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Abstract ; KHo, ,Tmy i Yb, , (WO, ), laser crystal was grown by the top seeded solution growth (TSSG) method. The
absorption and fluorescent spectra of the crystal were measured, and the spectral parameters were calculated, too. The ex-
perimental results show that there is a broader absorption band at the range of 890 —1 000 nm with a full width at half max-
imum (FWHM) of 90 nm. The absorption cross section of main emission peak at 1 000 nm is 16.92 x 10 7> ¢cm®. Mean-
while, Tm** ions in the crystal have a wider absorption band at 1 690 — 1 812 nm with a FWHM of 118 nm. There-
fore, the energy transfer of Yb—>Ho, Yb—Tm, Tm—Ho can be easily achieved. The spectral strength parameters of
the crystal were calculated based on the Judd-Ofelt theory. According to the energy level diagram of Tm** |, Ho’* and
Yb’* ions, three kinds of energy transfer modes at 1 750 —2 200 nm emission were discussed. The stimulated emis-

2

sion cross section of main emission peak at 2 030 nm is 3.47 x 10 * em’®, which indicates that the crystal can be

used as an excellent laser gain medium at the range of 2 pm.

Key words: KHo, ,,Tm, o Yb, o (WO, ), laser crystal ; absorption spectrum; fluorescent spectrum; spectral parame-
ter calculation

CLC number: 0482.31 Document code: A DOI: 10.3788/fgxbh20183905. 0615

BREERS P IR BB OB M AOR S 2 Bovk 5

o', KRR, BEF, F A, xsA

(1. KEMT R IPEPRAR AR, HK KB 130022; 2. KREFTAE MRBESE TSR, FH K&  130022)

T . RIUTORRE AR (TSSG) LE K T BKAE WUB B B BE BT ( KHoy o, Tmg o Yby o (WO, ), ) HOGM A Ik
TR B W K e S T HORIE SR, SRS R R X SR ARTE 890 ~ 1 000 nm Y BRI O A TE
206 HE R 90 nm, TE T F 14 1 000 nm AR A 16.92 x 10 7 em® ; Tm’ * 7E 1 690 ~ 1 812 nm JEFEAFTER
LRSS | 2855 R 118 nm, 55 T2 Yb—Ho . Yb—Tm . Tm—Ho M EE 1436 . HRHE Judd-Ofelt B35, 144
TIZMIRGEREE S, ARYE T’ Ho® " YB " B FRBZLEL, e T 724 1 750 ~2 200 nm 6% 4109 3 Fh
A L ., BT T 32042 030 nm A2 R SRR R 3. 47 x 107 em® , BWIL BARATIER 2 wm BB
o5 OB 25

% 9 KHoyy T, o Yhy, (WO, ), HOGRE WAOBH: SOLLI il 2 R0

YR B 2017-09-05; 1£1THHA: 2017-10-24

EEWE . HHERHIREI(20160414043GH) 5 FHMEAF T+ =17 BHAHORBITEI A (2016-379) B 8)
Supported by Jilin Provincial S&T Development Plan Project of China(20160414043GH) ; The 13th Five-year S&T Research Pro-
ject of Jilin Provincial Education Department of China(2016-379)



616 K ot

C I %39 %

1 Introduction

Ho’", Tm’* ions can be commonly used as the
activation ions at the range of 2 —3 wm wavelength ,
which has the advantage of large stimulated-emission
cross-section and long fluorescence lifetime. In the
military, 2 m laser has a strong ability to penetrate
the smoke of the battlefield with good confidentiali-
ty. These two types of activation ions are suitable for
military laser ranging, laser radar and electro-optical

"4 In the medical field, 2 pm laser

jamming, etc
can perform precise excision of biological tissues
without damaging surrounding tissues, while reduc-

ing the anesthetic dosage'”’.

In addition, it can be
used to detect harmful gases such as formaldehyde
with the magnitude of 10 ", as well as carbon mon-
oxide in the environment'®’.

