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Abstract

A new series of 0.4MgF;-0.4BaF;-0.1A(PO; ;- 0.1Ba(PO;); glasses doped with Y is introduced for fiber and waveguide laser appli-
cations, Spectroscopic properties including emission cross-section and lifetime and optical properties inctuding refractive index, nonlinear
refractive index, and Abbe number are reported as a function of Y, O; concentration. The refractive index sy is linearly dependent on Yh; 04
concentration, while the nonlinear refractive index, 7, = 1.42 x 107" esu, which is independent of Yb,0s concentration, is extremely smail,
In addition, the Abbe number is remarkably high, >65, and is also independent of Yb, O; concentration. To our knowledge, the emission cross-
seCtion Gemi, Which was found to be ~0.87 pm? at the lasing wavelength of 996 nm, is the highest one among fluorophosphate glasses. This
glass exhibits an extremely high gain coefficient, =095 ms pm®. and high quantum efficiency of 7=94%. The combination of outstanding
spectroscopic (high emission cross-section and gain coefficient) and optical (low dispersion and small nonlinear refractive index) properties

demonstrates that the current Yb™* activated fluorophosphate glass is an excellent candidate material for fiber and waveguide lasers.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Recent innovations in special photonic glasses and fibers
are pushing fiber lasers to the forefront of solid-state laser
applications and consequently an on-going reshaping of the
laser industry [1]. Glasses doped with rare earth ions are the
material foundation for fiber lasers and amplifiers. Among
rare carth ions, Yb** jon is important for diede pumped solid-
state lasers because of its simple 2Fsp—2Fy transition |2].
Yb3* doped laser glasses ave atiractive for high power lasers
to be nesded for next-generation nuciear fusion and as a sen-
sitizer of energy transfer for infrared to visible up-conversion
and infrared laser [3].

Among potential active dopant host materials, fluorophos-
phate glasses are promising because of its potential for
hosting various rare earth dopants [4—9]. Fluorephosphates
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glasses can also offer improved optical properties, such
as low nonlinear refractive index, low phonon energy, and
high transparency from near UV to mid-IR {10-12]. For
fiber lasers, it is desirable for the emission cross-section
(&emi) to be 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. The fluorescence
lifetime (tr) is also desired to be as long as possible in order
to permit a greater pulsed power. Unfortunately, the reported
flucrophosphate glasses have a low emission cross-section,
i.e., <0.5 pm?, which is not sufficient for the diode-pumped
short pulse laser applications [13-15]. In order to improve
cmission cross-section, the addition of various network
formers and the variation of chemical compositions have
been performed, which could change the asymmetry of Yh™*
and the covalence between YB*' and ligand [16).

The purpose of this work is to introduce the novel alkali-
free fluorophosphate giass with a high gain for fiber and
waveguide laser applications. A systematic investigation of
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dependence of Yb** concentration on the optical and spec-
troscopic propertics is performed. The optical properties in-
cluding refractive index (#), dispersion, 1.e., Abbe number
{vy) are determined. The absorption and emission specira for
Yb**-doped fluorophosphate glasses are measured in order
1o assess their capabilities of being used as fiber and waveg-
uide lasers. Gain coefficient (), the quantum efficiency (n)
and the minimum pumping intensity (/min) are determined
to find the optimized concentration and to evaluate the laser
performance.

2. Experiment procedure
2.1. Glass synthesis

Starting materials are from MgF,, BaF;, AIl(POs3);
and Ba(P0Os); (City Chemicals) and YbzOs (Spectrum
Materials) with a purity of above 99.99%. A se-
ries of stariing materials were weighed according to
0.4MgF»—0.4BaF;-0.1AI(PO3);—0.1Ba(PO3); gilasses on
0.1% accuracy and mixed thoroughly. The mixed raw ma-
tenials were melted in a vitreous carbon crucible in Ar-
atmosphere at 1200-1250°C for 1 h. The quenched sam-
ples were annealed at 410°C for 20h to remove internal
stress. The residual stress was examined by the polariscope
{Rudolph Instruments). Samples were cut and polished by the
size of 15 mm x 10mm % 2 mm for optical and spectroscopic
measurements.

