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a b s t r a c t

Singly doped and Tm3+/Ho3+ co-doped NaY(WO4)2 single crystals were grown successfully by Czochralski
method. The room temperature polarized absorption and fluorescence spectra as well as the decay curves
were measured. Spectroscopic parameters related to the laser operation around 2.0 �m via the 3F4 → 3H6
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(Tm3+) and 5I7 → 5I8 (Ho3+) transitions have been evaluated. The energy level scheme and energy transfer
processes of Tm3+ and Ho3+ were analyzed.

© 2011 Elsevier B.V. All rights reserved.
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ptical spectroscopies

. Introduction

Laser emissions of around 2.0 �m in the eye-safe spectral region
ossesses many features, which makes it attractive for lidar, remote
ensing, medicine and environmental gas detection research since
he 1970s [1–6]. Singly doped thulium (Tm) and holmium (Ho), as
ell as co-doped Tm:Ho systems have been investigated for this
urpose. Tm3+ can be pumped directly with 800 nm AlGaAs diode

asers through the 3H6 → 3H4 transition and a cross-relaxation
echanism populates the 3F4 multiplet. Laser emission of Tm3+

ccurs near 2.0 �m due to the 3F4 → 3H6 de-excitation. Moreover,
m3+ is also a sensitizer of Ho3+ leading to an enhancement of the
pectral range of laser emission [7]. It transfers its excitation to
o3+·5I7 multiplet from which the 2.06 �m laser originates. High-
ain cross section and the long lifetime of the 5I7 upper laser level
s a significant advantage of Ho3+ for laser operation at 2 �m [8].

The first demonstration of laser emission performed at Bell
aboratories in 1962 was that Johnson et al. produced stimulated
mission at 1.91 �m of Tm3+ and Ho3+ at 2.06 �m in CaWO4 crystals
t 77K [9]. The first report of room-temperature Tm3+ laser opera-
ion around 2 �m was Cr3+/Tm3+:YAG and Cr3+/Tm3:YAlO3 in 1975
10]. Due to the lack of an appropriate pump source in the follow-
ng period, Tm3+ ions were generally sensitized by Cr3+ or Er3+,
hich can efficiently be pumped by flash-lamps or Ar gas lasers. A
eal breakthrough arrived with the development of AlGaAs laser
iodes emitting in the 800 nm region. Room-temperature laser

∗ Corresponding author. Tel.: +86 591 83711368; fax: +86 591 8371 4946.
E-mail address: tcy@fjirsm.ac.cn (C. Tu).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.03.143
operation at 2 �m has been achieved in numerous Tm3+-doped
and Ho3+-doped crystals, such as aluminates (Tm3+:YAG) [11], dou-
ble tungstates (Tm3+:NLuW) [12], vanadates (Tm3+:YVO4) [13], and
fluorides (Tm3+:BaY2F8) [14].

The lattice parameters of NaY(WO4)2 crystal are a = b = 5.205 Å
and c = 11.251 Å, respectively with the space group of I41/a [15].
This crystal is a typical tetragonal scheelite-type crystal with a for-
mula MT(WO4)2, where M is a monovalent alkali cation and T a
trivalent cation. In these materials the M and T cations are randomly
distributed in the 2b and 2d sites [16]. As a consequence, the opti-
cal absorption and emission lines become broadened, which allow
some laser tunability as well as a better match with the available
diode laser emissions used for pumping. As it melts congruently,
large size single crystal can be easily obtained by the Czochralski
(CZ) method.

We have demonstrated an infrared laser output at 2.07 �m with
Tm, Ho co-doped NaY(WO4)2 crystal with an end-pumped config-
uration using a 795 nm laser diode at 283 K [17]. In this paper, we
present room temperature absorption spectra, fluorescence spec-
tra and luminescence decay curves of Tm3+, Ho3+ singly doped
and Tm3+/Ho3+ co-doped NaY(WO4)2 crystals. Room temperature
absorption spectrum were applied to Judd–Ofelt (J–O) analysis
[18,19] to calculate spectral parameters. Spectroscopic parameters
related to the laser operation around 2.0 �m have been evaluated.

