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Abstract

A new series of 20Bi(PO3};—10Sr{PO;),—35Bak,—35MgF, doped with Yb>* is introduced for fiber and
waveguide laser applications. The stimulated emission Cross-Section ¢.m;, which was found to be 1.37 pm” at
the lasing wavelength of 996 nm, is the highest one among fluorophosphate glasses. It has been found that an
extremely high gain cocfficient of G = 1.65 ms pm* and high quantum cfficiency of 7 = 93% for 1 wt.% Yb,03
doped systems. The various concentration effects on laser performance properties including minimum pumping
intensity I, the minimum fraction of excited ions B, and the saturation pumping intensity [, are analyzed as a
function of Yb,0O5 concentration. Those results obtained in current system had advantage over some fluoropho-
sphate glasses reported.

@© 2005 Elsevier Lid. All rights reserved.
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1. Intreduction

Yh-doped laser glasses have many aitractive properties because of the small quantum defect three
times less than Nd** on the 1.06 pm transition and the broad band fluorescence spectrum compared with
Nd*™* which provides sufficient bandwidth to generate and amplify ultrashort laser pulses !1.2} In
addition, Yb™" doped laser glasses are attractive for high power lasers (o be needed for next-generation
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nuclear fusion and as a sensitizer of energy transfer for infrared to visible up-conversion and infrared
laser {3]. Therefore, host material tor solid-state laser led to the development of various Yb-doped glass
bulk laser or fiber form for lasers and ampliifiers.

Among potential active dopant host materials, fluorophosphate glasses are promising because of its
potential for hosting various rare earth dopaats [4-8]. Fluorophosphates glasses can also offer improved
optical properties, such as low non-linear refractive index, low phonon energy and high transparency
from near UV to mid-IR [9-11]. For fiber [asers, it is desirable for the emission cress-section to bhe as
large as possible in order to achieve a high gain for a short length of fiber and for compact planar
waveguide lasers or microchip lasers. Unfortunately, the reported fluorophosphate glasses have a low
emission cross-section, i.e., <0.5 x 10721 ¢m?, which is not sufficient for the diode-pumped short pulse
laser applications { 12—15]. n previous works including Nd** and Er’* doped systems, it has shown that
Yb-doped fluorophosphate glass with high stimulate emission cross-section of 0.87 pm” and extremely
high gain coefficient of 0.95 ms pm* exhibits an excellent candidate material for fiber and waveguide
lasers {16-i8]. In order to improve spectroscopic and lasing performance compared to previously
developed fluorophosphates glasses for fiber and waveguide lasers, the fluorophosphate glass are
incorporated by bismuth metaphosphate because the stimulated emission cross-section of rare earth
ions increases with the refractive indices of the hosts which might provide a broadband amplication
19,20,

In this paper, the spectroscopic properties of Yb>* activated bismuth contained fluorophosphates laser
glasses were investigated. The emission cross-section, absorption cross-section, gain coefficient,
guantum efficicncy and the minimum pumping intensity were investigated in order to assess their
capabilities of being used as fiber and waveguide lasers. And then spectroscopic and laser performance
properties Were compared with some laser host glasses reported and fluorophosphate glass previously
developed.

2. Experiment procedures and data analysis
2.1, Glass synthesis

Starting materials are from Mgl;, BaF;, Bi(POs); and Sr(P0Os); (City Chemicals) and Yb,0s
(Spectrum Materials) with 99.99%. A serics of starting materials were weighed according (0
20Bi(PO3)3—10Sr(PO4),-35BaF,-35MgF, and mixed thoroughly. The raw materials were melted in
a vitreous carbon crucible in Ar-atmosphere at 1150-1200 °C for t h. The quenched samples were
annealed at 400 “C to remove internal stress. The residual siress was examined by the polariscope
(Rudolph Instrumenis}). Samples were cut wid polished by the size of 15 mm 2 10 mm = 2 mm for
optical and spectroscopic measurements.

2.2. Spectroscopic properfy measurement

The refractive index was meagurcd with a unit of Abbhe refruciomercr (ATAGQ) al 20 °C. The
absurplion spectra were measured by Perkin-Elmer (Lambda 900) spectrometer in the range of 800-
1200 nm al room temperature. The emission spectra were obtained by (he 950 nm excitation of
Ti:sapphire laser pumped by an Ar ion laser and dispersed onto 4 monochrometeor (Oriel) and detected
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with Si pin detector {Thorlab). The spectra were amplified with a lock in amplifier (Amteck 5150). The
lifetime of the exciled state was determined with a OQ-switched Nd:YAG laser pumped by an QPO
(Continuum Surelite). The duration of the pulses was § ns. The fluorescent radiation is detected using a Si
pin photodiode (Thorlabs) via an interference filter (Edmund Scientific). The signal was collected on a
fast oscilloscope (LeCroy 9350:500 MHz) and transferred to a compuier for data analysis.

