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Doped into a Silica-Based Monomode 
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Emission from Praseodymium (Pr 3 +  ) Ions 
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Abstract-The fluorescence spectrum of praseodymium in a silica 
host has been investigated through the direct excitation of the 'P ( ] ,  ID,, 
and 'G,  absorption bands, which occur at around 488, 590, and 974 
nm, respectively. The observed spontaneous emission consists of four 
main bands with peaks at 633, 707,888, and 1080 nm. In each case the 
level principally responsible for these emissions was found to be IDz. 
Stimulated emission has been seen for the first time at 888 nm for a 
threshold of 10 mW absorbed power. In addition, the lasing charac- 
teristics at 1080 nm have been investigated. 

INTRODUCTION 
RIVALENT praseodymium is an interesting laser ac- T tivator because its energy level spectrum contains an 

exceptionally large number of metastable multiplets 
( 3P2, D2, IG4) from which laser action has been dem- 
onstrated in crystalline hosts at various wavelengths from 
the visible [l], to the near infrared [2]. The assignment 
of transitions to the broad praseodymium fluorescence 
bands observed in glass hosts is correspondingly difficult 
in the cases where a band may be composed of spectrally 
overlapping contributions from more than one initial level. 
Laser action of praseodymium-activated bulk glass has not 
to our knowledge been reported previously in the litera- 
ture, probably because praseodymium has fewer suitable 
absorptions for flashlamp radiation compared, for exam- 
ple, to neodymium. Thus thresholds for flashlamp- 
pumped lasing in Pr3+ : crystal systems are high, while in 
glasses the increase in the linewidth by a factor of 10 or 
more raises the threshold to an impractical level. 

More efficient use of pump energy is achieved with a 
resonant, longitudinal, laser-pumping scheme, particu- 
larly when the gain medium is in the form of an optical 
fiber waveguide rather than a bulk glass. With both pump 
and laser radiation fields guided in modes of small cross- 
sectional area the threshold for oscillation is reduced in 
proportion, and the possibility of achieving threshold on 
transitions with low radiative quantum efficiency or small 
branching ratios arises. 

I 

Manuscript received April 25, 1989. This work was supported by the 
Science and Engineering Research Council. 

The authors are with the Department of Physics, Southampton Univer- 
sity, Southampton SO9 5NH, U.K. 

IEEE Log Number 8930 15 1 ,  

Laser action in a praseodymium-doped silica fiber has 
been reported by Reekie er al. [3], who observed emission 
at 1080 nm when pumping at 590 nm with radiation from 
a rhodamine 6G dye laser. The authors suggested that the 
1 G4-3H4 (ground multiplet) transition was responsible, as 
in for example the crystalline Pr3+ : CaW04 system which 
has been shown to lase at 1047 nm [2]. However, the 
paper by Ainslie er al. [4] points out that the emission 
band at = 1 pm will contain overlapping contributions 
from the 1D2-3F4, and 'G4-3H4 transitions. 

In this paper we describe the laser performance of a 
praseodymium-doped silica fiber at 1080 nm, and also on 
a transition at 888 nm for which laser action has not hith- 
erto been reported. Comparison of fluorescence spectra 
excited using different pump wavelengths shows that the 
upper level of not only the 888 nm emission but also the 
1080 nm emission is most likely to be in the ID2 multiplet. 
Indeed for praseodymium ions in silica glass, emission 
from the ID2 multiplet appears to dominate the fluores- 
cence spectrum and to be principally responsible for the 
633 and 707 nm bands which Ainslie and co-workers at- 
tribute to the 3P0 multiplet [4]. 

The spectroscopic and laser performance data reported 
here indicate that in this fiber the 3P0 level suffers a fast 
nonradiative decay which does not transfer population to 
the ID, multiplet, thus preventing the realization of visi- 
ble laser operation via Ar' ion pumping, as had been pre- 
viously proposed [3]. 

FLUORESCENCE SPECTROSCOPY 

All of the experiments used a silica-based fiber pre- 
pared by the modified chemical vapor deposition (MCVD) 
technique [5]. A comparison of the measured absorption 
coefficient, with data for absorption in a silicate glass from 
Smith and Cohen [6], yielded an upper bound for the pra- 
seodymium ion concentration of = lOZ5/m3. The fiber is 
further characterized by a core diameter of 2.5 pm and an 
LPI l  mode cut-off wavelength of 890 nm. 