2. Experimental
2.1. Crystal growth

NaY(WO4)2 single crystals were grown using the Czochralski technique in air.
The polycrystalline materials used for single crystals growth were obtained by clas-

dx.doi.org/10.1016/j.jallcom.2011.03.143
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:tcy@fjirsm.ac.cn
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ical solid-state reaction. The initial chemicals of Na2CO3 (99.99%), Y2O3 (99.99%),
O3 (99.99), Tm2O3 (99.99%) and Ho2O3 (99.99%) powders were mixed in an agate
ortar in stoichiometric amounts, all the reagents were purchased from Sinopharm

hemical Reagent Co. Ltd. These materials were pressed into tablets and sintered to
btain single phase powder. In the DJL-400 furnace they were heated 50 ◦C higher
han the melting temperature of 1210◦C for about 1 h so as to melt completely
nd homogeneously. During crystal growth, the Pt rod was rotated at a rate of
2.0–20.0 rpm and the pulling rate was 0.8–1.2 mm/h. When the growth process was
ver, the crystals were drawn out of the melt and cooled down to room temperature
t a rate of 12.0–30.0 ◦C/h.

The concentration of doping ions in the crystals was measured by the inductively
oupled plasma-atomic emission spectrometry (ICP-AES) method. The doping ions
oncentration in the melt, N0, the average doping ions concentration in the crystal,
c, and the segregation coefficient of the doping ions in crystals, K, are given in
able 1.

.2. Spectroscopic measurements

Room temperature polarized absorption spectra were measured in the range
rom 300 to 2200 nm by using a Perkin-Elmer UV-VIS-NIR Spectrometer (Lambda-
00). The room temperature fluorescence spectra ranging from 1600 to 2300 nm and
he luminescent decay curves were recorded with an Edinburgh Instruments FSP920
pectrophotometer. The samples used for spectroscopic measurements were opti-
ally polished to flat and parallel faces. In order to reduce the reabsorption on the
uorescence, the lifetime measurements were carried out with fine powdered Tm3+,
o3+ doped NaY(WO4)2 crystals immersed in monochlorobenzene.

. Results and discussions

.1. Absorption spectra

Fig. 1 shows the polarized absorption spectra measured at
oom temperature for the Tm3+, Ho3+ singly doped and Tm3+/Ho3+

o-doped NaY(WO4)2 crystals. The spectrum of Tm3+:NaY(WO4)2
rystal consists of six resolved bands associated with the transi-
ions from the 3H6 ground state to the 3F4, 3H5, 3H4, 3F2, 3, 1G4
nd 1D2 excited states. It can be seen that the absorption band of
he � polarization is narrower and has a larger peak cross section
han the � absorption band. The spectrum of Ho3+:NaY(WO4)2 crys-
al consists of ten resolved bands associated with the transitions
rom the 5I8 ground state to the 5I7, 5I6, 5F5, 5F4 + 5S2, 5F3, 3K8 + 5F2,
F1 + 5G6, 5G5(3G5), 3H6 + 5F2 + 3H5 and 3K6 + 3F4 + 3H4 + 3G4 excited
tates [20]. Some absorption bands of Tm3+ and Ho3+ ions over-
ap in the Tm3+/Ho3+:NaY(WO4)2 crystal. Compared to Ho3+ ions
oncentration in Ho3+:NaY(WO4)2 and Tm3+ ions concentration
n Tm3+/Ho3+:NaY(WO4)2 crystal, the concentration of Ho3+ ions
n Tm3+/Ho3+:NaY(WO4)2 crystal is very low; the 5I8 → 5I7 (Ho3+)
ransition of Tm3+/Ho3+:NaY(WO4)2 crystal is extremely weak. The
bsorption cross sections �a can be determined by the following
quation:

a = ˛

Nc
(1)

