 193 406 567 777 443 769 912  99.1

prmodel (yy) 1.50  1.10 1.15 1.40 1.17 1.05 1.27 2.00
p theoretical (yyy 143 1.04 1.10 1.36 1.17 1.03 1.28 2.01
n model () 7.4 15.5 21.7 29.7 9.1 15.8 18.6 20.3
ptheoretical (ry 74 15.6 21.9 30.0 9.1 15.8 18.7 20.4
Table 3: Summary of the modeled and theoretical laser results for various Dy** doping levels and
pump wavelengths

The theoretical laser thresholds P theoretical jie petween 1W and 2W for both pump
wavelengths, as summarized in table 3, which are reasonable pump powers to consider the development
of such 35 x 35 um? Dy**-doped CaF. ridge waveguides for laser applications around 3.1 um. The
maximum slope efficiency, which can be reached in such cases, is evaluated to 30% as a function of the
incident pump power. It corresponds to an output power in the order of the Watt level for a pumping at
1690 nm and in the order of few hundreds of mW for a pumping at 900 nm when considering the analytic
expression of n theoretical (gq 4,
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As indicated in table 3, the results that have been numerically calculated for this study, are
consistent with the classic 3-levels scheme analytic model. Moreover, the numerical model can be
considered as more accurate since it allows the calculation of the real absorbed pump power at the laser
threshold, by taking into account the saturation of the absorption within the waveguide.

Concerning the pumping at 900 nm, a 5% Dy** doping level does not appear to be interesting, as
illustrated by figure 11: the laser threshold in this case is calculated to be around 2 W, whereas it lies
around 1 W for lower doping concentrations. As shown in Figure 11, a 2% Dy?**-doped CaF, waveguide
should allow the extraction of around 300 mW of output power at 3.1 pm, if a pump power of at least 3
W is available at 900 nm. The 1 cm long waveguide would absorb 77% of the incident pump power in
a 2% Dy**-doped CaF., whereas a 5% Dy**-doped CaF, waveguide would absorb 99%, as summarized
in table 3. Considering the quasi-3 levels nature of this laser transition, this very strong absorption is
detrimental and the waveguide length should be shortened for a 5% Dy**-doped CaF, waveguide.

In the case of a pumping at 1.69 um, the laser threshold lies between 1W and 1.5 W for the
considered Dy** doping ratios (table 3). Thus, the most promising laser performance, which exceeds the
watt in output power, is reached by considering a 5 W incident pump power, as well as a 5% Dy** doping
level for a 1 cm long ridge waveguide.

3.3.3 Modeling of the laser efficiency around 3 um of Tm**-Dy>* doped CaF, waveguides

The performances of the CW Tm**-Dy** doped CaF: linear waveguides laser was modeled using
the following rate-equation model (Eq.7a-f), accounting for the different steps of the involved excitation
mechanism: (i) ground-state depletion for both Tm** and Dy** ions, (ii) Tm**-Tm** Cross-relaxation
(CR) among neighboring Tm?* ions and (iii) Tm*(°Fs) —» Dy**(°Hi3) energy transfer (ET), before the
Dy?* radiative deexcitation (*Hizn — “Hisp).

dN; N
Dy(*Hisp): —* = 1_22 — KrmpyNaNy + Kpyrm N3Ny + (0N — 04psN1)IL (Eq.7a)
Dy(*Hisp): ke _;+KTmDyN4N1 — KpyrmN3N, — (0 Ny — 04psNp) (Eq.7b)

dN N N,
Tm(He): —* = KrmpyNaNi — Kpyrm N3N, + T—j + Be3 T—s — CcrN3Ng — ogpgNal, — (Bq70)