2.2. Spectroscopic property measurement

The refractive index (np, n7r and n¢) was measured with
a unit of Abbe refractometer (ATAGO) at 20 °C at the wave-
length of 486.1, 589, and 656.3 nm, respectively. The ab-
sorption spectra were measured by Perkin-Elmer (Lambda
900} spectrometer in the range of 800-1200nm at room
temperature. The emission spectra, stimulated by 950 nm
Ti—sapphire laser excited by Ar-laser, were focused onto a
monochromator with a 1200 line/mm grating at room tem-
perature. The fluorescence spectra are then recorded over
the range 800-1200nm using a monochromator (Oriel)
and a Si pin detector (Thorlabs). The laser radiation inci-
dent to the sample was passed through an optical chopper
(Stanford Research) enabling the use of a lock-in ampli-
fier (Ametek 5105) to recover and amplify the electronic
signal from the detecior. The lifetime of the excited state
was determined with a Q-switched Nd~YAG laser pump-
ing an OPO (Continwum Surelite). The duration of the
pulses was 5ns. The fluorescent radiation is detected us-
ing a Si pin photodiode (Thorlabs) via an interference fil-
ter (Edmund Scientific). The signal was amplificd with a
recorded with a fast oscilloscope (LeCroy 9350) and trans-
ferred to a computer, where it is fitted to an exponen-
tial,

3. Data analysis
3.1, Optical properties

Optical dispersion of optical glasses is normally repre-
sented by the Abbe number (v4) by the following relation-
ship:

Vg = 1 1)

ng —ne

whete np, #r, and ne are the refractive indices at the D, C
and F spectral lines. Refractive index () consists of linear
refractive index (#4) and non-linear refractive index (n;) in
electromagnetic intensity (/), i.e., n=rng +n1. The nonlinear
refractive index (#2) units can be determined by the following
relationship [17]:

K(ng — 1Xn2 —2)°
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where ¢ and #, are the speed of light and linear refractive
index, respectively. The value of X is an empirical factor that
might be constant; 70 x 1073 esu for fluoride glasses [17].
In this work, K of 70 x 10713 esu was used to estimate m,
because major compositions are mostly composed of (Mg,
Ba)F,.

3.2. Spectroscopic properties

From the absorption specira, the spontaneous transition
probability (4r) is experimentally determined by using {ol-
lowing relationship [18]:

8men(A, P + 1)
Am = T
AReI+1

k()) dA 3)

where.J and.f are the total momentum for the upper and lower
levels, respectively, iy, the absorption peak wavelength, ()
the absorption coefficient at the absorption wavelength X, and
n{Ap) is the refractive index at each absorption peak wave-
length which was determined by using Cauchy’s equation,
n(x)= A+ B/A?. The absorption cross-section can be obtained
by using Eq. (4} [19}, L.e.,

S 2.303 ]l\t;f(lo/l) @
where A is the Yb** ion concentration (ion/em?®) and L is
the thickness of the sample. There are two most usual meth-
ods to determine the emission cross-section (&em;) for the
2Fg5—2Fq5 ansition of Yb>'. The one to obtain the emis-
$101 Cross-section (o) using integrated absorption cross-
section ( f k(A) dA) was given by the Fuchtbaner-Landenburg
Eq. (5)[19),ie.,
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Bren(Ap) Adegr 3A%ey

&)

Gem



JH. Choi et al. / Journal of Allays and Compounds 396 (2005) 79-63 31

where A, is the wavelength of the absorption peak, ¢ the speed
of light in vacuum, s(Ap) the refractive index at emission peak
wavelength, and Al is effective fluorescence linewidth.
The latter is the reciprocity method based on McCumber (6)
[18.20],

-1
Ez — hek ) 6)

kT

where 7, 7, and % are the partition functions of the lower,
upper levels, and the Boltzmann’s constant, respectively. The
reciprocity method may be employed for host materials with
appropriate energy level data. The zero line energy Ez;, which
is defined to be the energy separation between the lowest
components of the upper and lower field states, is associated
with the strongest peak in absorption spectra of Yb**. In
the high temperature limit, the ratio of Z/7, becomes the
degeneracy weighting of the two states corresponding to the
2F4,—2Fss; transition {18). Since the ratio of Z;/Z, does not
change distinctively with respect to various glass materials,
thus the value of Z/7,, has been 4/3 at room temperature (21].

