
4'074

Pr3÷ -doped fluoride glass for a 589 nm fibre laser

University of Leeds
Principal investigator: Dr Animesh Jha

Final Report
1 July 1998 - 31 December 1998

EOARD Ref: F61775-98-WE113
University of Leeds Ref: 10953 I Grant No. 441270

see also our Intermediate Report submitted 28 September 1998

____~1 VQPjq- o~ Aý~ 2



REPORT DOCUMENTATION PAGE Form Approved OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson

Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

31 December 1998 Final Report

4. Title And Subtitle 5. FUNDING NUMBERS

Fibre Laser At 589nm Using Pr+3 - Doped Fluoride Glass F61775-98-WEl 13

6. AUTHOR(S)

Dr. Animesh Jha

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

University of Leeds
Department of Materials N/A
Leeds LS2 9JT
United Kingdom

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

EOARD
PSC 802 BOX 14 SPC 98-4074
FPO 09499-0200

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution is unlimited. A

13. ABSTRACT (Maximum 200 words)

This report results from a contract tasking University of Leeds as follows: The contractor will identify the preferred fluoride glass host for the
589nm Pr+3-doped fiber laser, carry out a full optical and spectroscopic characterization of the Pr+3-doped glass, model the lasing behaviour
at 589nm, and produce a small number of glass rods suitable for fibre drawing and gain measurements.

14. SUBJECT TERMS 15. NUMBER OF PAGES

7

EOARD, Fibre Optics, Fibre lasers, Molecular Design, Optical Components, Glass science 16. PRICE CODE
N/A

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19, SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. 239-18

298-102



1. INTRODUCTION

We have undertaken to investigate a range of Pr-doped fluoride glasses with the aim
of identifying a suitable glass host for a 589 nm laser. Pr-doped fluorozirconate ZBLAN glass
is known to lase at 601-618 nm', but lasing at 589 nm cannot be achieved in this host.

In preliminary experiments with different Pr-doped fluoride glasses we observed that
the emission spectrum of Pr+ depends strongly on the host glass. Figure 1 shows the energy
levels of Pr3 . When excited with blue and violet lines of Ar+ laser, Pr+ emits red

fluorescence, as shown in Figure 2. The red emission spectrum consists of two peaks,
3P0-PIH 6 at 603 nm and 3P0--,F 2 at 635 nm, which both originate from the 3P0 level and

therefore compete. In ZBLAN glass the two peaks have equal strength. However, we found
that the 3Po--OF 2 transition is hypersensitive and varies greatly among different glass hosts.
As a result, we found that in some glasses the 3P0--3H6 transition is greatly enhanced relative
to the 3P0--3F2 transition. Moreover, the width of the 603 nm peak, and hence the amount of
emission at 589 nm, also varies considerably. Therefore it is possible to design a glass host
where the 3P0-- H6 transition will be sufficiently dominant and broad to make possible lasing
at 589 nm. The work of the project was thus mainly devoted to identifying the criteria and
designing host glass having an enhanced 3P0--*3I- 6 transition.

2. EXPERIMENTAL

The glass families studied were Pr3+ doped fluorides: fluoroaluminate, fluoroindate
and fluorozirconate. Fluoroaluminate and fluoroindate glass samples were especially prepared
for the purposes of this work; whilst fluorozirconate glasses had been made in the course of
a previous unrelated project. Over 60 fluoroaluminate and fluoroindate glass compositions
were prepared, and altogether over 80 glass samples were examined. The glass hosts were

chosen for the high solubility of Pr3+ ions (up to 1-5 mol%) and for good glass stability.
Moreover, all examined glass families are capable of large compositional variation by

network modifiers. Relatively low phonon energy glasses, such as fluorides, must be used,
since the 3P0 level is quenched by multiphonon relaxation in high phonon energy hosts such
as silica.

Luminescence from the 3P0 level was excited by blue and violet lines of an Ar+ laser,
and was clearly observed as a bright pink track in the sample along the pump beam. The
spectra were measured by a double-grating monochromator and a Si-photodetector. The
optical path through the sample to the detector was maintained at approximately 1 mm, to
minimize the effect of GSA at 587 nm. The refractive indices were determined by an Abbe

refractometer at 1 =589 nm. Absorption spectra were measured by a UV-VIS
spectrophotometer.



3. RESULTS AND CONCLUSIONS

Figure 2 shows measured emission spectra from the 3P0 level of Pr3+ in fluoroindate
(inf), fluoroaluminate (all) and fluorozirconate (zrf) glasses. The spectra are normalized with
respect to the 3P0--,•-H6 peak, since the oscillator strength of this transition is less sensitive to
the host. It is clearly seen that the relative strength of the 3Po--'F 2 peak varies greatly among
different hosts. In fluoroaluminate glass the 603 nm peak is significantly broader due to the
multiple dopant sites in this glass host, resulting in a relatively higher emission at 589 nm.

