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1. Introduction

Solid state lasers are increasingly more popular because they offer decisive
advantages over classical gas lasers or dye lasers. They are made of light weight
semiconductor light sources, leading to compact, low noise and low energy
consumption devices. Depending on wavelength, cost is also expected to be
reasonable. However semiconductor lasers do not cover the entire spectrum range
and suffer from intrinsic limitations when the requirements concerning properties
such as power density, stability, beam quality or polarization become drastic.

Fiber lasers may offer an alternative in this case [1] . A rare earth doped fiber makes
the active medium and external laser sources, either laboratory lasers or laser
diodes provide pump energy. Emission wavelength depends on the rare earth and
the selected transition, while beam characteristics relates to fiber geometry and
power and output power depends on pump power and coupling efficiency.
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Figure 1. Pumping schemes for blue emission from Tm3* ions pumped at 650 nm
Non radiative transfer (NRT) occurs between close levels.

Glass host directly influences laser efficiency, for extrinsic and intrinsic reasons.
Thus, background losses are critical both at pump and emission wavelength. On the
other hand, quantum efficiency may decrease severely if multiphonon relaxation
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depopulates some level active in the excitation/emission scheme. For practical
reasons - availability and cost - infrared pumping is preferred for advanced fiber
lasers. This is achieved using up-conversion. In this well known pumping scheme,
several IR photons are required to populate the highest emitting levels. Figure 1
shows as an example two possible pumping schemes for blue emission from Tm3+
ions.

This paper will describe fluoride glass fibers developed for this purpose. These fibers
are also used for IR technologies and for optical amplification.

2. Preparation and properties of fluoride glass fibers

2.1. Basic glass composition

While numerous Heavy Metal Fluoride Glass (HMFG) compositions have been
reported so far[2] , most optical components and fibers derive from the ZBLAN glass
composition based on the association of the fluorides of zirconium, barium,
lanthanum, aluminum and sodium [3] . This standard glass is stable against
devitrification. Its main characteristics are given in table 1 with those of other fluoride
glasses for comparison.

Composition adjustments are necessary to achieve the refractive index difference
between core and cladding glass. Zirconium may be replaced by hafnium which is
chemically close to Zr but leads to a smaller refractive index. Sodium content may
vary and other cations, such as yttrium, may enter glass composition.

TABLE 1 Composition and refractive index of typical fluoride glasses

Glass COMPOSITION (mol %) nD
ZBLA 57 ZrF4, 34 BaF2, 5 LaF3, 4 AIF3 1.519
HBLA 57 HfF4, 34 BaF2, 5 LaF3, 4 AIF3 1.504
ZBLAN 53 ZrF4, 20 BaF2, 5 LaF3, 4 AlIF3, 20 NaF 1.498
ZBSFC| |60 ZrF4, 20 BaFCl, 20 SrFCI 1.542
YABC 20 YF3, 40 AIF3, 20 BaF2, 20 CaF2 1.440
1ZBS 40 InF3, 20 ZnF2, 20 SrF2, 15 BaF2, 5 CaF2 1.495
PGICZ 30 PbF2, 22 GaF3, 13 InF3, 18 CdF2, 15 ZnF2, 2 GdF3, |1.596

2.2. Fiber fabrication

Numerous Heavy Metal Fluoride Glasses have been tested and characterized as
possible fiber materials, but only a few of them may be drawn into fibers because
most samples exhibit a too large devitrification rate when they are heated at the
drawing temperature. Fluoride fibers are currently drawn from glass preforms
encompassing a core glass and a cladding glass. These preforms are manufactured
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using classical glass making processes such rod in tube or casting the core glass
inside a cladding tube [4-6] .

Fluoride glass technology is basically simple but the practical difficulty arises from
the fact that the contamination from moisture must be controlled all along the
fabrication process, including glass synthesis. This contamination makes the most
important difference with respect to silica fibers for which hydrolysis has some
influence on spectral losses but does not induce any crystallization. The maximum
concentration of water in working atmosphere must be smaller than 1 ppm at some
critical stage, while it may be much larger for other processing steps. As an example,
a fiber drawn from a fluoride glass rod will exhibit very numerous surface defects
originating from a heterogeneous phase containing oxygen. This phase also acts as
a nucleating agent enhancing glass crystallization. But its most visible influence
relates to fiber geometry - diameter is not regular - and mechanical strength. Keeping
these mechanisms under control results in fibers of high quality that can be handled
and packaged safely.

Fibers are drawn using a drawing tower that shows many similarities with classical
towers. Main parts are preform feeder, furnace, diameter monitor, coating applicator
and curing oven, capstan and drum. Drawing temperature is close to 400 °C . The
polymeric coating is often a classical epoxyacrylate resin. Fibers have been
manufactured with a very large variety of core and cladding sizes and outer
diameters. Single mode fibers with core diameter smaller than 1.2 yum are available
from LeVF.

2.3. Optical properties

The uses of the optical fibers result from their optical transmission range and their
background losses at the wavelengths of interest. The original interest of the fluoride
glass fibers was their intrinsic ultratransparency with losses much lower than those of
silica. The manufacturing technology, which encompasses starting materials, glass
synthesis, preform fabrication and fiber drawing, has been optimized and commercial
fibers are now available from several sources. Optical losses are smaller than 1
dB/m between 0.8 and 4 ym. At 2.5 ym, the attenuation of commercial fibers, either
multimode or singlemode made by LeVF is about 5 dB/km.