Here ˛ is the absorption coefficient, ˛ = A/(L × log10e), A is the
bsorbance, L is the thickness of the polished crystal, and Nc is the
oping ions concentration in NaY(WO4)2 crystal. The absorption
ross sections and the full width at half maximum (FWHM) for some
bsorption bands of these crystals are shown in Table 2. There is
relative broad and strong absorption band at about 795 nm of

he 3H6 → 3H4 (Tm3+) transition, which is suitable for the AlGaAs
iode pumping. This absorption cross section values are similar to
hose for Tm:KGdW [21]. For Ho3+, the absorption peak at 452 nm
s far stronger than the others. As a consequence, Ho3+:NaY(WO4)2
rystal is prone to be pumped by visible light, such as Ar gas laser.

From the absorption, we can use the reciprocity method to
alculate the theoretical emission cross-sections of the Tm3+ ion

F4 → 3H6 transition [22]:

em(�) = �a(�)
Zl

Zu
exp

[
EZL − hc/�

kBT

]
(2)
Fig. 1. (a) Room temperature absorption spectra of Tm3+-, Ho3+-doped and
Tm3+/Ho3+ co-doped NaY(WO4)2 crystals in the range 300–850 nm and (b) in the
range 1100–2100 nm.

where �a = ˛/Nc is the absorption cross-section, and
Zl,u =

∑
kgkexp(− Ek/kBT) are the partition functions of the

3H6 and 3F4 multiplet, where gk is the level degeneracy, Ek is the
energy difference with respect to the lowest Stark level, kB is the
Boltzmann constant, T is the temperature, and EZL is the zero line,
which is the energy separation between the lowest crystal-field
components of the lower and upper manifolds. However, due
to the lack of low temperature equipment, the precise energy
scheme of Tm3+:NaY(WO4)2 cannot be obtained at present. The
values of Zl/Zu and EZL were estimated to be 1.35 and 5591 cm−1,
respectively, which is of the order of those of Tm3+:NGW [23],
Tm3+:NLuW [12], Tm3+:KLa(WO4)2 [24], Tm3+:KGd(WO4)2
[25] and Tm3+:KY(WO4)2 [26] crystals. Fig. 2 shows the �abs
and �em. The maximum values of �em are 1.399 × 10−20 cm2

for � polarization at 2044 nm and 1.426 × 10−20 cm2 for �
polarization at 2047 nm. For comparison, the �em obtained
for Tm3+ in NLuW are 2.0(±0.1) × 10−20 cm2 at 1798 nm and
1.9(±0.1) × 10−20 cm2 at 1830 nm, respectively [12]. The FWHMs
of the emission bands for � and � polarizations are 161 and 130 nm,
respectively.

The tunable range of the 3F4 → 3H6 laser operation could be
evaluated from the gain cross section �gain which is defined as
�gain = P�em(�) − (1 − P)�a(�) (3)

where P is the population inversion parameter, defined as the den-
sity of excited Tm3+ ions divided by the doping concentration N0.
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Table 1
The ions concentrations and segregation coefficient of the doping in crystals. N0: concentration of the doping ions in the melt; Nc: average concentration of the doping ions
in the crystal.

Crystal N0 (at.%) Nc (×1020 ions cm−3) K

Tm3+:NaY(WO4)2 5 2.596 0.22
Ho3+:NaY(WO4)2 5 2.466 0.204
Tm3+/Ho3+:NaY(WO4)2 5 (Tm) 2.69 (Tm) 0.23 (Tm)

1 (Ho) 0.58 (Ho) 0.24 (Ho)

Table 2
The absorption cross sections and the full width at half maximum (FWHM) for some absorption bands.

