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ABSTRACT We present the crystal growth of monoclinic
KGd(WOy4)> codoped with holmium and thulium by a top-
seeded solution growth and slow cooling method. Macrodefect-
free crystals with sizes about 8.5 x5x 12 (a* xb x ¢, di-
mensions in mm) were obtained. A complete study of the
spectroscopic parameters of the holmium emission °I7 — g,
around 2 microns, sensitized by the thulium ion, was made.
Polarized absorption measurements were performed to char-
acterize the optimum pumping wavelength in the system. The
maximum value of the cross section is 8.0 x 10%” cm? with
E//N,, direction at a wavelength value of 794 nm. The emission
cross section of the 2-micron holmium transition has been cal-
culated by the reciprocity method. The experimental lifetime
of the 717 level has been measured in relation to holmium and
thulium concentrations.

PACS 81.10.-h; 42.55.Rz; 78.55.-m

1 Introduction

The importance of the 2-micron laser emission
wavelength lies in the fact that the fundamental symmetric
and asymmetric vibronic stretching mode of water molecules
(2.94 jum) and the harmonic (1.94 pum) absorb this laser emis-
sion [1]. The application of lasers of around 2 microns in
medicine involving coagulating and welding makes it import-
ant to enhance research into laser media in this eye-safe range.
Moreover, these lasers are also used in radar applications and
remote sensing such as diode-pumped 2-pm LIDAR transmit-
ters for wind measurements [2].

The first report of room-temperature cw laser operation
of 2 um pumped by a diode laser in a thulium-doped ma-
terial was in Tm>*:YAG based on the electronic transition
3F, — 3Hg by Braud et al. in 1995 [3]. Some years before, the
2-micron laser emission was achieved using holmium as the
active ion with the electronic transition °/; — Iy in Ho:YAG
by Stoneman and Esterowitz in 1992 [4] and in a codoped sys-
tem by Fan et al. in 1988 [5]. Within the family of monoclinic
double tungstates, the first report of thulium laser emission in
this range of wavelengths was in 1997 in Tm3H:KGd(WO,),
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(hereafter KGdW) rods sensitized with Er** and Yb3+ at 1.92
and 1.93 microns by a Xe flash lamp at cryogenic tempera-
tures [6] and the first report of holmium codoped tungstate
was in 1977 by Kaminskii et al. [7]. The Ho>* laser channel at
2.072 pum in KGdW was demonstrated in [8].

Holmium—thulium codoped crystals are well known as ef-
ficient 2-micron-range laser systems. The efficiency of the
thulium sensitizer—holmium active ion couple is based on
the fact that, though the holmium ion is not very suitable to
be pumped by commercially available diodes, both the fact
that the absorption cross section of 3Hg — 3H, (Tm*") is
higher than that of the holmium absorption cross section and
the thulium quantum efficiency, 2, due to the cross-relaxation
mechanism (3Hs+ 3Hg) — (3F4+ 3F4) mean that these
codoped systems are interesting alternatives to the single-
doped systems. Population in the energy transfer manifold,
3H,, can also come from two other cross-section mechanisms,
(°Hy, *He) — (°Hs, *F) and (°Hy, *He) — (°Fy, *Hs) [9].
Also, the gain for holmium 3I; — Sl transitions is several
times larger than for thulium 3F, — 3Hg emission. Another
difference compared to a direct-pumped laser system such as
Tm or Ho is that, in the (Ho, Tm) system, the active Ho>* ions
are excited through energy transfer, not by direct absorption
of pump photons. With regard to the laser dynamics, external
perturbations can be injected into the laser system by pump-
power fluctuations. In (Ho, Tm) systems, therefore, in the
pumping process, the two intermediate steps of cross relax-
ation and energy transfer can act as a low-pass filter on the
original fluctuations of the pump-photon flux [10].