Absorption bands are observed at wavelengths smaller than 1 ym and around 3 pym.
They correspond to traces of transition metals and hydroxyls respectively. Main
optical losses arise from extrinsic scattering below 2.7 ym while multiphonon
absorption is predominant beyond 3 pm. Fibers made from other HMFG such as
fluoroaluminates and fluoroindates exhibit larger losses than fluorozirconates.
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3. Fluoride glass fibers for RGB lasers

3.1. Specifications

There are several requirements for the fibers used for up-conversion lasers. The first
one relates to background losses which must be as low as possible at the
wavelength of emission and also at pump wavelength. Some of the rare earth-doped
fibers from LeVF offer losses as low as 20 dB/km . A second one relates to
absorbing defects in fiber core which may lead to fiber failure at some power
threshold.

Coupling efficiency between pump diodes and fiber depends on fiber structure: core
diameter and numerical aperture must be adjusted to diode characteristics.
Mechanical strength and stability in ambient atmosphere are obvious requirements
Fibers should be single mode, but polarization may have to be controlled.
Photodarkening is observed in thulium-doped fibers for blue emission. It originates
from photoinduced defects and color centers in glass matrix. These defects are
bleached either by heating the material at a temperature close to glass transition or
photobleached by a light source of appropriate wavelength. The competition
between the photodarkening and the photobleaching processes is settled by their
relative rates.

3.2. Fiber optimization

Extrinsic losses in fluoride glasses result either from impurities in starting materials or
from processing. Therefore, control and purification of chemical reagents is a critical
issue, especially for the absorption induced by transition metals. Processing glass in
a very dry atmosphere. reduces greatly hydroxyl content . Figure 2 shows, as an
example, the spectral losses of a single mode fiber fabricated in this way.

Local defects identified as carbon or metal inclusions originating from the processing
or from organics contamination have to be carefully eliminated. The purity of the
starting materials influences not only the background losses but also the resistance
of the glass against photodarkening. This relevant defects are believed to arise from
electrons trapped in potential shafts that are often associated with impurities. In this
respect the mechanism of their formation is similar to those encountered by a glass
submitted to ionizing radiation.

Glass composition is a major point of the fiber design. Core and cladding glasses
must have the refractive index difference required for the numerical aperture (NA),
adjusted coefficients of thermal expansion and good stability against devitrification.
When photodarkening is an issue, glass should not contain lead as it may catch
electrons to form Pb+ ions. As all these features are composition dependent, it is of
utmost importance to maintain at hand a large variety of glass formulations to
respond quickly to always renewed requests.

50



1000

100 /
e 2
\\j

1 2 3 4
WAVELENGTH (micrometers)

10

OPTICAL LOSSES (dB/km )

Figure 2. Spectral loss curve of a commercial singlemode fluorozirconate glass fiber.
(from Le Verre Fluoré)

The solubility of the rare earth compounds in fluoride glasses is known to be higher
than in silica. Although doping levels in the range of 10000 ppm are quite common,
concentrations as high as 10 mol % have already been used for Er-doped fibers.
Various rare earth fluorides are used for visible emission: Er3* at 546 nm [7], Tm3*
at 480 and 455 nm [8-9] , Pr3+ at 491, 520, 605 and 635 nm [10-12] . Note that
praseodymium may generate the 3 colors red, green and blue. Co-doping with
ytterbium is a way to transfer the energy of the pump to the active ion.

3.3. Next developments

The possibility of achieving Bragg gratings in Ce-doped fluoride glass fibers has
been demonstrated. Unfortunately the absorption of cerium in the blue side of the
spectrum is too high for the RGB fiber laser. New approaches are on sight that will,
hopefully, provide unprecedented flexibility to FG fiber technology.

3.4. Future directions

Other vitreous materials may be considered for up-conversion fiber lasers. They
should comply with the same specifications as described above and offer additional
advantages. Heavy metal oxide glasses (HMOG), e.g. germanates and tellurites, are
possible candidates as they have also low phonon energy and are drawn into fibers.
By comparison to fluoride glasses, HMOG are less sensitive to the chemical action of
water, especially under laser exposure and their splicing to silica fibers is easier. On
the other hand, they have larger refractive index, higher background losses and
extrinsic defects, such as hydroxyl impurities that are more difficult to remove.
Sulphide glasses have also a potential for laser emission. However decreasing
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optical losses and defects require additional work. In addition, photodarkening could
be a problem for high output power.

4 Conclusion

Optical fibers for Blue, Green and Red emission are made from glasses doped with
rare earth ions. Fibers must be very transparent at the wavelength of pumping and
emission and free of metal and carbon inclusions. Laser efficiency usually depends
on the vibrational energy of the glass host. Fluorozirconate glass fibers meet these
requirements and have been successfully tested for this purpose. Compositions are
adjusted to minimize photodarkening and defect formation, including nucleation.
Other glasses could be developed for up-conversion fiber lasers, especially those
based on heavy metal oxides and sulphides.
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