2.3, Data analysis

From the absorption spectra, the spontaneous transition probability A,  is experimentally determined
by using foliowing relationship [21],
8men(ip) 2or+1
a2 1)

At = [k().) da (0
where J' and J are the total momentum for the upper and lower levels, respectively. A, is the absorption
peak wavelength, and [ k{})dA is intcgrated absorption cross-section which is integrated with respect to
ahsarption cross-section om(l) n{A,) is the refractive index at each absorption peak wavclength which
was determined by wvsing Cauchy’s equation, n(d)=4 + Bix%. The absorption cross-section can he
oblained by using Eq. (2% [22], 1.e.

2.303 log(I, /1)
NL

where N is Yb™ ion concentration (ionfom®) and L is the thickness of the sample. There are two most
usual methods to detenuine the CIission Cross-SeCTion @em, for the 2F.—2F 0 transition of Yb" ', The vne
to vbtuin the emission cross-scetion oy Using integrated absorption cross-section [ k(A) dA was given
by the Fuchtbaver—-Landenburg Eq. (3) [22], i.e.

lpAmd 4 fk(/.\.) da
@ = (3)
Smn( p) A 3 Ahegr

(2)

Tabs =

Tami =

where A is the wavelength of the absorption peak, ¢ the speed of light in vacuum, n{4 ;) the refractive
index at emission peak wavelength and AA_g is the effective fluorescence linewidth. The latter is the
reciprocity method based on McCumber Eq. (4) [21,23],

7 Ex hea™!
Feim (A,) = Tuby (A) ‘7_| exp (ﬂ_k;f ) (4)

where Z, Z, and k are the partition funclions of the lower, upper levels and the Boltzmann’s constant,
respectively. The recipracity method may be employed for host materialy with appropriate cncrgy level
data. The zero line energy F£u, which is defined to be the energy scparation between the lowest
componcents of the upper and lower field states, s associated with the strongest peak in absorption spectra
of Y Tn the high tempcraturt. limit, the rario of Z/7; becowes the degeneracy weighting of the {wo
states corresponding to the me Fsp, transition [21]. Since the ratio of Z/4, does not change
distinctively with respect to various glass materials, thus the value of #4/Z, has been 4/3 at room
temperature 24
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In order to assess the potential of the real Yh™ doped glass as a laser material, scveral imporiant
parameters such as the minimum pumping intensity /yin, the minimum fraction of excited ions £, and
the saturation pumping intensity {, should be determined. The minimum absorbed pumping intensity
Iimin» Which is required for the transparency (o be achieved at the lasing wavelength A, is calculated by the
following Eqgs. (5} and (6} [25],

Tin = ﬁmjn X Isat (5)
and B, is given by
Taps(o) { Z [(EZI — heag!) } }“‘
win = ' - — 4 1+ oexp| —r——t (6)
A Gemi(Ao) + oans(q) z, kr

In Eq. (6), FuwlAo) and TomlAe) represent the ahsorptinn and the emission crogg-gection at the lusing
wavelength Ag.

he

‘}l‘p TiTyhs (A-p)

I sat — (7)
where A, and 77 represent the cxcitation wavelength and the fluorescence lifetimes after fitting the
measured values to the first order exponentials, and ogne(A,) is the absorption cross-section at the
absorption wavelength.

The gain coefficient G (oap(A,) X T X Gomi) i8 closely Telated fo the product of absorption cross-
section o, (A,), e1ission cross-scction om and Hocrescence lifetime 7y as below (261

r=Nx 'Ep x Uulu(""p} T X Con (xsahh("\‘p) X Geml X Tr (8)

where N, Ej are Lhe rare earth dopant concentration and pump energy independent of host, respectively.
Therefore, the gain coefficient (7 is propartional 10 GapdAp) X gy X Ty The product of absorption cross-
seclivn o4.(A) and fluorescence liferime 7; is proportion to the stored energy and the one of emission
crass-section o, and fluorescenee hictime 7 18 propottion 1o axXtraction efficieney. The higher etored
energy and extraction ¢lliciency gives bemet potentials for laser host materials. It, theretore, has been
suggested thal the laser glass shouid have high gain coeflicient G for laser applications.