Energy transfer between lanthanide ions has been ex-
tensively studied. This transfer can take place via several
mechanisms: multipolar interaction, studied by Dexter in
1953 [11] and Forster in 1959 [12]; the exchange coupling
mechanism, studied by Inokuti and Hirayama in 1965 [13];
phonon-assisted transfer, studied by Miyakawa and Dexter in
1970 [14]; the diffusion of energy between donor systems,
studied by Yokota and Tanimoto in 1967 [15] (Burhstein also
included the effects of diffusion between ions [16]); and, fi-
nally, a percolation theory studied by Payne et al. in 1992 in
which diffusion takes place along a chain of sensitizer atoms
and eventually ends on an active atom [17]. The energy trans-
fer process in holmium—thulium codoped systems is between
the 3F4 thulium manifold and the /7 holmium manifold. In
the bibliography, the (Ho, Tm) mechanism has been modelled



112 Applied Physics B — Lasers and Optics

using an electric dipole mechanism [18] and its temperature
dependence [19, 20].

To our knowledge, codoped holmium—thulium mono-
clinic double tungstates have not been reported. The recent
success of the ytterbium tungstate diode pumped solid state
laser in the field of 1-micron emission and thulium doped
tungstates in 2-micron emission [21,22] led us to study the
possibility of using these materials as laser hosts for the
thulium-sensitized holmium emission at 2 microns. Previ-
ous studies of the single-doped Ho [23] and the single-doped
Tm tungstates [24,25] are a strong basis for studying these
codoped materials. In this paper we study the effect of codop-
ing on the structure and, especially, on the spectroscopic
properties such as stimulated emission cross section, upper
state lifetime of the transition and absorption spectra for diode
laser pumping.

2 Experimental details

The crystal growth device comprised a vertical
cylindrical furnace with a Kanthal wire as a heater element,
a controller/programmer (Eurotherm 903 P) and a thyris-
tor. The control temperature was 40.01 K. The description
of the top-seeded solution growth and slow cooling (TSSG-
SC) method for growing double-tungstate single crystals
used by our group has been explained in [26,27]. K, W,04
was used as a solvent and the solution composition was
11.5% solute—88.5% solvent. The driving force of the growth
procedure is supersaturation created by slow cooling the
temperature of the system. Crystallization and growth take
place on a seed located in the centre of the free surface of
the solution — the coolest point in the system. The seed is
a parallelepipedic piece of undoped KGdW oriented par-
allel to the b direction. The saturation temperature can
be determined by observing the growth or dissolution of
a KGdW seed in contact with the surface of the solution.
The crystals were submerged in the solution and constantly
rotated.

The electron probe microanalysis (EPMA) was conducted
in CAMECA sx50 equipment. The analyser crystal used was
LiF (lithium fluoride (200)). For the constitutional elements,
K, W, Gd and O, undoped KGdW was used as standard ref-
erence. To measure holmium, we used the LB line and the
REE2 standard (P&H Developments) and to measure thulium
we used the L« line and the same standard. The parameters of

the electron beam were an intensity of 40 nA and a current of
25kV.

The unit-cell parameters of codoped samples (Ho,Tm):
KGdW were obtained from X-ray powder diffraction analy-
sis, using a Siemens D-5000 diffractometer (Bragg—Brentano
parafocusing geometry and a vertical 6—6 goniometer). The
X-ray powder diffraction patterns were recorded at 260 =
10-70°, size step = 0.02° and step time = 16s.

The high anisotropy of the tungstates meant that it was ne-
cessary to measure optical absorption with polarized light par-
allel to the three principal optical axes of the crystal (N,, N,
and N,) [28]. The samples were cut and polished (by alumina
powder up to 0. 3 microns) to obtain polished faces parallel
to the optical principal planes with optical quality. Polarized
measurements therefore had to be taken using a Glan—Taylor
prism to obtain parallelism between the electrical field of the
radiation and the principal optical axes. We performed the po-
larized optical absorption of Ho** and Tm?* ions at room
temperature using a Cary Varian 500 spectrophotometer.