The absorption spectrum of this fiber contains three 
bands in the 400- 1100 nm region which correspond to the 
3H4-3P0, ID2, and 'G4 transitions (see energy level dia- 
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Fig. 1. An energy level diagram of praseodymium (not to scale). 

gram in Fig. 1) at 450-490, 580-590, and 970-980 nm, 
respectively [4]. 

Fig. 2(a) and (b) show the four fluorescence bands ex- 
cited by pumping the fiber with an Rh6G dye laser tuned 
into resonance with the ID2 absorption band at around 590 
nm. The experimental arrangement used to measure a 
“side-light” spectrum is shown in Fig. 3.  Unguided flu- 
orescence escaping radially out of the fiber core is col- 
lected using a slit-to-slit fiber optic bundle, analyzed by 
a 0.25 m grating monochromator, and detected using a 
large area silicon photodiode [Fig. 2(a)] or a room tem- 
perature germanium photodiode [Fig. 2(b)]. Since the op- 
tical attenuation of the fiber core in a radial direction is 
extremely small ( < dB) even near the peak of an 
absorption band the fluorescence spectrum is not distorted 
by ground state reabsorption. No correction has been made 
for the spectral response of the monochromator and de- 
tector. The fluorescence bands A (633 nm), B (707 nm), 
and C (888 nm) can be assigned unambiguously as being 
from the 1D2-3H4, 1D2-3H5, and 1D2-3H6, 3F2 transitions, 
respectively. The remaining band D ( 1080 nm) must be 
due to one or both of the ID2-3F3,4, and 1G4-3H4, transi- 
tions. Emission band A ( 1D2-3H4) shows two partially- 
resolved peaks at 610 and 630 nm. Since the emissions 
presumably originate from the lowest energy Stark level 
of ID2 these peaks must represent Stark levels in the 3H4 
ground multiplet. The large Stokes shift of the 630 nm 
peak shows that the 3H4 multiplet is split by some 1300 
cm-].  

Measurements of fluorescence lifetime were made using 
either a photomultiplier or a silicon photodiode with a 
digitizer to monitor the decay of the fluorescence follow- 
ing mechanical interruption of the pump beam. The time 
resolution for the measurements is less than the quoted 
uncertainty. All four fluorescence bands exhibited ap- 
proximately exponential decays with the same 1 /e  time 
of 120 f 10 ps, which must therefore be the lifetime of 
the metastable level in the ID2 multiplet. This evidence 
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Fig. 2 .  (a) The fluorescence spectrum of Pr3+ in fused silica 550-950 nm, 
recorded in side-light, under excitation from an Rh6G dye laser at 590 
nm. The strong peak at 590 nm is due to scattered pump light. (b) The 
fluorescence spectrum of Pr3+ in fused silica 800-1200 nm, recorded in 
side-light, under excitation from an Rh6G dye laser at 590 nm. 

Fig. 3. Experimental configuration for the monitoring of side scattered 
emission from a longitudinally pumped fiber. F = sample fiber; B = 
slit-to-slit fiber optic bundle; M = monochromator; D = detector; A = 
amplifier; PSD = lock-in-amplifier; Y-T = chart recorder. 

suggests that the 1080 nm fluorescence band is dominated 
by the 1D2-3F3,4 transitions. 

To resolve the assignment of the 1080 nm emission the 
fiber was pumped at 974 nm, almost on resonance with 
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the 'G4 level, with several milliwatts of superfluorescent 
power generated by an ytterbium-doped silica fiber source 
[7]. As described in [7], besides emission at 974 nm this 
source also produces strong superfluorescent output at 
1035 nm, which was filtered out using a 0.25 m mono- 
chromator prior to launch into the fiber. Fig. 4 shows the 
spectrum of guided fluorescence emerging from the end 
of a 1.3 m length of fiber under 974 nm excitation. The 
single emission band at 1102 nm can only be due to the 
'G4-3H4 transition. The short wavelength side of this 
emission band may show the effect of reabsorption by the 
3H4 ground multiplet. Since the fluorescence is weak, the 
radially-emitted portion could not be detected with ade- 
quate signal-to-noise ratio. The 1080 nm fluorescence is 
therefore shown to be a superposition of 'D2-3F3 (1030 
nm), 1D2-3F4 ( 1080 nm), and 1G4-3H4 ( 1102 nm), which 
is hidden in the long wavelength tail of the band. As with 
the 1D2-3H4 transition, the emission shows a large Stokes 
shift relative to the corresponding absorption which peaks 
at 970 nm, confirming that the ground state has a Stark 
splitting of 2: 1200 cm-' .  