yA
‘Temi()“) = Uabs(;\-)?l cxp (
u

3.3. Laser parameters

In order to assess the potential of the real Yb>* doped glass
as a laser material, several important parameters such as the
minimum punping intensity (fyip), the minimum fraction
of excited ions {Buyi,) and the saturation pumping intensity
(Isat) should be determined. The minimum absorbed pumping
intensity (7pin). which is required for the transparency to be
achieved at the lasing wavelength (Ag), is calculated by the
following Eqs. {7) and (¥) [22],

Fuin = Brin X Tsnt )
and PByin is given by
o Taps{Ao)
Brwin = FemilAo)} + Tabs(ho)
-1
_ Z (Ez) — hcig!) .
{I—i—zuexp[———————kT ]] (8)

In Eq. (8), ans{Ao) and aemif{ o) represent the absorption
and the emission cross-section at the lasing wavelength (Ap),

_ he
lpffaubs(lp)

where A, and 7; represent the excitation wavelength and the
fluorescence lifetimes after fitting the measured values to the
first order exponentials, and oaps(Ap) Is the absorption cross-
section at the absorption wavelength.

The gain coefficient (G, oups(Ap) % T X Oeni) s closely
related 1o the product of absorption cross-section oans(Ap).
emission cross-section {0y} and fluorescence lifetime (15)
as below [23]:

G = N* X Oemi §l)

®

Isat

N™ = N x Ep % Gas(hp) X I (11)

G = Nx Epx Uabs(kp) X Tf X Oemi O ObslAp) X Temi Tt
(12)

where N, N, E, are the inversion population number, rare
earth dopant concentration, and pump energy independent
of host, respectively. Therefore, the gain coefficient (G) is
proportional 10 ¢gps(Ap) X Temi % Tr. The product of absorp-
tion cross-section oaps{Ap) and fluorescence lifetime (7y) is
proportional to the stored energy and one of the emission
cross-section {arem; } and fluorescence lifetime (z¢) is propor-
tional to extraction efficiency. The higher stored energy and
cxtraction efficiency gives better potentials for laser host ma-
terials. It, therefore, has been suggested that the laser glass
should have high gain coeflicient {G) for laser applications.

4. Results

4.1. Ontical properties

Fig. | shows the wavelength dependence of refrac-
tive index for Yb**-doped 0.4MgF;-0.4BaF;-0.1 A PO; )5—
0.1Ba(POs ), flucrophosphate glasses. It is observed that the
refractive index increases as Yba O3 with high atomic weight
increases, but the refractive index decreases as the wavelength
of speciral line increases from 486 to 589 and 656 nm.

The dopant concentration dependence for both nonlinear
refractive index (m;) and Abbe number {v4) are presented
in Fig, 2. Abbe number (vq) can be used to classify op-
tical glasses and to indicate the degree of light dispersion.
Abbe number (ug) for the undoped fluorophosphate glass is
68.27. For Yb*"-doped fluorophosphate glasses, Abbe num-
bers slightly decrease to 65.31, but it remains constant arcund
65.31-67.5. Nonlincar refractive index (m) for the undoped
fluorophosphate glass, which is theoretically calculated us-
ing Eq. (7), is found to be 13308 x 10r-"Besu and then
slightly increases to 1.4244 » 10~ esu at | wi% YbzOs.
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Fig. 1. Dependence of reftactive index on Ybz03 concentration,
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Fig.3. Absorption and emission spectra of Yb** in the new fluoraphosphates
glass doped with 4 wit% Yby 0.

The overall nonlinear refractive index (#2) still remains be-
tween 1.3308 x 107!2 and 1.4254 x 10!® esu which is one
order smaller than oxide glasses [24].