Crystal � (nm) FWHM (nm) �a (×10−20 cm2)

� � � � � �

G
P
i
a
s
2
r
t

F
t
5

Tm3+:NaY(WO4)2 795 794
Ho3+:NaY(WO4)2 451 452
Tm3+/Ho3+:NaY(WO4)2 795 795

ain cross-section �gain calculated for several reasonable values of
(P = 0.1, 0.2, 0.3, 0.4, 0.5) in the 1700–2000 nm region are shown

n Fig. 3. The gain curves at a wavelength longer than 1900 nm
re obscure due to the low signal-to-noise ratio of the absorption
pectrum. The positive gain cross-section can be obtained at about
.0 �m when P exceeds 0.2. The positive gains for P = 0.5 are in a

ange from 1758 to about 1954 nm for � polarization and from 1758
o about 1977 nm for � polarization, respectively.
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ig. 2. Absorption cross sections and polarized stimulated emission cross sec-
ions associated with the (a) 3F4 → 3H6 transition for the Tm3+:NaY(WO4)2 and (b)
I7 → 5I8 for Ho3+:NaY(WO4)2 crystal derived by the reciprocity method.
8 35 3.818 1.685
8 7 18.497 17.972
9 35 4.101 1.695

We also calculated the theoretical emission cross-sections
together with the gain cross section of the emitting Ho3+ transi-
tion 5I7 → 5I8 [shown in Figs. 2(b) and 3(b)]. The maximum values
of �em is 2.162 × 10−20 cm2 for � polarization at 1795 nm and
2.031 × 10−20 cm2 for � polarization at 1841 nm. Table 3 shows
the results and comparisons with other hosts. The FWHMs of the
emission bands for � and � polarizations are nearly 251 nm. The

positive gain cross-section can be obtained at about 2.0 �m when
the P exceeds 0.3, then laser operation should be achievable in the
1960–2112 nm range.
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Fig. 3. Gain cross-section calculated for different values of P (P = 0.1–0.5) for (a) the
3F4 → 3H6 transition of Tm3+ in NaY(WO4)2 crystal and (b) the 5I7 → 5I8 transition
of Ho3+ in NaY(WO4)2 crystal.
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Table 3
The emission cross sections in several solid-state materials.

(Tm, Ho):host �e (×10−20 cm2) �e (×10−20 cm2) [Ref]
3F4 → 3H6 (�e , nm) 5I7 → 5I8 (�e , nm)

Tm:NYW 2.16 (�, 1795) / This work
2.03 (�, 1845)

Ho:NYW / 1.43 (�, 2047) This work
1.40 (�, 2044)

Tm, Ho:NYW / 1.43 (�, 2042) This work
0.54 (�, 2044)

YAG 0.22a (2011) 0.98a (2100) [24]
0.9 (2091)

BaYF 0.25a (1919) 1.01a (2057) [24]
Tm:NLaM 1.91 (�, 1789) / [18]

1.96 (�, 1837)
Tm, Ho:KGdW / 2.94 (E//Nm, 2019) [24]

1.33 (E//Np, 2054)
YVO4 2.60a (E//c, 1805) 2.6a (E//�, 2038) [24]
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are shown in Fig. 6. The fluorescence lifetimes �f are3.44 ms and
3.122 ms, respectively, which are close to that in the Ho, Tm:KGdW
(3.15–5.17 ms) and Ho:YVO4 (3.8 ms) crystals [27].

40 Tm/Ho
1.73a (E⊥c, 1804)

a Singly-doped values.

.2. The Judd–Ofelt analysis

The Judd–Ofelt (J–O) theory was applied to calculate the spec-
ral parameters, including the line strength S, the radiative rate A,
he branching ratio ˇ and the radiative lifetime �r of some typical
ransitions levels. Lots of literature have described the calculation
rocess of the J–O theory details [28–31]. The Judd–Ofelt (J–O) the-
ry analysis of the Tm3+:NaY(WO4)2, Ho3+:NaY(WO4)2 crystal are
hown in Tables 3–6. The effective J–O intensity parameters were
alculated following ˝eff = (2˝� + ˝�)/3. It was reported that ˝2
s structure sensitive and associated with the asymmetry and cova-
ence of the lanthanide sites [32]. The small value of ˝2 indicates
hat there is a high asymmetry and a weak covalent bond character
or the doping ions in this crystal. Two other parameters are also
seful in calculating the spectroscopic quality factor X = ˝4/˝6,
hich plays an important role in predicting the stimulated emis-

ion for the laser active media [32]. Generally, the preferred laser
aterials should be those possessing large X values.