Fig. 5 shows the side-light spectrum excited when the 
fiber is pumped with 488 nm radiation from an argon ion 
laser into the 3P0 absorption band. A strong scattered 
pump light feature appears at 488 nm, partially masking 
an emission band peaking at 510 nm which must be due 
to the 3P0-3H4 transition. A comparison of the appearance 
of emission band A in Fig. 5 and in Fig. 4(a) where the 
ID2 multiplet is pumped directly shows that an extra 
shoulder at 650 nm appears under 3P0 pumping. This can 
be attributed to the 3P0-3H6, 3F2 transitions which make, 
however, a relatively weak contribution to the total red 
fluorescence. These are the only two emissions from 3P0 
which appear clearly in the spectrum. The 3P0-3Hs tran- 
sition which would peak at =550 nm is strongly forbid- 
den; the 3P0-3F4 emission at -747 nm may be present 
under the tail of the 1D2-3H5 band, but if present is very 
weak. 

Of the three strong emission bands A ,  C ,  and D which 
are potentially interesting as tunable laser transitions, A 
and D overlap spectrally with the praseodymium absorp- 
tion bands. The effect of ground-state reabsorption is il- 
lustrated in Fig. 6(a) and (b), which show the spectrum 
of guided fluorescence emitted from the end of a 1.3 m 
length of fiber pumped by -200 mW of 590 nm radia- 
tion. In emission band A ( 'D2-3H4)  the 610 nm peak 
(which is strongly evident in the side-light spectrum of 
Fig. 2) has been reabsorbed, however the large 3H4 Stark 
splitting means that the 630 nm peak is essentially unaf- 
fected. The 1D2-3H4 transition therefore changes charac- 
ter from three-level to four-level between the short wave- 
length and long wavelength tails. Bands B and C are re- 
mote from absorption wavelengths and as expected show 
no change of shape between side-light and end-light. In 
emission band D the shoulder at = 1030 nm ( 'D2-3F3) is 
suppressed by reabsorption in the long wavelength tail of 
the 3H4-'G4 transition, but the strong 1080 nm peak is 
unaffected. The effect of ground state reabsorption makes 
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Fig. 4 .  The fluorescence spectrum of Pr'+ in  fused silica 1000-1200 nm, 
recorded in endlight, under excitation from a superfluorescent ytterbium 
fiber source at 974 nm. 
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Fig. 5. The fluorescence spectrum of Pr'+ in fused silica 400-800 nm, 
recorded in side-light, under excitation from an argon ion laser at 488 
nm. 

it difficult to predict the likely tuning range of laser emis- 
sion on transitions A and D that could actually be 
achieved. 

LASER PERFORMANCE 
To investigate the laser performance of these transitions 

a cavity was formed by butting dielectric mirrors to both 
cleaved end faces of a 1.3 m length of fiber. Pump radia- 
tion at 590 nm from a rhodamine 6G dye laser was 
launched into the fiber through one mirror using an 18 X 
microscope objective. 

With a pair of mirrors selected to have reflectivities of 
> 99.5 and - 98 percent at around 1080 nm the threshold 
for stimulated emission was = 2 mW absorbed power. The 
overall cavity losses (for a single pass) with these mirrors 
were measured to be 2 percent using a relaxation oscil- 
lation technique [8]. Since the cavity contained no spec- 
trally-selective elements, lasing occurred at several wave- 
lengths over a range of 10 nm centered at 1080 nm. Fig. 
7 shows the dependence of output laser power on ab- 
sorbed pump power, observed when an output coupler of 
nominally 14 percent transmission was substituted for the 
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Fig. 6. (a) The fluorescence spectrum of Pr3+  in fused silica 550-950 nm,  
recorded in end-light, under excitation from an Rh6G dye laser at 590 
nm. (b) The fluorescence spectrum of Pr3+ in fused silica 800-1200 nm, 
recorded in end-light, under excitation from an Rh6G dye laser at 590 
nm . 
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Fig. 7. The slope efficiency for laser oscillation at 1080 nm, under exci- 
tation at 590 nm. 

high reflector. The slope efficiency with this cavity was 5 
percent and the threshold was reached at = 5  mW ab- 
sorbed power. Knowing the threshold absorbed power, 
cavity loss and fluorescence bandwidth, one can use the 
equation [9], 

Pth ( abs - ( 8 7 "  Ad [ loss/pass] 
h% 7P httm 

where 7 is the radiative quantum efficiency for the mul- 
tiplet ( ID2), and is the branching ratio for the 'D2-3F3,4 
transition, to obtain a value for the product 70. Using the 
values P t h  = 2 mW, loss/pass = 2 percent, Ah = 60 nm 
at 1080 nm [from Fig. 2(b)]. the product 70 is found to 
be = 2  percent for the 1D2-3F3,4 transition. Since the flu- 
orescence bands span a large spectral range and could not 
all be recorded using the same monochromator grating and 
detector, correction of the spectrum for instrumental re- 
sponse has not be attempted. Given the uncertainty in 
spectral response it is thus impossible at this stage to give 
a value for the overall quantum efficiency of the ID2 mul- 
tiplet. 