The room-temperature (RT) fluorescence spectra were
recorded with 90° geometry using an optical parametric os-
cillator from BM Industries pumped by a frequency-tripled
Nd:YAG laser from Coherent. The pump power was around
350 pJ/pulse with a pulse duration of 10 ns and a pulse repe-
tition of 10 Hz. The pump beam was focused onto the sample
surface in a spot with a diameter of a few hundred pum. Fluo-
rescence was dispersed by a H25 Jobin-Y von monochromator
equipped with a 2-pm blazed grating and captured by an In-
GaAs detector cooled at N, cryogenic temperature (77 K) in
the near-infrared range. The electronic signal was analysed by
a Lecroy oscilloscope connected in parallel with a computer.

3 Crystal growth and structure parameters

of (Ho, Tm):KGdW

As we mentioned above, the single crystals re-
ported in this paper were grown by the TSSG-SC method
without pulling. The doping concentration range was de-
signed to have a higher concentration of thulium, as a sen-
sitizer ion, than holmium, the emitting ion. In one of the
samples, the concentration of holmium was higher than the
concentration of thulium. This was in order to compare the
results with those of other samples.

Table 1 shows the results of the growth experiments. The

axial temperature gradient in the solution was
0.08-0.125 K/mm. The growth rate for the codoped (Ho, Tm)

A B C D E F H I J K L M

0.08 1.5 2.5 b 0.1/0.05 2/10 2.8614 130.06 None 8.3 5 13.9 1246.6
0.125 1.5 5 b 0.1/0.05 2/6 1.8766 134.04 None 7.4 4.8 10.3 1256.5
0.125 2.5 5 b 0.1/0.05 2/10 3.6044 163.84 None 11.2 42 13.6 1255.5
0.125 2.5 7.5 b 0.1/0.05 2/7 2.9718 185.74 None 8.8 5.7 13.1 1254.2
0.125 2.5 10 b 0.1/0.05 2/8 2.7902 155.01 None 9.4 6.0 12.0 1247.2
0.125 5 2.5 b 0.1/0.05 2/7 2.9871 186.69 None 10.9 4.8 11.3 1254.3

A: temperature gradient in the solution (K/mm). B: 100 x Ho2,03/(Gd;03 + Ho,03 + Tm,03) ratio in the solution, at.%. C: 100 x Tm;03/(Gd,03 +
Ho,03 + Tm,03) ratio in the solution, at.%. D: seed orientation. E: cooling rate, K/h. F: cooling interval, K. G: crystal weight, g. H: growth rate (x 104),
g/h. I: macrodefects. J: crystal dimensions along ¢ direction, mm. K: crystal dimensions along a* direction, mm. L: crystal dimensions along b direction,

mm. M: saturation temperature, K

TABLE 1 Experimental details of crystal growth
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FIGURE 1  Photograph of KGd; . yHo,Tm,(WOy4); single crystal grown
by TSSG-SC method

crystals was around 130-190 x 10~* g/h, which takes into
account an average cooling rate of 0.06—0.07 K/h. As this
growth rate was lower than that for undoped KGdW, doping
slowed the growth procedure. The crystals are macrodefect-
free with good optical quality and are similar to the single-
doped ones previously reported in the literature [27]. Figure 1
shows a photograph of (1.5% Ho, 1.5% Tm):KGdW (% of
substitution of Gd,03 by Ln,O3 in solution). These crystals
show a similar morphology to that for undoped KGdW de-
scribed in previous papers [27,29] and faces (-111), (010),
(130), (110) and (310). The appearance of faces (021) and
(-221) seems to be favoured by the doping of KGdW.