.3. Fluorescence spectra

Since the lack of polarizer, we just recorded the room temper-
ture unpolarized fluorescence spectra ranging from 1600 nm to
300 nm under the 794 nm pumping shown in Fig. 4. These crys-
als are promising for tunable emission due to their large emission
andwidth. In Tm3+ doped crystals the emission band ranges from
650 to 2138 nm, which is almost 488 nm of possible tunability. For
o3+:NaY(WO4)2, that is in the 1834–2200 nm region.
Owing to the radiative-trapping, the lifetime measurements
ere carried out with fine powdered Tm, Ho doped NaY(WO4)2

rystals immersed in monochlorobenzene, which was used as the
efractive index matching fluid to minimize the reabsorption in the

able 4
he Judd–Ofelt intensity parameters of Tm3+ and Ho3+ doped NaY(WO4)2 crystal.

Intensity

� polarized � polarized Effective

Parameter (Tm3+)
˝2 13.845 9.465 12.385
˝4 2.463 3.545 2.824
˝6 1.286 3.058 1.877
X / / 1.505

Parameter (Ho3+)
˝2 19.795 18.316 19.302
˝4 3.967 5.766 4.567
˝6 2.093 1.986 2.057
X / / 2.22
1.8a (E//�, 2010)

particles and contained in a glass cuvette [33]. For comparison, we
also tested the bulk samples of Tm3+:NaY(WO4)2 crystal. The room
temperature fluorescence decay of the 3F4 (Tm3+) was measured
at 1860 nm under excitation at 794 nm. The fluorescence lifetime
could be estimated by

�f =
∫ ∞

0
tI(t)dt∫ ∞

0
I(t)dt

(4)

where I(t) is the fluorescence intensity at time t. The room tem-
perature fluorescence decay of the 3F4 (Tm3+) was measured at
1860 nm under excitation at 794 nm. Shown in Fig. 5, the calcu-
lated fluorescence lifetime of 3F4 (Tm3+) manifold in bulk sample
(2.441 ms) is much longer than in powder (1.267 ms). Compared
to the radiative lifetime calculated based on the Judd–Ofelt (J–O)
theory, 1.308 ms, the powder sample’s lifetime is reasonable. The
fine powder efficiently eliminated the influence of luminescence
re-absorption.

We measured the decay of the 5I7 level of Ho3+ with
Ho3+:NaY(WO4)2 and Tm3+, Ho3+:NaY(WO4)2 at 2045 nm under
452 nm excitation and Tm3+, Ho3+ co-doped NaY(WO4)2 crystal
powder at 2045 nm under 794 nm excitation. The decay curves
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Fig. 4. Room temperature fluorescence spectra of Tm3+-, Ho3+-doped and Tm3+/Ho3+

co-doped NaY(WO4)2 crystals.
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Table 5
The experimental and calculated absorption line and oscillator strengths of the Tm3+:NaY(WO4)2 crystal and Ho3+:NaY(WO4)2 at room temperature.

Tm3+ � � polarized � � polarized

3H6→ (nm) Sexp Scalc fexp fcalc (nm) Sexp Scalc fexp fcalc

(10−20 cm2) (10−6) (10−20 cm2) (10−6)