3. Results and discussion
3.1. Dependence of spectrascopic properties on Yh;03 concentration

Fig. | shows the emission and absorption spectra of Yb** in fluorophosphate glass doped with 1.5 wt.
Yb,0s5. The center peak of absorption of the iR 2p—F s> transition, which corresponds to the energy
separation of the lowest crystal ficld components of the ground and excited state, is located at 977 nm and
the peaks of cmission bands are located at 997 nm. Table | lists some of the spectroscopic properties; the
absorption Cross-section og,(A,), the emission cross-section, the spontaneous transition probability A, .
radiative lifetime 1,4, and fignre of merits 77 X g.y;. As shown in Table 1, the absorption cross-section
FapslAp) at zcro line absorption peak and spontaneous transition probability Ar.a of to the 2Fm—"Fsp
transition cxhibit o maximum at [ wt, Ybs(3; and then shorten with an increase in YboQU5 concentration.
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Vig 1. Absotption and emission spectra of Yb** in the uew fuoiophosphate glass duped with 1.5 wi, Yb,0;.

In addition, the fluorescence lifetime 7 of Yb>* from upper laser level linearly shorlens from (.66 to
0.41 ms, which indicates that the quenching effect of lifetime 77 0f Yb™* exists with an increase in Yho(33
concentration. But the radiative lifetime determined by the spontaneous transition probabilily A
tncreases trom (.71 to 1.2 ms as Yb,Os concentration increase up to 3 wt.

3.2. The relarionship between the integrated absorption cross-section [ o, dh and emission cross-
SECION T oy

The relationship between the integrated absorption cross-section [ @ap, dA and emission eross-secrion
Femi [or YB** doped fluorophosphates glasses is shown in Fir 2. As shown in Eq. (5) above, the emission
CIOSN-SCCHON (o I8 Closely relaled (o the integrated absorption cross-section [ o, di. Lincarily
between them is observed in Fig. 2, which indicates that the emission cross-section @, strongly
depends on integraled absorption cross-section [ oaps d. Emission cross-section ¢y obtained through
Fuchtbauer—Ladernburg method is to be asscssed again for the reasonableness by using reciprocity
method i.c. (4). The discrepancies between two values of emission cross-section are found to be below
10%. which shows that both methods are effective and appropriate for the determination of emission
CTORS-SECHON Tom;.

Table 1
Varjation of spectroscopic properties of Yb** doped bismuth contained fluorophosphate glasses as a function of YbyOs
concentration

Y0203 (wt.} Refractive index (mp)  Oupulip) (M5 Apa (570 Tog (M8 G (Ro) (pM?) 7: (M8) 74 X Ay, (ms pm>)

t 1.6532 177 1406 0.71 1.39 0.66 0.93
L5 1.6539 1.24 1149 .87 1.25 0.59 0.75
2 1.6542 1.46 953 1.05 0.97 05 0.49
3 1.654% 1.39 832 1.20 0.72 0.41 0.29
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Fig. 2. Relationship between the integrated absorpiion cross-section (f by d?x) and the emission cross-section (Gem).

3.3. The variation of the integrated absvrption cross-section f Oabs dA and effective linewidth AX .y

Fig. 3 shows the variation of the integrated absorption cross-section [ @, dA and effective linewidth
Al as a function of Yb,O; concentration. The emission cross-section a ;. Which is determined by the
Fuchtbaver—Ladernburg method at 996 nm, monotonically decreases with an lacreasc in Yha(s
conceniration. Based on the Fuchtbauer-Ladernburg mcthod, the emisrion cross-section og,; is
detenmined by (he integrated absorption cross-section f o A and clfective linewidth Alg. According
to relationghip between the integrated absorption cross-section [ oans JA and cmission cross-section Ggp;
in Fig. 2, it is evident that the increase of integrated absorption cross-section | oabs(Ap) glves Tise (0 an
increase in the emission cross-section oy, as shown in Fig. 3. On the other hand, the lincar increase in the
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Fig. 3. Tnicgrated absorption cross-section ([ oan dk) and effective linewidih (Al g) 85 a function of Yby0; concentration;
Lines are drawn as a guide for cyes,
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effective linewidth A).¢ leads to a decrease in the emission cross-section o..; as Yb™" conceniration
increases. Consequently, the counterbatance of Lwo effecls belween integrated absorption cross-section
| Oans di and the effective linewidth A) g leads emission cross-section o, to slightly decrease with an
increase in Yb,O; concentration.