Tm’* ions can be often used as the sensitizing
agent of Ho’ ™ ions since Tm’ * ions have stronger ab-

+

sorption efficient than Ho’* ions at the range of 785 —
810 nm. It can achieve the energy transfer of Tm—
Ho and then improve the absorption efficiency to

1 Yb®* jons have been widely

pumping light
used as a sensitizing agent with the LD pumping
popular. The absorption peak of Yb’* ions located
near 980 nm and can be effectively coupled with
InGaAs LD. Because the energy level structure of
Yb’* ion is very simple without excitation state re-
absorption process, Yb’* can be served as the sensi-
tizing agent of Ho’*, Tm’* ions.

KYb(WO, ), is one of the self-activation laser
crystals with a double tungstates structure. In the
host of KYb(WO,),,Yb* ions have been served as
not only an integral part of the host, but also the ac-
tive ions. The absorption wavelength of KYb(WO, ), is
930 —980 nm, which can be effectively coupled with
the InGaAs LD pumping' ",
wavelength of KYb( WO, ), is in the range of 980 —

1 080 nm. Laser emission with multi-wavelength and

The laser output

tenability in this crystal can be achieved by doping
Er", Tm’*, Ho'", etc. Re: KYb(WO,), has several
merits including high doping concentration, low fluo-
rescence quenching, high conversion efficiency,

low threshold value and well stability, etc. It can

achieve all-solid-state, miniaturization and integra-
tion for lasers and widely used in the fields of hu-
man-eye safe, laser communication, medical treat-

[15-18]

ment, remote sensing, etc . In this paper, the

growth, absorption and fluorescence spectra of
KHog o, Tmg os-Yb, o (WO, ), laser crystal were inves-
tigated, and the spectral parameters of this crystal

were calculated as well.

2 Experiments

2.1 Crystal Growth
The chemicals included K,CO, (top-grade pure)
Yb,0,(99.99% ) , Ho,0,(99.9% ), Tm,0,(99.99% ),
and WO, (99.999% ). The K,W,0, was served as
solvent. They were mixed and reacted based on the
equations below ;
0.04Ho,0; +0.06Tm,0; +0.9Yb,0, + K,CO, +
4WO0,; — 2KHo, o, Tm, o Yb, (WO, ), + CO,,
(1)
K,CO, +2W0, — K,W,0, + CO,, (2)
where the mole ratio of KHo, , Tm, o Yb, o (WO, ),
to K,W,0, was 1:4. The crystal was grown by the
Top Seeded Solution Growth (TSSG) method. The
experimental equipment included a MCGE-furnace
heated by resistance wire, a platinum crucible with a
size of @60 mm x 50 mm, a Pt-Rh thermocouple,
and an AI-808P thermal controller. The mixed mate-
rials was put in a platinum crucible and fully melted
at a temperature of 80 °C above super-saturation for
24 h. The oriented crystallon was dipped at about
910 °C, and grown gradually with a rotation rate of
15 v/min, a pulling rate of 2 mm/day and a cooling
rate of 0. 05/h. After 2 weeks, the crystal was re-
moved from the crucible and cooled down to the
room temperature at a rate of 20 C/h. Finally, the
KHo, o4 Tm o6 Yby o (WO, ), laser crystal with a di-
mension of 26 mm x 11 mm X9 mm was obtained
successfully. Then the crystal sample with a dimen-
sion of 3 mm x3 mm x 1 mm was cut perpendicular-
ly to b axis for spectral measurement.
2.2 Measurement of Sample
The absorption spectrum of the crystal sample
was measured using an ultraviolet (UV) spectropho-

tometer( Model UV360, Shimadzu Company, Japan) at
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room temperature. The fluorescence spectrum of the
crystal sample was measured with an X-ray fluores-
cence spectrometer ( FLUOROLOG-3, HORIBA

Company, Japan) at room temperature.