4.2. Spectroscopic properties

Fig. 3 shows the emission and absorption spectra of Yb¥t
in fluorophosphate glass doped with 3 wt% Yb2Os. The cen-
ter peak of absorption of the 2Fy;; — 2Fss (ransition is lo-
cated at 976 nm and the peaks of emission bands are located
at 977 and 996 nm. Table | lists some of the spectroscopic
properties of Yb** -doped fluorophosphate glasses at room

temperature as a function of YbyO; concentration. As shown
in Tahle 1, there is a systematic variation with Ybz O3 concen-
teation. The absorption cross-section (gups(Ap)), the emission
Cross-section (& emi{ Ap)) and the spontaneous transition prob-
ability (dmq) and tluorescence effective linewidth (Algg)
increase with an increase in YbyO; conceniration. Radia-
tive lifetime (Tr5q) caleulated from the spontaneous transition
probability (A.4) and quantum efficiency () shows the linear
ncrease.

4.3. Laser properties

Fig. 6 shows the relationship product of absorpiion
cross-section and fluorescence lifetime (oaps(Ap) x Tr) and
saturation pumping intensity (Za). The various concen-
trativn effects on laser performance properties including
minimum pumping intensity (Jipin), the minimum fraction
of excited ions {Buiy} and the saturation pumping intensity
(fsa) are explained as YbyO3 conceniration increases.
The product of absorption cross-section and fluorescence
lifetime (oaps(Ap) % 7¢) almost linearly decreases from
1.43 to 0.69 ms pm® and saturation pumping intensity (/sa()
increases from 18.12 to 37.7 kW/cm? with increasing Yb,Os
concentration.

Fig. 7 shows the variation of the minimum pump intensity
(Imin) and gain coeflicient (G} as a function of Yb(O3 con-
centration. Gain coefficient (G), i.e., the stored cnergy and
extraction efficiency, linearly falls from 9.6 to 0.25 mspm*
and minimum pump intensity (fmin), which shows the zase
of pumping the material to achicve laser action, dramatically
rise from 3.1 to 8.15 kW/cm? with increasing Yb,0s3.

5. Discussion
3. 1. Linear and nonlinear refractive index

The wavelength dependence of refractive index for
Yb3*-doped 0.4MgF,—0.4BaF,—0.1A1(PO:);—0.1Ba(PO3),
fluorophosphate glasses are shown in Fig. 1. The refrac-
tive index of a glass is mainly dependent on individual
polarizabiliies of cafion ions and the concentration of
cation per unil volume. The refractive index, generally, also
increases with increasing size of cation [25]. Considering
that the host materials in this work are fixed and mainly
composed of 0.4MgF2—0.4BaF,—0.1 Al(PO3)3-0.1Ba(P0O3);

Table 1

Speciroscopic properties of Yb* -doped fluorophosphate glasses at room temperature as a function of YbzOs concentration

¥hyOs (wi%h) ng Az (oo sabs{Ap} {Pm?) Ara (sec™1) aemitho) (pm?) Al (nm) Trut {m5) n (%)
1 1.5476 a76 1.643 1456 0.87 84.42 0.65 04

2 1.5486 976 1.606 1259 .74 85.69 0.79 73

3 1.549¢ 976 1.511 1239 .69 85,50 U.84 35

4 1.551¢ 976 1.457 991 0.51 §7.38 .12 16

5 1.5549 976 1.470 833 0.47 88,88 1.2 29
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flucrophosphate, the refractive index is to be mainly deter-
mined by the concentration of Yb3* per unit volume. The
increase of refractive index in these glass systems is mainly
attributed o Yb, (3 with high ionic polarizability. A work
related to the dependence of linear refractive index on the
several rare earth dopants and their concentration will be
discussed in detail in previous work using molar volume
(Vin) and molar refractivity (Rp) [26].

Generally, there is an inverse relationship between the
Abbe number and refractive index in optical glasses. In other
words, the glass with high refractive index is supposed to
have relatively low Abbe number, i.e., a high dispersion. It
is remarkable that, Fig, 2 shows that the refractive index in-
creases linearly with the concentration of Yhy(); but vg do
not noticeably decline with increasing Yb O3 concentration.
In comparing with other fluorophosphate glasses with vg be-
ing in the range of 45-75 [27], they remain to be almost
consiant in the range of 65.31—67.5. 1t indicates that the dis-
persion is still low and not significantly affected by Yb,03
concentration. It is due to the fact that the dependence of
partial dispersion (ny — nc) and rp on wavclength is almost
that same, i.e., the varying ratio of refractive index accord-
ing to wavelength is not significantly different with Ybo O3
concentration.