The composition of the single crystals obtained was meas-
ured by EPMA. From these results and the solution com-
position, we determined the distribution coefficients of the
holmium and thulium in KGdW. The distribution coefficients
for Ho’* and Tm3* were close to unity. However, they were
lower than for the single-doped Ho:KGdW or Tm:KGdW
crystals. The two doping ions are in concurrence to enter the
structure. Table 2 shows the EPMA results. The entrance of
the holmium ions is more favoured than the entrance of the
thulium ions. This is because the ionic radii of Gd** and Ho**
are more similar than the ionic radii of Gd** and Tm>**. How-
ever, the high distribution coefficient is important if homoge-

neously doped single crystals, which are useful for laser appli-
cations, are to be obtained. The detection limit of holmium in
KGdW is 0.074% weight and the detection limit of thulium is
0.011% weight. All the measurements are up to these detec-
tion limits.

KGd(WOy), crystals are monoclinic with space group
C2/c and the unit-cell parameters for undoped KGdW are
a=10.652 (A, b= 10.374 (6)A, c = 7.582 (2)A and B =
130.80(2) [30] by single-crystal X-ray diffraction. To de-
termine the effect of doping on the structure, we refined
the unit-cell parameters of the undoped, single-doped and
codoped KGdW by X-ray powder diffraction. We refined
these by adjusting 13 parameters and with refinement reli-
ability the Bragg R-factor was around 20. The results are
shown in Table 3. There was an overall decrease of 0.094%
for Ho-doped and 0.067% for Tm-doped crystal in rela-
tion to undoped KGdW (because of the low magnitude of
the doping-induced lattice contraction, this contraction has
not been taken into account for calculating the doping con-
centration in Table 2). In the codoped crystals, the overall
decrease is 0.227% and 0.241% for KGd()A%()HO()A()z] Tm()4019W
and KGdgo12Hog 056 Tmo 032 W, respectively. We therefore
expected a very slight decrease in the inter-atomic dis-
tance Ln**—Ln** in comparison with the undoped material,
where the minimum distance between Gd**—Gd** ions was
4.070 (2)A [31]. This short distance favours the energy trans-
fer processes between the doping active ions.

4 Absorption studies

We measured the absorption of Tm?*t in the
700-900 nm (14 000-11100cm~") pumping range, which
corresponds to the bands associated with the Tm>* transitions
from the 3Hj ground state to 3Hy and 3F, + 3F; at room tem-
perature and in polarized light. As we mentioned earlier, the
light was polarized parallel to the principal optical directions
of the KGdW [28].
Figure 2 shows the spectra. The maximum cross section
was 8.0 x 10 cm? in the E//N, direction with a line width

Ho at.% in sol Tm at.% in sol Kaa Kho KTm [Ho] (cm™3) [Tm] (cm~3) Chemical formula
1.5 2.5 1 0.77 0.78 7.57 x 101° 1.20 x 1020 KGdg.9696H00,012Tmo.019(WO4)2
1.5 5 1.02 0.85 0.71 8.20 x 101? 2.27 x 1020 KGdo 95:H00.014Tmo.036(WO4)2
2.5 5 1.02 0.88 0.76 1.39 x 1020 2.40 x 1020 KGdg.040Hog 022 Tmg 035(WO4)2
2.5 7.5 1.03 0.85 0.73 1.34 x 1020 3.47 x 1020 KGdg.924Hog 021 Tmo,.055(WO4)2
2.5 10 1 1.08 0.98 1.70 x 1020 6.18 x 1020 KGdy 875H00.027Tmg.00g(WO4)2
5 2.5 1.01 0.87 0.82 2.08 x 10%° 9.90 x 10'? KGdgo36Ho0.043Tmg.021 (WO4)2
TABLE 2  Summary of the microanalysis results and elemental compositions of the samples used in this work. The distribution coefficient was calculated
(moles Ln3+/(moles Ho3* +moles Tm3™ +moles Gd3+))crystal 3+ 34 3+

by KL“3+ = (moles Ln3+/(m(yles Ho3+ +moles Tm3+ +moles Gd3+))solution ’ where L can be Ho or Tm