Tm(CFa): % = —KrmpyNaN1 + KpyrmNsNz — T+ 22 + 2CcgN3Ne + foa =2 (Eq.7d)
4 Ts Te
dN N N
Tm(*Hs): d—: =— T—Ss + Bes T—: (Eq.7¢)

dN, N
Tm(*Ha): d—: = 0gpsN3ly — T—: — CcrN3Ng  (Eq.7D)

where N and N are the population rate of the °His» (Dy**) and “Hiz (Dy?*) levels, while N, N4, N5 and
N are respectively the population rate of the *He (Tm?*), *F4 (Tm?*), *Hs (Tm**) and *Hs (Tm>*) levels.
Ty, T2, T3, T4, Ts, Tg are respectively the lifetimes of the levels °Hjsp (Dy**), *Hizn (Dy*), *He (Tm**), F4
(Tm*), *Hs (Tm*") and *Hs (Tm*). Ccr is the CR parameter between a couple of Tm?* ions expressed
in cm’s!, while Ktmpy and Kpyrm are the energy transfer parameters respectively from Tm** ions to Dy**
ions and from Dy** ions to Tm** ions. B3, Bes, Bes are respectively the branching ratios corresponding
to the transitions: Tm**(°*Hy) - Tm**(*Hg), Tm**(*Hs) -» Tm*(°Fs) and Tm?**(*Hs) - Tm**(°Hs).
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In these calculations, the modeled ridge waveguides present the same geometry as described in
the previous section, i.e. a section of 35 x 35 um? and a 1 c¢m length. It is considered that a Dy**
population inversion of at least 30% is required to reach enough laser gain, in order to balance the optical
losses in the cavity (L=6.5% and T.=15%) and thus to allow a laser emission at 3.1 um. The Tm?*
spectroscopic parameters in CaF. have been calculated using the Judd Ofelt theory [38]. By this way,
the radiative lifetimes, branching ratios and the cross relaxation parameters were calculated considering
a 5% Tm* doped CaF, sample. The corresponding parameters are the followings: Ts=10 ps, 1,=12.33
ms, Te=1.71ms, Ccr=1.63%10"15 cm’/s, B63=0.884, B64=0.08, B6s=0.036.

The ET coefficient (Krmpy) from the 3Fs (Tm?*) level to the *His» (Dy**) upper laser level has
been determined in the previous section to be equal to 3.38 x107'7 cm?.s!. Furthermore, it has been
considered that no energy back-transfer from Dy** to Tm*" ions occurs (Kpyrm = 0 cm’s™), neither
upconversion processes among excited Dy** ions (Ku(Dy) = 0). The absorption cross-section cans of
Tm?* ions in CaF; at 767 nm is equal to 4.7 x10! cm2, which is large enough to absorb entirely the
pump energy along 1 cm. The laser performance of codoped Tm**-Dy**:CaF, waveguides pumped at
767 nm have been compared for various doping ratios of Dy** ions (i.e: 0.5%-1%-2 %), while the Tm**
concentration has been set to 5%.

Knowing that the evolution of the pump intensity along the propagating z axis follows Eq.8:

I,(z + dz) = I,(2) — (0bysN3dz). 1, (2) (Eq-8)

The numerical model leads to P/294¢! a5 a function of incident pump power and thus to the laser

threshold P/2%¢! (W), as well as to the laser efficiency n™°%¢! according to Eq.6f.

These modeling results are presented in figure 12, which represents the output power of the laser
emission at 3.1 um versus the Dy** concentrations, for various incident pump power Pinc, which have
been set to 1 W, 1.5 W and 3 W. Moreover, the influence of the energy transfer coefficient has been
also tested, considering in one hand the energy transfer coefficient that has been obtained from the
spectroscopic study (Krmpy = 3.38 X107 cm®.s!) and in another hand by considering an excellent energy
transfer (i.e. K'rm-py= 500 X Krm.py).
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Figure 12: Modeled output powers at 3.1 um of 5%Tm*"- X%Dy** doped CaF, waveguides, as a
function of the Dy** concentrations (X=0.5 - 1 - 2) for various incident pump powers at 767 nm (Pinc =
1W, 1.5W and 3W) and energy transfer coefficients (Krmpy = 3.38 x10""7 cm?.s! and K" rm.py = 500 x
KTm»Dy)