1D2 366 1.19 0.89 5 3.76 362 1.41 1.40 5.98 5.95
1G4 478 0.95 0.87 3.07 2.79 474 0.96 0.76 3.12 2.46
3F3,2 685 2.00 2.19 4.49 4.92 685 4.65 4.48 10.42 10.05
3H4 796 4.53 4.32 8.74 8.33 794 4.56 4.45 8.81 8.61
3H5 1204 3.01 2.88 3.84 3.67 1202 3.40 3.79 4.35 4.84
3F4 1748 9.41 9.54 8.27 8.38 1752 8.40 8.39 7.37 7.36

rms�S = 0.265 rms�f = 0.818 rms�S = 0.276 rms�f = 0.534

Ho3+ � � polarized � polarized

5I8→ (nm) Sexp Scalc fexp fcalc Sexp Scalc fexp fcalc

(10−20 cm2) (10−6) (10−20 cm2) (10−6)

3H6 + 5G5 362 6.25 5.39 20.28 17.49 6.47 5.41 20.98 17.55
5G5 418 2.1 2.12 5.9 5.92 3.08 3.08 8.65 8.65
5F1 + 5G6 451 33.6 33.7 87.5 87.82 32.8 32.9 85.48 85.87
5K8 + 5F2 469 1.28 1.28 3.29 3.20 129. 1.27 3.12 3.18
5F4 + 5S2 540 2.93 2.91 6.36 6.32 3.21 3.23 6.99 7.03
5F5 642 2.73 2.88 5.00 5.26 3.40 3.58 6.23 6.55
5I6 1170 1.6 1.77 1.61 1.78 1.75 1.75 1.76 1.76
5I7 1980 4.25 4.21 2.52 2.50 4.24 4.26 2.51 2.52

rms�S = 0.40 rms�f = 1.264 rms�S = 0.48 rms�f = 1.551

T
T

able 6
he calculated radiative transition rates, the branching ratios and the radiative lifetimes f

Start levels Terminal levels Wavelength (nm) A� (s

1D2
3H6 359 1854
3F4 451 8681
3H5 509 184
3H4 653 6625
3F3 + 3F2 752 9244
1G4 1502 868

1G4
3H6 473 4101
3F4 643 374
3H5 770 1891
3H4 1156 884
3F3 + 3F2 1514 151

3H4
3H6 822 4021
3F4 1432 381
3H5 2309 59

3F4
3H6 1990 867

Transition � (nm) A� (s−1)

5I7→ 5I8 2070 195
5I6→ 5I7 2934 48

5I8 1210 398
5I5→ 5I6 3831 22

5I7 1662 204
5I8 899 155

5I4→ 5I5 4472 19
5I6 2064 100
5I7 1211 111
5I8 749 22

5F5→ 5I4 4658 0.156
5I5 2282 23
5I6 1430 278
5I7 961 1381
5I8 645 5302

5S2→ 5F5 3330 1.422
5I4 1942 101
5I5 1354 99
5I6 1000 423
5I7 746 2206
5I8 540 3370
or different transition levels of Ho3+:NaY(WO4)2 crystal.

−1) A� (s−1) A (s−1) ˇ �r(�s)

0 37680 24920 0.2 8.03
0 74150 82590 0.663

479 282 0.002
7154 6801 0.055
8795 9094 0.073
737 824 0.007
4265 4155 0.521 125.4
684 477 0.06
2941 2241 0.281
971 913 0.114
273 191 0.024
4417 4153 0.898 216.3
452 404 0.087
85 67 0.015
633 789 1 1267.4

A� (s−1) A (s−1) ˇ �r (�s)

164 185 1 5405
50 49 0.11 2242
394 397 0.89
24 23 0.06 2617.8
198 202 0.529
160 157 0.411
19 19 0.076 4000
98 99 0.396
107 110 0.44
21 22 0.088
0.202 0.171 / 133
23 23 0.003
302 286 0.038
1660 1474 0.196
6603 5735 0.763
1.96 1.601 / 163.6
104 102 0.017
98 99 0.016
445 430 0.07
2093 2168 0.355
3198 3313 0.542
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Fig. 5. Decay curves of 3F4 manifold in the samples of bulk and powder in the Tm3+

doped NaY(WO4)2 crystals.
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Fig. 6. Decay curves of Ho: 5I7 level in the (a) samples of bulk and powder in the
Ho3+:NaY(WO4)2 and (b) Tm, Ho: NaY(WO4)2 crystals.
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The above data thus support the likelihood of low-threshold
and efficient laser operation in Tm3+-, Ho3+-doped NaY(WO4)2
crystals. We have already obtained a 2.07 �m laser with the Tm,
Ho:NaY(WO4)2 crystal using the fiber-couple 795 nm LD pumped
at 283 K. The highest output power was up to 2.7 W. The overall
optical conversion efficiency was 5.4% and the slop efficiency was
26% [17].