3 Results and Discussion

3.1 Absorption Spectrum

The absorption spectrum of the crystal sample is
shown in Fig. 1. There are several absorption peaks
at 378, 421, 450, 475, 538, 625, 645, 691, 805,
890, 916, 980, 1 000, 1 190, 1 223, 1 690,
1712, 1749, 1 804, 1 812, 1 924 nm. It can be
seen that the absorption peaks at 378, 475, 805 and
1690 1 812 nm are accounting for *H,—'D, (Tm’* ) ,
*H,—'G, (Tm’* ), *H,—"H, (Tm’" ) and *H,—’F,
(Tm’* ) transitions, respectively. Meanwhile, the
absorption peaks located at 421, 450, 538, 625 -
691, 890, 916, 1 190 (1223), 1 924 nm are due
to I, —°G, (Ho’ "), °I, >G4 (Ho'* ), °I,>F,
(Ho'"), LL—F,(Ho' "), °L,—1,(Ho "), "L,—’1,
(Ho'*), ’I,—"1,(Ho’ ") ,’I,—°1, (Ho’ ") transi-
tions, respectively. The absorption peaks at 981 and
1 000 nm are attributed to °F,,,—’F,, (Yb’") tran-
sition. The full width at half maximum (FWHM) at
the range of 890 — 1 000 nm amounts to 90 nm,
which is more propitious for InGaAs LD laser pum-
ping. In this absorption spectrum, the most interest-
ing is a broader absorption band (Tm’*) at 1 690 —
1 812 nm with a FWHM of 118 nm. The effective
energy transfer of Yb—Ho, Yb—Tm, Tm—Ho can
be easily achieved to produce 2 pm around laser

due to these two broader absorption bands at 890 —
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Fig. 1  Absorption spectrum of KHo, o, Tm, o4 Yb, o (WO, ),
crystal

1 000 nm(Yb’*) and 1 690 =1 812 nm(Tm’* ) in
the crystal.

The absorption cross section o, of the crystal

abs

can be defined as formula (3)"';

[r) A
abs = N = lge . NL’ (3>

where D is the optical density, which can be calcu-

D(A)

o

lated as D =1g(1,/I) , based on absorption spectrum
measurements; I, and I represent the intensities of
incident light and emergent light, respectively; N
represents the concentration of Ho’*, Tm’* or Yb**
ions, and L represents the thickness of the sample
(L =1 mm). The absorption cross section of the
crystal at the strongest peak of 1 000 nm was calcu-
lated as 16.92 x 10 ™™ e¢m’. Tab. I lists the main ab-
sorption peaks and absorption parameters of the crystal.
Meanwhile, the spectral intensity parameters in
the crystal can be obtained based on the Judd-Ofelt
theorym'zl] as follows: £2, = 10. 24 x 10 cm?
0,=2.37x10" em’, 2, =1.43 x10 ™ em’.
Tab.1 Main absorption peaks and absorption parame-
ters of the KHo, ,, Tm, ,, Yb, ,( WO, ), crystal

b

Transition A/nm N/cm ™ U'HI,\/CmZ
"He—'D, (Tm’*) 378 2.94x10°  1.17x10°2
15— G5 (Ho ™) 421 1.96 x10°  0.92x10°%
Ty G4 (Ho'*) 450 1.96 x10%  3.38 x 102
Hg—' Gy (Tm**) 475 2.94%x10%°  2.12x10°%
g F,(Ho'*) 538 1.96 x10°  3.89 x 102
Ty F5(Ho ) 625 1.96 x10°  1.93x10°%

645 1.96 x10%®  1.95 x10 %
691 1.96 x 10 4.47 x10~%°
SHe— H, (Tm®*) 805 2.94%x10%°  3.28 x10°%
T, (Ho ) 890 1.96 x 10 5.32x10°%
31y 15 (Ho’ ) 916 1.96 x10%®  7.89 x10 %
Fs—Fs (YB*) 980 4.4x10°"  15.27x10°2
1 000 4.4x10”"  16.92x10°%
SIg— T (Ho'* ) 1190 1.96 x10%® 531 x10°2
1223 1.96 x10*°  5.46 x10~%
H—F,(Tm**) 1690 -1812 2.94%x10® 10.35x10° %
gL (Ho'*) 1924 1.96 x10%®  3.02x10 %

3.2 Fluorescence Spectrum

The fluorescence spectrum of the crystal sample
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under 980 nm pumping is shown in Fig. 2. There are
four obvious emission peaks at 950 — 1 050 nm,
1100-1 250 nm, 1 400 —1 470 nm, 1 750 -2 200
nm, which are attributed to °F,, —°F,, (Yb’" ),
Hy—'Hy (Tm’ ") & °I,—°I (Ho' "), *H,—’F,
(Tm’*), °F,—’H, (Tm**) & °I, =", (Ho’ ")
transitions, respectively. The emission line width at
1 750 =2 200 nm amounts to 250 nm, which is due
to the overlap between *F,— H,(Tm’ ") and °I,— I,
(Ho’").

as a high quality tunable laser medium at 2 pm.