Following the same approach as for the singly Dy** doped systems, it is also possible to give
analytical expressions for the theoretical laser threshold and slope efficiency. By considering a very
efficient energy transfer from Tm** to Dy**ions, which gives two excited Dy** ions for one excited Tm**
ion in the *H, level, the theoretical laser threshold power P theoretical anq Jaser efficiency n theoretical
can be calculated by the following analytical expressions Eq. 9 and Eq. 10:

theoretical _ hvprwp —Ln(1-Tp¢)-Ln(1-L)
P thr B 2Maps(Gaps (D +0em(D)T (O-abS(A)NDyl + 2 ) (Eq 9)’

theoretical _ - hVL Ln(1-Toc)
n = “hvp tabs o1, 4 Ln(1-1) (Eq. 10),

One can notice that the two excited Dy** for one excited Tm?* process appears through the factor
2, for both the laser threshold and slope efficiency. The corresponding theoretical results are reported in
table 4.
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Noy (%) 0.5 1 2

P ?;lgdel 0.2 0.25 0.35
T(°Haz/2) (us) 590 505 475
P iﬁﬁoretical (W) 0.17 0.25 0.37
7lmodel (%) 34 34 34
n theoretical (o) at the threshold ~ 34.6 34.6 34.6

Table 4: Summary of the numerical modeling and analytical (labelled theoretical) results for 5%Tm?*-
X%Dy**: CaF, waveguides, where X = 0.5 - 1 and 2.

The simulated results summarized in table 4 are consistent with an analytical model, where the
Tm?* to Dy** energy transfer efficiency Ner is considered equal to the unity.

In the Tm*-Dy** codoped waveguides, the modeled laser thresholds P 794¢! that have been
calculated thanks to the numerical modeling, are lower (Table 4) than in the singly doped Dy** systems
(Table 3) and lie between 0.2 W and 0.35 W. In such cases, the laser efficiency at the threshold is
calculated to be ~34%, whatever the Dy** concentration and an output power in the order of the Watt
level is reached by pumping at 767 nm for 3W of incident pump power (Fig.12).

The figure 12 shows a decrease of the output power with respect to the Dy** concentration when
an excellent energy transfer coefficient (K'um.py) from Tm?* ions to Dy** ions is considered. This
tendency can be perfectly explained by the fact that there is an increase of the laser threshold with the
Dy*" concentration, while the laser efficiency at the threshold is remained constant. For Dy**
concentrations higher than 1% and by considering the real Krn.py, this tendency is the same but below
this Dy** concentration, a saturation of the absorption is observed leading to a severe decrease of the
output power.

Depending on the considered value of Krm.py, at a Dy** concentration of 0.5%, the behavior of
Pou=f([Dy>*]) differs. Indeed, in considering the real value of Ktmpy based on the previous spectroscopic
study, the output power is significantly lower than this obtained in considering an excellent energy

- - . . . dN dn. dn.
transfer coefficient (K tm.ny). By considering the stationary regime, where: d—t& =0, d—ts =0, d—: =0,
dN dN. dN .

—2=0,—2 = 0 and —= = 0, the equations Eq 7a-f lead to:

dt dt dt

N
0= _T_22+KTmDyN4N1 - (O'eNz - Uable)IL (Eq 7'b)
N4 N5 N6
KTmDyN4N1 = _Z + T_S + ZCCRN3N6 + ﬁ64; (Eq 7d)
N
T_: + CCRN3N6 = O-CI;bSN3Ip (Eq7f)

Because there is no retrotransfer from Dy** to Tm’" ions, Kpyrm = 0; moreover, some

simplifications of these equations can be applied to facilitate the understanding of the influence of the
considered energy levels, on the involved mechanisms.
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In this way, it has been supposed that in Eq 7.d the term S¢, % is negligible, as well as the terms
6
Ny