IR Lo** (&) aA) b (A) c ) B () V(A% [Ref]
KGdW 1.053 10.6890(6) 10.4438(5) 7.6036(4) 130.771(3) 642.83(4) [30]
KGdy.950Hoo,04s W 1.015 10.6884(7) 10.4380(6) 7.6024(4) 130.765(4) 642.40(3) [30]
KGdg.950Tmg 41 W 0.994 10.6868(6) 10.4389(6) 7.6010(4) 130.767(3) 642.22(4) [30]
KGdyg.060H00.021 Tmg 910 W - 10.6814(4) 10.4358(4) 7.5970(3) 130.766(2) 641.37(4) This work
KGdy.912Hog,056 Tmg 032 W - 10.6793(5) 10.4317(4) 7.5950(3) 130.764(2) 640.85(5) This work

TABLE 3

Unit-cell parameters by X-ray diffraction of the monoclinic double tungstates, C2/c spatial group



114 Applied Physics B — Lasers and Optics

3
- E/N,
-~~~ E/N,
—EN
P
24

F+F, (Tm™)

a

680 630 700 710 720 730

*H, (Tm*)

. . -20. 2
absorption cross section, o ( 107) cm
o

780 790 800 810
Wavelength (nm)

Sl
770

FIGURE 2 Polarized room-temperature absorption of the 3Hy and 3F, +
3F3 excited states of thulium in the KGd,_ x—yHo,Tmy(WOy), sample

of 1.7 nm at a wavelength of 794 nm. At 801 nm, the cross-
section value was 4.98 x 102 in the E/N,, direction with
a line width of 3.2 nm (which is lower than (Ho, Tm):YAG
crystal [5]). Both peaks can be pumped with the diode laser
pumping source of AlGaAs, which is widely available. These
absorption cross section values are similar to those for thulium
single-doped KGdW.

We also measured, at room temperature, the absorption of
the emitting holmium ion 37 level. From the values of the ab-
sorption, we can use the reciprocity method (RM) to calculate
the theoretical emission cross section since 2-micron emis-
sion, the subject of this study, is a direct emission from the first
excited level to the ground state, 3I; — °Ig. Figure 3 shows
these results. The last three peaks of this emission band cor-
respond to those determined in Ho:KGdW. For the codoped

cross section o, o (107 cm’)

1950 2000 2050
Wavelength (nm)

1900 2100

FIGURE 3 Experimental absorption cross section of holmium ground state
absorption 513 — 313 and calculated emission cross section in the 2-micron
range

materials, the peaks are located at 2032, 2054 and 2070 nm.
We should point out that at 2054 nm the emission cross section
was around 3 x 10720 cm? with E/N,,. Table 4 shows sev-
eral values of this parameter. The value for (Ho, Tm):KGdW
was higher than with the Ho*" single-doped KGdW crys-
tal [23] and several other hosts. It was also similar to that for
Tm:KGdW, 3.27 x 1072 cm? at 1.8 pum, for which the laser
action has already been achieved [32].

From the absorption values we can also calculate the radia-
tive lifetime using the Weber expression [33]

2
gs8mn“c

A =2100T
g,'N)\

where I is the integrated absorption. The calculated radiative
lifetime is 11 ms. With regard to the Judd-Ofelt (J-O) calcu-
lated value for single-doped Ho:KGdW, 5.9 ms, a longer life-

(Ho, Tm):host o, Tm? 3F; — 3Hg(0,)

o Ho*t 51, — Sk(h,)

(Ho, Tm):KGdW
Ho:KGdW
Tm:KGdW

YAG (Y3Al5013)
YAP (YAIO3)
LIF (LiYFy)