The knowledge of low nonlinear refractive index (1) is
required for laser applications to prevent spatial intensity
fluctuations in the wavefront and self-focusing which fead
to damage of optical components [28], Nonlinear refractive
index (#2) can be also mainly affected by the refractive
index or polarizability of the glass constttuents. Nonlinear
refractive index (m) is inversely dependent on vy, and
exponentially ingreases with mg as shown iIn Eg. {(2). It
increases up to 1.424 x 1073 esy at 1 wi% YhyOs, and
then slightly decreases as YhaO3 concentration increases.
While the increase of refractive index (ny) linearly increases
due to an increase of YbyO, conceniration, it is interesting
that nonlinear refractive index (n2) remains constant as vy
decreases. Consequently, the nonlmear refractive index (m)
is found to be not strongly affected by its concentration.

5.2. Relationship between the integrated absorption
cross-section | f Ouhs A} and emission cross-section
{Fomi}

The relationship between the integrated absorption cross-
section ([ ouhsdi) and emission cross-section (gemi} for
Yh¥* doped fluorophosphates giasses is shown in Fig. 4.
As shown in Eq. (5) above, the emission cross-section
{¢Femi) is closely retated to the integrated absoerption cross-
section ([ oupsdi). Linearity between them is obscrved
in Fig. 4, which indicates that the emission cross-section
{oemi) strongly depends on integrated absorption cross-
section { f oups d2). Iimission cross-section (@ey;) obtained
through Fuchtbauer—Ladernburg method is to be assessed
again for the reasonableness by using reciprocity method i.e.,
Eq. (6). The discrepancies between two values of emission
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Fig. 4. Relationship between the integrated absorption cross-section
(0ahs (Ap )} and the emission cross-section.

cross-scction are found fo be below 15%., which shows that
hoth methods are effective and appropriate for the determi-
nation of emission cross-section {Tem; ).

5.3. Dependence of speciroscopic properties on Yb'*
conceniration

The absorption spectra are normalized from the optical
density by the sample thickness and also Yb3* concentration.
As shown in Table 1, the absorption cross-section (gaps(A,))
at zero line absorption peak and spontaneous transition proba-
bility (4a) of the 2F7/,—2Fs- transition exhibit a maximmum
at 1 wit% Ybhz(J3 and then monotonically decrease with an in-
ercase in Yz 03 eoncentration. The fluorescence lifetime{1y)
of Yb** from upper laser level linearly shortens from .67 to
0.36ms with an increase from 1 to 5 wt% Yh, Q3 concentra-
tion, which indicates that the quenching effect of lifetime (z7¢)
of Yb** exists. It is obvious that quenching effect of Yb*' ion
in this system exist. The maximal intensity of fluorescence at
4 wt% was observed and then lessened gradually. The concen-
tration quenching above 4 wi% Yby O3 might be due to energy
migration between Yb** jons and energy transfer to certain
impurities. The mechanism on quenching of Yb** ions in this
system will be discussed in another work. Table 2 lists some
of the spectroscopic properties; the absorption cross-section
(7abs(Ao)), Auorescence lifetime (z5) and the figure of merit
{Tf % @pmi} With some reported glasses. The figure of merit
present that the luorophosphate glasses has an advantage
over some fluvrophosphate based glasses.