It is indicated that the crystal can be used
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Fig. 2 Fluorescent spectrum at 900 —2 300 nm of the

KHoy ¢, Tmg o5 Yhy o (WO, ), crystal

The energy level diagram sketched in Fig. 3 can
describe the energy transfer among Tm’*, Yb’*,
Ho " ions in the crystal. The fluorescence emission
at 1 750 —2 200 nm is due to the following three en-
ergy transmission interaction.

(1) Energy transfer of Yb**—Tm®*

Yb’* ions can uptake quantities of pumping
light to generate °F,, —°F,, absorption transition

under 980 nm excitation. Then the energy was

transferred from *F,, (Yb'* ) to *H, (Tm’* ) and
*H,—" H, transition of Tm’* ions can be achieved.
From *Hj energy state (Tm’* ), the emission at
1700 =1 900 nm (°F,—’H,) can be obtained by
the non-radiative transition process from *H; to °F,
energy state.

(2) Energy transfer of Yb’*—Ho’*

Yb’* ions generate a ‘F,, —°F,, absorption
transition due to the 980 nm excitation. Then the en-
ergy is transferred from *F,,,(Yb’*) to °I;(Ho’*) and

+

5 5 o 3 . .
I, —"1¢ transition of Ho ™ ions can be achieved.

From °I, energy state ( Ho'* ), the emission at

1 900 -2 200 nm(°I,—’1,) can be obtained by the
non-radiative transition process from I, to °1, energy
state.

(3) Energy transfer of Tm’*—Ho’*

This efficient resonant energy transfer happens
due to the energy approximate overlap between the
F,(Tm’*) and °I, (Ho’" ) energy levels. There-
fore, the emission at 1 900 —2 200 nm (°I,—’1y)

can be achieved based on the energy transfer from

F,(Tm’*) to °L,(Ho*).
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Fig.3 Energy level diagram of Tm** , Yb’* | Ho’* ions and
emission channels.

According to the formula (4)'"!, the stimula-

ted emission cross section of main emission peak at

2 030 nm can be calculated as 3.47 x 10 ™ cm?.
AI(A
(A) (4)

o (A) = ,
SﬂTnchJ]( A)dA

em

where A represents the fluorescent wavelength (A =
2 030 nm), n refers to the refractive index (n =
2.17), c represents the light speed in the vacuum

(¢ = 3 x10° m/s), 7, is the spontaneous fluores-
cence time (7,=1.8 ms). [()\)/f]()t)d/\ can be

defined as the normalized line shape function, corre-

sponding to °I,—’I transition of Ho’* ions.
4 Conclusion

KHo, ¢, Tm, 46 Yb, o (WO, ), laser crystal with a
dimension of 26 mm x 11 mm x9 mm was grown by
the TSSG method. The testing result of absorption
spectrum shows that Yb’* ions have a wider absorp-
tion band at the range of 890 — 1 000 nm with a
FWHM of 90 nm, and Tm’ " ions have a broader ab-
sorption band at 1 690 —1 812 nm with a FWHM of
118 nm. The effective energy transfer of Yb—Ho,
Yb—Tm, Tm—Ho can be easily achieved to pro-

duce 2 pm around laser due to these two broader
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absorption bands at 890 — 1 000 nm ( Yb’*) and
1690 -1 812 nm(Tm’* ) in the crystal. The fluo-
rescent spectrum measurement result indicates that
the emission line width at 1 750 —2 200 nm amounts
to 250 nm, which is due to the overlap between
’F,—~’H,(Tm’") and °I,—’I, (Ho’* ). The spec-
tral strength parameters of the crystal were calculated
based on the Judd-Ofelt theory as follows: {2, =
10.24 x 10 *em®, £, =2.37 x10 em’, L2, =1.43 x

10 ®em’, According to the energy level diagram of
Tm’*, Ho’* and Yb’* ions, three kinds of energy
transfer modes at 1 750 —2 200 nm emission were
discussed in the crystal. The stimulated emission
cross section of main emission peak at 2 030 nm is
3.47 x 10 "® em’. Tt is indicated that KHoy, o, Tmy -
Yb, (WO, ), laser crystal can be widely used as an
excellent laser gain medium at 2 pm around wave-

length.
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