3.4. Concentration effects on laser performance properties

The various concentration effects on laser performance properties incluoding minimum pumping
intensity I, the minimum fraction of excited ions f.:, and the saturation pumping intensity I, are
explained as Yb,0j concentration increases. Fig. 4 shows the relationship of the product of absorption
cross-section and fluorescence lifetime oy,(Ap) X 7p and saturation pumping inensity /i, ous(Ap} X Tt
almost exponentially decreases from 1.17 to (1.57 ms pm?‘ and saturation pumping intensity [, increases
from 17.06 to 34.98 kW/cm® with an increase in Yb,Os concentration. When Oaps(Ap) X T¢ becomes
lower, the saturation pumping intensity /;,; increases with an increase in Yby(5 concentration, which is
consistent with Eq. (7). In other world, it is desirable for the saturation pumping intensity I, tobe as low
as possible to minimize the minimum pumping intensity Iy, since the emission cross-section Omi(A) is
proportional 10 g (A,) as shown in Eq. (4). Incidentally, the minimum fraction of excited ions (frp)

Table 2
Vasiation of laser performance properties of Yb®" doped bismuth contained finorophosphate glasses as a tunction of
Y b.0 concentrution

YhaoOy (WL%) Brain Loy (KWiem®) i (KW/iem®) G (ms pm*)
! 0.21 17.3 3.7 1.65
1.5 0.21 i) 5.8 1.y4
2 0.21 27 6.0 0.72

3 .21 31 6.9 .42
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Table 3

Comparisons of spectroscopic properties with some fluorophosphate glasses with high fluorine

Host glasses Ty Ag (M) oups (Ao) (pmz) Gemi (1) (pmz) Tp (M8) Ty X Oppy (M8 pm*)  References
FP? 1.5 1020 0.43 (M 0.5 12 0.6 N

FP ~1.5 970 (A 0.2 1.3 .26 1=

FP15 1472 jLE - 049 1.6 0.78

MBEA 15476 976 0.29 0.87 0.65 .57 Pioy
Fluorophosphate 16229 977 031 1.39 .66 0.93 Current work

does not change very much with increasing Yb,03 concentration. It is thus apparent for minimum
pumpmg 1ntens1ty Imie closely to be proportion fo saturation pumping mtensny 1. following Eq. (75

Tubic ” shows the variation of the minimum pump intensity /,;, and gain coefficient 7 as a function of
Yb,04 concentration. Gain coefficient , i.e. the stored energy and extraction efficiency, falls from 1.65
to 0.42 ms pm* and minimum pump intensity /., which shows the ease of pumping the material to
achieve laser action, dramatically rise from 3.7 t0 6.9 k¥W/em? with an increase in Yh,0; cancentration.
The gain coefficient (7 is entirely used to evaluate the laser performance 1n terms of stored energy and
extraction efficiency. It is apparent that the decreasc of the gain coctficient & results from the decrease of
the absorption cross-section upe(Ap), €Mission cross-section g and the fluvrescence hfcume e with an
increase in Yb,O5 concentration. In this glass system, the concentration quenching of Yb™ is observed
but the vaiue of gain coefficient & 1s still much higher than cver among fAuorophosphates glass cven al
high concentration of YbM (141 The overall COMPArisons on qpectrmcnpic and laser perfurmance
properties in (luorophosphate gldbbﬂb with high Nuorine are listed in {u6te 3 The incorporalion of
bismuth phosphate leads to increase absorption cross-section, emission cross-section and figure of merit
in the same concentration of Yb,O,.

4. Conclusions

A new series ol 20Bi(PO5)5—1081(PO5);-35BaF,-35MgF, slasses doped with Yb*' has successfully
been developed. A systematic investigalion of speeiroscopic properies [rom the absorption and emission
spectra has been performed as a function of Yb,(»; concentration. The best laser performance is found in
the fluorophosphate glass doped with 1 wt. Yb,O3. The emission cross-section oy, which was found to
be 1.37 pm” at the lasing wavelength of 997 nm, is the highest one among fluorophosphate glasscs to our
knowledge. It has bean found that an extremely high gain coefticient of G =1.65 ms pm4 and high
quanium cificiency of n = 93%. Those resulls obiained in current systern had advantage over some
fluorophosphate glasses reported, which implics that the current YB' activated 20Bi(PO3)s—
108r(PO3),-35BaF,—35MgF, glass is an excellent candidate material for fiber and waveguide lasers.
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