BaYF (BaYFg)
YVO4

3.27(E//Ny,, 1834 nm)
1.64 (E//Np, 1824 nm)
0.22*(2011 nm)
0.50*(1936 nm)
0.40*(E//c, 1980 nm)
0.33*(E_Lc, 1902 nm)
0.25*(1919 nm)
2.60* (Ellc, 1805 nm)
1.73* (E Lc, 1804 nm)

2.94 (E//N,y, 2019 nm)
1.33 (E//N, 2054 nm)
2(ELb, 2019 nm)
1.1 (E//b, 2019 nm)

0.98*(2100 nm), 0.9 (2091 nm)
1.30* (1980 nm)
1.84*(E//c, 1980 nm)
0.99*(E Lc, 1988 nm)
1.07*(2057 nm)

2.6* (E//m, 2038 nm)

1.8* (E//o, 2010 nm)

AE(OIR) Traq (ms) ©(°I7) (ms) o, x 7 (1072 cm® ms)  [Ref]

- - 2.1-5.7 6.2-16.5 This work
319 5.8(J-0) - [23]

- - - - [32]
535 7.8  9.8%,85 7.6* [5,42,43]
499 8.1* 4.8* 6.2* [42,44]
315 15.6* 14.3* 26.3* [42,45]
399 17.9* 13.2* 14.1* [42,46]
288 - 3.8* 9.88* [47-49]

* Single-doped values
TABLE 4

Emission cross section values in 10720 ¢cm? units in several solid-state materials
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(Fig. 4). We can see that with 8 = 0.4 we have a maximum ef-
fective cross section at 2.054 um of around 0.9 x 10720 cm?
for E//N,,.

A large Stark multiplet splitting of the ground state is most
suitable for quasi-three-level lasers in order to obtain lower
threshold population inversion. The highest sublevel of the
ground state of holmium in KGdW was around 320 cm™ !,
which means that the Stark splitting of holmium in the
tungstate host is not very large compared to that of other well-
known hosts (see Table 4).

In previous papers [34,35], we published the splitting
of the excited states involved in the energy transfer couple
Tm-Ho in KGdW. We calculated that the energy shift was
around 380-690cm~!. Taking into account these energy
shifts, the phonons must play a role in the energy transfer
phenomena. The phonon energies in this host are reported
in [36,37].

5 Luminescence results

5.1 Emission studies

To help interpret these results and discuss the ex-
cited state dynamics, the energy level scheme and possible
energy transfer processes, which are important for thulium
and holmium emission, are shown in Fig. 5.

The thulium pump process (1-GSA Tm), the energy trans-
fer process from Tm to Ho (2-ET), the energy back transfer (3-
BT) from holmium to thulium and the three cross-relaxation

Wavelength (nm)

FIGURE 6 Visible emissions in (Ho, Tm):KGdW crystals

processes (CR): CR1 (°*Hy, 3Hg) — (’Fy, 3F,); CR2 (°Hy,
He) — (*Hs, °F3) and CR3 (*H,, *He) — (°F4, *Hs) [9],
within the thulium energy levels, are indicated by arrows.
Wavy arrows indicate the possible multiphonon relaxation
pathways.

Figure 6 shows all the anti-Stokes visible emissions in the
(Ho: Tm):KGdW system pumped at 688, 794 and 801 nm.
Five visible channels can be observed: A, = 390 nm (Ho>™,
3K7 — ), A, =427 nm (Ho**, °Gs5 — L), A, =450 nm
(Tm3t, 'Dy — 3Fy), A, =476nm (Tm3*t, G4 — 3Hp),
e = 514nm (Ho**, S, — 5I) and A, = 655nm (Ho’t,
>Fs — °Ig). These well-known visible emissions, reported
in other materials such as Ho:KGdW [23], Tm:KGdW [24]
and Tm:Yb:KYW [38], are the competitive processes for our
emission at 2 microns.