To observe laser operation on the 888 nm transition a 
pair of mirrors with reflectivity >99.5 percent at 890 nm 
and a transmission of = 90 percent at 1080 nm were used. 
The threshold for stimulated emission on this transition 
was then found to be = 10 mW of absorbed power with 
overall cavity losses measured to be 2 percent. Again las- 
ing occurred at several wavelengths over a range of = 10 
nm, this time centered at 888 nm. The relationship of out- 
put laser power and absorbed pump power was not inves- 
tigated for this transition as no suitable output coupler was 
available. Using the above equation and the correspond- 
ing data on the 888 nm laser transition, the product T@ 

was determined to be 20.7 percent. 
For both of these transitions the threshold for stimu- 

lated emission could be reduced by =30 percent by im- 
mersing all but a few centimeters of fiber in liquid nitro- 
gen. A number of processes may contribute to this, the 
most significant is probably an improvement in the radia- 
tive efficiency at low temperatures. 

The laser performance at 1080 nm was also investigated 
under laser pumping at 488 nm using an argon ion laser 
which excited the 3P0 multiplet directly. Two mirrors with 
reflectivities of > 99.5 and 2: 98 percent at 1080 nm were 
used. The mirror at the input end of the fiber had a trans- 
mission of 90 percent for the pump radiation at 488 nm. 
The threshold observed with 488 nm pumping was -30 
mW; some 15-fold higher than the threshold observed 
with 590 nm pumping. This suggests that the dominant 
decay routes from the 3P0 multiplet do not populate the 
D2 multiplet. Since the visible fluorescence excited by 
Po pumping appears to be weaker than with ID2 pumping 

it seems likely that nonradiative decays which bypass the 
ID2 multiplet are principally responsible for the poor per- 
formance. The mechanism cannot be identified at present 
but might involve a cross-relaxation process [lo],  partic- 
ularly if the ions are clustered to any extent. 

I 
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CONCLUSION 
We have investigated the spontaneous and stimulated 

emission from praseodymium doped into a silica fiber and 
demonstrated laser action on two of these bands at 1080 
and 888 nm, the latter for the first time. Either band in 
principle offers a tunable range of at least 50-60 nm [ 2 ] .  
However, our results show that the product of the quan- 
tum efficiency and branching ratio (70) as indicated by 
the observed performance of the two lasing transitions is 
as low as 2 and 0.7 percent, on the ‘D2-3F3,4 and ID,- 
3F23H6 transitions, respectively. This would tend to sug- 
gest that the probable quantum efficiency (7) for the ‘D2 
multiplet is low. This incidentally illustrates the effec- 
tiveness of the fiber waveguide geometry in obtaining 
stimulated emission from laser transitions with low radia- 
tive quantum efficiencies. 

In its present form a praseodymium-doped silica fiber 
does not look to be a promising laser system for applica- 
tion, particularly in view of its rapid nonradiative decay 
rates. However, in a glass host with lower phonon ener- 
gies such as a fluoride glass, where nonradiative decay 
rates should be reduced, praseodymium may well prove 
to have a much improved performance. 

ACKNOWLEDGMENT 
M. W. Phillips would like to thank the SERC for the 

provision of a studentship. The authors are also grateful 
to S.  B. Poole for supplying the fiber for this work. 

REFERENCES 
[I]  L. Esterowitz, R. Allen, M. Kruer, F. Bartoli, L. S .  Goldberg, H. 

P. Jenssen. A. Linz, and V.  0. Nicolai, “Blue light emission by a 
Pr: LiYF, laser operated at room temperature,” J .  Appl. Phys., vol. 
48, pp. 650-652, 1977. 

[2] A. Yariv, S .  P. S.  Porto. and K .  Nassau. “Optical maser emission 
from trivalent praseodymium in calcium tungstate,” J .  Appl. fhys .  
vol. 33, pp. 2519-2521, 1962. 