Fig. 5 shows the variation of the integrated absorption
coeflicient ( [ &(A)d)) and effective linewidth (Al.s) us a
function of Yb;0; concentration., The emission cross-section
{0emi} which is determined by the Fuchtbauer- Lademnburg
method at 996 nm, monotonically decreases with increasing
Yb'' concentration. Bascd on the Fuchtbauer-Ladernburg
method, the emission cross-section (oem ) 15 determined by
the integrated absorption eross-section ([ kdA) and effec-
tive linewidth (AAqr). According to relationship berween the
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Table 2

Comparisons of spectroscopic propertics compared with some fluorophosphiate glasses wath high fivorne

Host glasses ng gy {nm)y Tans(Ao) (pmP) TemilAp) (pmE) 75 (ms) 1 ¥ Sem (S pm?) Reference
Fp® =15 1020 0.43 (p) 0.5 1.2 0.6 [14]

FP 1.5 970 04 0.2 1.3 0.26 115}

FP15 1.472 1001 - 0.49 1.6 0.78 127]
Current systemt Yh-0 1wils 15476 978 0.29 .87 0.65 0.57 This work

integrated absorption cross-section (| o,ps dA) and emission
eross-section (@) in Fig. 4, it is evident that the increase of
integrated absorption coefficient ( [ k d1} gives rise to an in-
crease in the emission cross-section {¢em; ). On the other hand,
the effective linewidth (A A.g) is the slight increase in the ef-
fective linewidth (AJ.s) leads to a decrease in the emission
Cross-section (Gem;) as YB** concentration increases. Conse-
quently, the counterhalance of two effects between integrated
absorption cross-section ([ k di) and the effective linewidth
{AAer) leads emission cross-section (gemi ) NOt to a noticeable
decreasing with an increase in Ybz(O3 concentration.

J.4. Laser paramelters

Relationship between the product of the absorption cross-
section and fluorescence lifetime (o4p.(Ap,) x Tr) and satura-
tion pumping intensity (fg) is shown in Fig. 6 as a function
of Yb;03 concentration. When the product of the absorption
cross-section and fluorescence lifetime (Gaue(Ap) % Tr) be-
comes lower, the saturation pumping intensity (fg) linearly
wncreases along with increasing YboOj3, which is consistent
with Eq. (%), In other words, il is desirable for the saturation
pumping intensity (fone) to be as low as possible to mini-
mize the minimum pumping intensity (£} since the emis-
siof cross-section (oemi{Ap)) is proportional 1o {@ans{Ap)) as
shown in Egq. (6). Incidentally, the minimum fraction of ex-
cited ions (B;,) does not change very much with increas-
ing YhoOs concentration. It is, thus, apparent for minimum

20 1
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Yb,0, dopant concentration {wi%)

Fig. 5. Integrated absorption cross-scetion { f & di) and effective linewidth
{Aden) 23 a function of Y03 concentration. Lines are drawn as a guide
for cyes.

pumping intensity (7piq) closely to be proportional to satura-
tion pumping intensity (/u..) following Eq. (7).

Dependence of the gain coefficient (G} and the minimum
pump intensity (/min) on YboOs3 concendration is shown in
Fig. 7. The gain coefficient (G} is entirely used to evajuate
the laser performance in terms of stored energy and extraction
efficiency. 11 is apparent that the exponential decrease of the
gain coefficient {G) results from the decrease of the absorp-
tion cross-section (oans{Ap)), emission cross-section (em;)

=
8
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s N L X N L
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os o function of Yb; O3 concentration. Lincs are drawn aa a puide for eyes.
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and the fluorescence lifetime (tf) with an increase of Yba O
concentration. In this glass system, the concentration quench-
ing of Yb** is observed, but the value of gain coefficient (G)
has also some advantages over some fluorophosphate glasses
{29].

6. Conclusions

A new series of 04MgF,-04BaF;-0.1A1(PO3)—
0.1Ba(PO3), glasses doped with Yb*" has successfully
been developed. A systematic investigation of optical
preperties including refractive index (x), Abbe number (vq)
and nonlinear refractive index {(n2) have been performed
as a function of Yby0Oi concentration. The best laser
performance is found in the fluorophosphate glass doped
with 1 wt% Y03, i.e., 1.265 x 1027 jons/cm’. The lifetime
{t¢) is found to be 0.67 ms. The low dispersion of vq =65.3
and low nonlinear refractive index of 7 =142 x 10~ ¥ esu
are obtained. This system exhibits a high gain coefficient of
G=0.95mspm* and a high quantum efliciency of =94%.
The favorable combination of outstanding spectroscopic
and optical demonstrates that the current Yb3* activated
fluorophosphate glass is an excelient candidate material for
fiber and waveguide lasers.
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