The experimental luminescence peak in the region of
2 microns is shown in Fig. 7 for the KGdg 924Hog.021 Tmg gs55-
(WOQy), sample. This is promising for tunable emission due to
its large width, which is broadened from 1650 nm to 2175 nm,
and which is almost 525 nm of possible tunability. The peaks
with maximum intensity are at 1836 nm and 2032 nm. The
first broad peak belongs to thulium emission *F; — 3Hg in
KGdW, which was reported in [39]. The second broad peak,
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FIGURE 7 Room-temperature 2-micron emission in (Ho, Tm):KGdW
crystals
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which has a greater intensity, corresponds to the holmium
transition 3I; — I3, which supposedly includes the three
emission maxima observed in the single-doped Ho:KGdW lo-
cated at 2020 nm, 2051 nm and 2071 nm [24]. The fact that
there was emission from both ions indicates that there was no
complete energy transfer from Tm3+ to Ho**. This effect was
also observed in (Ho, Tm):YAG [5].

5.2 Lifetime measurements

We measured the decay time of 2-micron emission
and its dependence on holmium concentration and thulium
concentration. Table 5 shows that these decay times were
around 2.1-5.7 ms. On average, these were shorter than those
in the bibliography for other hosts (see Table 4).

Processes of up-conversion and back-transfer, which de-
pend on the absolute concentrations of Ho’* and Tm3* ions
in the crystal, can modify the Ho>* relaxation. Figure 8 shows
the decay time as a function of the relative concentration of Ho
ions. The increase in thulium concentration in the sample led
to a fast decay of the 2-micron emission. Back-transfer phe-
nomena may play an important role in this process. We should
point out that the measured values have not been corrected for
the different dimensions of the samples. Therefore, the decay
time of the studied emission 317 — I3, with branching ratio
equal to 1, is affected by the radiation trapping and total inter-
nal reflection (TIR) [40,41]. The measured values cannot be
taken as absolute values; but the tendency must be correct.

The laser threshold is proportional to (o, x 7)~!. Table 5
shows these values for our samples taking into account the
measured decay times.

6,04
55
504
454
404
354 -

3.0 um
25

Decay Time, z°l, (ms)

2,0 .

01 02 03 04 05 06 07 08
[Ho]/ ((Ho]+[Tm])

FIGURE 8 Decay time of the 2-micron emission and its dependence on
holmium and thulium concentrations

6 Conclusions

Single crystals of (Ho, Tm):KGdW have been
grown with high crystalline quality, without defects and in
a broad band of doping ranges by the TSSG-SC method and
using K, W,05 solvent. The close distances of Ln**—Ln3* in
the structure of this monoclinic compound assures an efficient
energy transfer phenomenon between thulium and holmium.

The most important spectroscopic properties for mod-
elling and understanding a future laser of 2 microns for the
Ho-Tm system have been determined. These are absorption
spectra for the diode pumping, emission cross section and life-
time of the upper state of the transition. A high absorption
cross section at 801 nm and 794 nm of the thulium in the (Ho,
Tm):KGdW samples will therefore allow an effective diode
pumping of these samples. The maximum value of the cross
section is 8.0 x 10 cm? in the E//N,, direction with a line
width of 1.7 nm at a wavelength value of 794 nm. At 801 nm,
the cross-section value is 4.98 x 10% in the E/N,, direction
with a line width of 3.2 nm. The emission cross section for
2-micron emission calculated by RM at 2.054 pm is around
3 x 1072 cm? (E//N,,,). Finally, the measured decay times are
in the 2—5 ms range.

The experimental fluorescence spectrum shows a broad
emission around 525 nm, which is suitable for tunability of
the emission. Also, the emission of Tm 3F; — 3Hjy is still
present, so there is an important back-transfer. The back-
transfer is also demonstrated by the decrease in the decay time
when the thulium in the sample increases.

Additional properties, such as Tm—Tm cross-relaxation
efficiency and net transfer from Tm to Ho, which depend on
dopant concentration, are left for further studies.
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