The branching ratio of the two transitions, 3P0---F2:3P0---IH6, is defined as the ratio of
their peak heights and represents their relative strengths. The branching ratios for a variety
of glass hosts are plotted in Figure 3 against material polarizability ct, calculated by the
Clausius-Mossotti formula as ct-(n2-1)/(n 2+2). The data separate into three distinct groups,
lying on different slope lines, according to the glass family: fluoroaluminate, fluoroindate and
fluorozirconate. It is seen that in all three examined glass families the branching ratio is
proportional to host polarizability, the solid lines showing linear least-squares fits to the data.

Our results demonstrate that the 3P0-3F2 :3P 0--3I-H6 branching ratio is determined by two
factors, host polarizability and dopant site symmetry. Figure 3 shows that in all three fluoride
glass families the branching ratio increases linearly with host polarizability a-(n2-1)/(n 2+2),
i.e. the strength of the host lattice field. The steepness of the branching ratio-polarizability
slope reflects the degree of symmetry of the dopant sites, a steeper slope indicating lower
symmetry sites. Consequently, two primary criteria for a 589 nm laser glass host are high
dopant site symmetry and low refractive index (low polarizabiltiy).

Of all examined glass families, fluoroindate glasses have by far the lowest branching
ratios and the shallowest slope of the polarization dependence. Fluoroaluminate glasses have
substantially higher branching ratios than fluoroindates. Fluorozirconate glasses have the
highest branching ratios, often > 1, with the 635 nm emission predominating. The glass
compositions in Figure 3 generally span the glass-forming regions of the respective glass
families. For example, it is not possible to reduce the refractive index of fluorozirconates or
fluoroaluminates sufficiently to achieve branching ratios comparable with fluoroindates. The
refractive index of fluoroindates can be reduced further; however, gains in the branching ratio
will be insignificant due to the shallow slope of the branching ratio-polarization relationship.

In all emission spectra, the observed peak at 603 nm contains a small contribution
from the 3P1 level. As seen in Figure 1, the 3P0 and 3p, levels lie sufficiently close together
(580 cm-') to be thermalized; at room temperature the population of the 3p1 level is around
6%. The 3P,--3F 2 emission is approximately at 585 nm; the shoulder at 585 nm in Figure 2
is ascribed to this transition2 . The 3P,--3F2 emission can therefore contribute significantly to
the 589 nm laser. To investigate this possibility, glass samples were heated in situ to around
140°C, and Pr3' emission spectra were measured. A strong thermal enhancement of the
589nm emission was observed. Figure 4 shows that heating the glass from 20'C to 140°C
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resulted in an increase of the 589 nm emission by a factor of over 2. In fluoroaluminate glass
a slight beneficial decrease in the branching ratio was also observed. The experiment indicates
that 589 mn emission can be increased further by raising the glass temperature higher.
Fluoroindate and fluoroaluminate glasses can be safely heated to respectively 250'C and
400°C; our present heating equipment, however, is limited to around 140 0 C.

We examined a large number of glass hosts in three glass families in order to identify
the host parameters which determine the Pr÷ emission at red wavelengths, and to enable us
to design a glass host capable of lasing at 589 nm. Fluorozirconate glasses are clearly
unsuitable for this purpose, having branching ratios of > 1. Fluoroaluminate glasses have
much lower branching ratios, 0.6-0.9, and broad emission peaks offering more emission at
589 nm. In addition, fluoroaluminate glasses have the highest glass transition temperatures,

and so may be more amenable to thermal enhancement of the 589 nm emission. Some of the
low-refractive index fluoroindate compositions have branching ratios as low as <0.5,
offering increased 3P0-- 1H emission, but with a narrower peak than fluoroaluminates. The
width of emission in fluoroaluminate glasses arises from multiple dopant sites in this glass.
It is possible that by including additional constituents in fluoroindate compositions broader
emission can be achieved without sacrificing the low branching ratio. Moreover, thermal
enhancement may overcome the differences in peak widths.

Both fluoroindate and fluoroaluminate glasses appear to be highly promising hosts for
the 589 nm Pr-doped laser. Both glasses have good stability and are suitable for thermal
enhancement and for fibre fabrication. However, fluoroindate glasses have an immediate
advantage in that fibre drawing technology for low-loss fluoroindate fibres is well-developed
and commercially available (La Verre Fluore, Hoya and NTT produce fluoroindate fibres,
especially for Pr-doped 1.3 Am amplifiers).

REFERENCES
1. W J Miniscalco, in Rare Earth Doped Fibre Lasers and Amplifiers, M J F Digonnet, ed.,
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Figure 1. Energy levels of Pra+.
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Figure 2. Red emission spectra in Pr-doped glasses:

inf - fluoroindate, all - fluoroaluminate, zrf - fluorozirconate.
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Figure 3. 'P0-e-3F2:3 P0--3H6 branching ratios versus host polarizability
in Pr-doped glasses: aif - fluoroaluminate, inf - fluoroindate, ingaf - fluoro-indo-gallate,

zrf - fluorozirconate, zrfm - modified fluorozirconate.
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Figure 4. Pr+ emission in fluoroaluminate (alf) and fluoroindate (inf) glasses:
solid - at 200 C, dashed - at 140 0C.
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