3.4. Analysis

The energy level scheme and energy transfer processes of Tm3+

and Ho3+ are shown in Fig. 7 to help interpret the result. After
absorbing one pump photon, two ground-level Tm3+ ions can be
excited to the upper laser level 3F4 multiplet, through a very effi-
cient cross-relaxation process (3H4 + 3H6 → 3F4 + 3F4) if the doping
concentration is high enough. This mechanism can be so efficient
that at high doping density (say at least 5–8%) the lifetime of 3H4
becomes as short as a few �s and that one excited 3H4 state is
converted into two 3F4 states. The 1.9 �m laser emission occurs
via the 3F4 → 3H6 transition of Tm3+. The 3F4 level of Tm3+ is close
in energy to the Ho upper laser level 5I7. And it may transfer its
excitation to Ho 5I7 multiplet by a resonant or nonresonant energy
transfer process from which the 2.06 �m laser originates [34,35].

Fig. 8 shows the scheme of up-conversion processes of Tm3+ 3H4
level. The 3H4 multiplet can be efficiently pumped by AlGaAs laser
diodes at around 800 nm, then part of Tm3+ ions in the 3H4 level
can populate to the 3H5 level through a non-radiative relaxation.
Absorbing another pump photon, the Tm3+ is then excited to the
1G4. 1G4 multiplet could be populated through a possible process:
3H4 + 3H5 → 3H6 + 1G4. At the same time part of the Tm3+ on the 1G4
multiplet relaxes to the 3F2,3 multiplets. Tm3+ also can populated
1D2 multiplet from 3F2,3 by absorbing a pump photon. Clearly, the
up-conversion processes will bring out loss and reduce the pump-
ing efficiency. The main disadvantage of Tm3+ as a quasi-three-level
system for the 3F4 → 3H6 laser transition is the thermal population
of the terminal level, and strong pump power to meet the higher
threshold requirements. Higher ion concentration could improve
pump efficiency, but with the increase of ion concentration, con-
version loss also increases [1,23]. Thence, the laser performance
critically depends on the activation of ion concentration, operation

temperature and gain medium size, etc. Therefore, we need to find
the optimal conditions, which is our continuous research work.
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Fig. 8. The diagram of Tm3+ up-conversion process of 3H4 exciting level.

. Conclusion

Tm3+, Ho3+ singly doped and Tm3+/Ho3+ co-doped NaY(WO4)2
rystals were grown successfully by Czochralski method. The
bsorption spectra were measured at room temperature. The
road absorption band and relative high absorption cross section
round 796 nm are suitable for laser diode pumping. We calcu-
ated the stimulated emission cross sections around 2.0 �m by
he reciprocity method. The maximum emission cross sections are
.16 × 10−20 cm2 at 1.795 �m and 1.43 × 10−21 cm2 at 2.047 �m in
m- and Ho-doped NaY(WO4)2 crystals in � polarization, respec-
ively. The room temperature emission spectra were recorded. The
F4 → 3H6 (Tm3+) and 5I7 → 5I8 (Ho3+) IR transitions are broad emis-
ion bands at about 2.0 �m. Using fine powder of the crystals
or recording the decay time can efficiently decline the radiative-
rapping. The results show that these crystals may be preferable
andidates for tunable IR laser material at 1.9–2.1 �m. The Tm3+

aser performance depends on the concentration of the activating
on, operation temperature and gain medium size, etc. Therefore,
nding the optimal conditions is our continuous research work to
e carried out.
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