[3] L. Reekie, R. J .  Mears, S .  B. Poole, and D. N.  Payne, “A Pr’+- 
doped single-mode fibre laser,” IEE Symp., May 1986. 

[4] B. J .  Ainslie, S .  P. Craig. and S .  T. Davey, “The absorption and 
fluorescence spectra of rare earth ions in silica-based monomode 
fibre,” 1. Lightwave Technol., vol. 6 ,  pp. 287-293, 1988. 

[5]  S .  B .  Poole, D. N. Payne, and M. E. Fermann, “Fabrication of low- 
loss optical fibre containing rare-earth ions,” Electron. Lett. , vol. 21, 
pp. 737-738, 1985. 

[6] H. L. Smith and A. J .  Cohen, “Absorption spectra of cations in al- 
kali-silicate glasses of high ultra-violet transmission,” fhys .  and 
Chem. Glasses. vol. 4 ,  pp. 173-187, 1963. 

[7] D. C.  Hanna, 1. R. Perry, R. G .  Smart, P. J. Suni, and A. C. Trop- 
per, “Efficient supertluorescent emission at 974 nm and 1040 nm from 
an Yb-doped fibre,” Opt. Commun., to be published. 

[8] D. C.  Hanna, R. G. Smart, P. J .  Suni, A. I .  Ferguson and M. W .  
Phillips, “Measurements of fibre laser losses via relaxation oscilla- 
tions,” Opt. Commun., vol. 68, pp. 128-132, 1988. 

[9] M .  J .  F. Digonnet and C. J .  Gaeta, “Theoretical analysis of optical 
fibre laser amplifiers and oscillators,” Appl. Opt. ,  vol. 24, pp. 333- 
342. 1985. 

[ lo]  M. Eyal, E. Greenberg, R. Reisfeld, and N. Spector, “Spectroscopy 
of praseodymium(II1) in zirconium fluoride glass,” Chem. fhys .  Lett.,  
vol. 117, pp. 108-114, 1985. 

R. Michael Percival was born in Yorkshire, En- 
gland, in 1963. He received the B.Sc. degree in 
physics from the University of Manchester Insti- 
tute of Science and Technology (UMIST) in 1984 
and the Ph.D. degree from Strathclyde Univer- 
sity in 1987. His doctoral work concerned the de- 
velopment and applications of tunable lasers in 
molecular spectroscopy. 

Currently, he is a Research Fellow with the 
Department of Physics, Southampton University, 
where he is engaged in the development of rare- 

earth-doped optical fiber lasers 

Mark W. Phillips was born in Merthyr Tydfil, 
Wales, in 1963. He received the B.Sc. degree in 
physics from Southampton University in 1985 and 
the Ph.D. degree in 1989. His doctoral work con- 
cerned the development of rare-earth-doped opti- 
cal fiber lasers. 

He is currently an SERC Research Fellow with 
the Department of Physics, Southampton Univer- 
sity, and is engaged in the development of novel 
techniques for short pulse generation from optical 
fiber lasers. 

David C. Hanna was born in Nottingham, En- 
gland, in 1941. He received the B.A. degree from 
Cambridge University in 1962 and the Ph.D. from 
Southampton University in 1967. 

Currently, he is a Professor with the Depart- 
ment of Physics, Southampton University, and 
head of the Laser Physics Group. He has spent 
periods of leave at the Politechnico di Milano, It- 
aly and as an Alexander von Humboldt Fellow at 
the University of Munich, Munich, West Ger- 
many. He is a past chairman of the Quantum Elec- 

tronics Group of the Institute of Physics. His present interests include op- 
tical fiber lasers, diode-pumped solid-state lasers, crystal waveguide lasers, 
and optical parametric oscillators. Beginning October 1989 he will be a 
deputy director of the SERC-supported Optoelectronics Research Center, 
being set up at Southampton University. 

Anne C. Tropper received the D.Phil degree 
from the University of Oxford in 1978 

She initially worked as a consulting engineer, 
and then as a Postdoctoral Fellow at the Claren- 
don Laboratory, Oxford, and at IBM Research 
Laboratones, in San Jose, Puerto Rico Since 1983 
she has held a lectureship in Laser Physics at 
Southampton University. Her interests include 
optical fiber lasers, crystal waveguide lasers, and 
the optical response of semiconductor quantum 
wells. 

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on February 25,2010 at 05:43:43 EST from IEEE Xplore.  Restrictions apply. 