Ns . N . . . . o e .
- and T—S ; in the same manner, the term T—G is neglected in Eq 7.f. The so obtained simplified equations
4 5 6

of Eq 7.d and Eq 7.f lead to:
KrmpyNaNy = 2CcgrN3Ng (Eq. 8a)
CcrN3Neg = aapsN3l, (Eq 8.b)
Thus, Eq 7.b becomes:
—’TV—ZZ + 205,N3 I, — (0N, — 0apsNI, =0 (Eq. 8.c)

The equation Eq 8.c shows that in this Tm-Dy codoped system, the Dy** ions behave like a
quasi-3 levels system with an absorption based on Tm?* ions, which presents a quantum efficiency
equals to 2. Furthermore, Eq 8.a and Eq 8.b lead to the following expression Eq.8 d:

205,sN3Ly = Krypy NyNy (Eq. 8.d)

N. 1 20gps-I
t=— x =2 (Eq.8.e)
N3 Ny KTmDy

The ratio N—‘* allows a quantification of the Tm**ions absorption saturation. So, it appears clearly
3

. Ny . . .
that the ratio N—‘* increases when N decreases and tends to zero; in other words lower is the Dy**
3

concentration, lower is the population ratio Ny, leading thus to: N4 >> Nj. By this way, for low Dy**
concentration, i.e 0.5% in this work, there are more Tm>* ions in the ’F,; excited state than on the
fundamental *Hp level, hence the saturation of the absorption. To avoid such a saturation, N3 should be
constant and tends to Ny (Tm?).

The behavior differences of Pou=f([Dy**]), at a 0.5% of Dy** concentration, as a function of the
value of Krmpy can also be explained following the same reasoning based on Eq 8.d. A high value of
Krmpy, such as K'rmpy, can be correlated to a value of N3 which tends to Ni(Tm?"), avoiding thus a
saturation of the absorption. In another hand, if Krmpy is not high enough, N3 << No(Tm*") and a
bottleneck appear on the *Fs level of Tm?* ions, which deexcite themselves not fast enough: there is a
saturation of the absorption, due to an insufficient recycling of the pump energy.

Finally in view of these results, it is reasonable to consider that a 1 cm long Tm?**-Dy** doped
CaF, waveguide, with a Dy** doping level of 1% is enough to get a laser emission at 3.1 um, when the
Tm?* sensitizer concentration is set at 5%. This modeling clearly illustrates the advantages of the Tm?*
codoping, which permits a lower Dy** doping level ([l %) instead of using a strongly singly Dy** doped
CaF; crystal (~5%) without saturating the pump absorption. Furthermore, a Dy**concentration of 1%
improves the laser performance in attenuating the parasitic mechanisms, such as concentration
quenching that can appear among Dy** ions. The Tm** codoping also leads to a reduced quantum defect
and a better laser efficiency.
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4. Conclusion

After having investigated the spectroscopic properties of Dy** doped and Tm**-Dy** codoped
CaF, crystals, the latter ones appear to be promising candidates for diode pumped MIR laser systems
operating around 3 pm (°Hi3,—°Hjs); transition). The energy transfer that occurs between excited Tm**
and Dy** ions is very efficient thanks to the rare-earth clustering effect taking place in CaF,, which is
an obvious asset to allow a favorable population inversion in this three levels laser oscillator.
Furthermore, the crystalline nature of CaF» presents better thermal properties than glassy materials that
could lead to very good laser efficiencies and powerful laser oscillators, especially in a Tm**-Dy**: CaF,
waveguide configuration. Indeed, waveguides present a longer absorption length and a better
confinement of the laser modes compared to bulk crystals, allowing thus a higher pump density and a
better population inversion to reach the laser threshold. Moreover, the broad absorption and emission
bands of Dy** doped CaF, crystals offer the possibility to develop ultra-short pulsed laser sources in the
MIR spectral range, which are very attractive for various applications such as medical or LIDAR
applications. Following the promising laser results predicted by the model presented in this work,
crystalline Dy** and Tm?**-Dy** doped CaF, waveguides will be fabricated by liquid phase epitaxy in a
near future, in order to achieve laser action in these new mid-IR laser devices.
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