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Dy3+ - doped chloride crystals have high 1300-nm emission quantum yields. 

Pump-probe experiments on LaC13:Dy3+ demonstrate optical gain consistent with 

predictions based on spectroscopic cross sections and lifetimes. 
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Erbium-doped silica fiber optical amplifiers have been revolutionizing 1550-nm 
fiber-optic communications. They are prized for their wide bandwidth, high gain, 
transparency to modulation format, reliability, compactness, and low power consumption. 
A great demand exists for a similar amplifier for the 1310 nm band, the operating 
wavelength for the bulk of installed fiber-optic cables. In spite of much development 
effort, an amplifier with performance comparable to Er:Si02 does not yet exist. 
Praseodymium-doped heavy-metal fluoride fibers are currently the most attractive 13 10-nm 

, optical amplifiers? but they are suitable mainly for laboratory use. Because of 
multiphonon relaxation, the Pr3+ ions exhibit a radiative quantum efficiency of only -3% in 
heavy-metal fluoride glasses like ZBLAN? so to compensate, large amplifier pump 
powers -1 Watt are used.2 This high drive level cannot be reliably obtained from single- 
mode diode lasers of the sort used to pump the Er3+:silica amplifiers. 

The specific gain (dB/mW) improves dramatically when the quantum efficiency is 
increased by placing the amplfying ions in low-phonon-frequency hosts to reduce 
quenching by multiphonon emission. After fluorides, chlorides (and sulfides) are thus the 
next logical steps for host materials. Recently we demonstrated order-of-magnitude 
emission lifetime (quantum yield) improvements in several Pr3+-doped chloride  crystal^.^ 
Unfortunately, Pr3+ ions are difficult to pump directly because of a small pump transition 
cross section. Our work on Yb3+ co-doping was unsuccessful in circumventing this 
difficulty. 

Dy3+-doped sulfide glasses have also recently been proposed as 1300-nm 
amplifiers; and Dy3+ possesses several strong c’andidate pump transitions. This ion has 
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even a smaller "energy gap" than Pr3+, and so is even more susceptible to multiphonon 
emission; furthermore, the emission peak in sulfide glass is at - 1340 nm, a slightly longer 
wavelength than desired. It was suspected that chloride hosts would improve the emission 
properties of Dy3+. 

Spectroscopic characterization of various Dy3+-doped chlorides showed that several 
possess useful 1300-nm emission bands. For various reasons, including the ease of 
doping with Dy3+, tabulated energy levels: and documented growth techniques? we 
focused initially on Lac13 as a host. Absorption and emission spectra of Dy3+:LaC13 are 
shown in Fig. 1; other hosts like SrCI2 and JPb2Cl5 give much "smoother" spectra. 
Radiative lifetime measurements gave values of 1.19 msec at room temperature, and 1.44 
msec at 100K. We estimate a room-temperature quantum yield of 70 - 80%. 

terminating on excited levels whose populations relax rapidly into the 1300-nm emitting 
level. (There is also the possibility of "in-band" excitation at -1260 nm.) Any of these 
pump wavelengths could be generated by laser diodes. In common with E$+, Dy3+ 
exhibits significant ground-state absorption which must be bleached in order to achieve net 
gain--in other words, it acts like a 3 - level amplifier. 

The Dy3+ ion has several potential pump transitions (at -8 10, -920, and -1 1 10 nm) 

Wavelength (nm) 

Figre 1. Spectroscopicallydetermined absorption and 
emission cross sections for an unpolarized sample of 
Dy3+:LaC1 3. 
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Figure 2. Pulsed gain data obtained with (a) 1319 and 
(13) i 338 rim prabing, as ;I function of 9 17 nni p m p  
fluence. An adjustable gain cross section was used to 
fit each of the data sets. 
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Gain measurements were made on crystals -2mm thick, immersed in FC-75 index- 
matching fluid that prevented attack by moisture. A Cr:LiSAF laser provided high-fluence, 
0.2 msec pump pulses at 917 nm (an absorption peak wavelength,) and a CW Nd:YAG 
laser probed at 13 19 or 1338 nm. A transient digitizer recorded the timedependent gain 
signals, and allowed subtraction of background fluorescence by recording signals with the 
probe beam blocked. Gain results for the two different probe wavelengths are shown in 
Fig. 2. Prior to pumping, the sample's optical density at 1319 nm was 0.10, 
corresponding to an absorption of 27%. "Transparency" represents a transmittance 
increase just sufficient to offset this ground-state absorption. With the available pump 
fluence, the overall probe signal increase of 40% corresponds to a net gain of (40 - 27) = 
13%. At 1338 nm (Fig. 2(b)), the emission cross section is larger with respect to the 
absorption cross section, and a smaller inversion level gives transparency; here the net gain 
is -14% above the ground-state absorption of 8%. In each case, we theoretically modeled 
the fluence-dependent probe-signal increase with the expression 

where Next represents the fluence-dependent excited-state number density, L is the sample 
length, and Gabs probe and O K b e  respectively represent the absorption and emission cross 

sections at the probe wavelength (1319 or 1338 nm.) The fact that these cross sections 
appear as a sum reflects the simultaneous bleaching and gain creation inherent in a three- 
level amplifier. This sum was used as an adjustable "effective cross section" in the gain 
modeling, which yielded values for CY 1319 + Gem 1319) and (oabS 1338 + Gem 1338) of 2.0 x ( abs 
10-20 cm2 and 1.2 x 10-20 cm2, respectively. The analogous spectroscopically-derived 
values (as can be determined from Fig. 1) are 2.2 x 10-20 cm2 and 0.8 x 10-20 cm2, 
respectively, in fairly good agreement. Note that excited-state-absorption, if appreciable, 
would reduce the effective cross sections found in the gain experiment, but that according 
to our results, ESA is insignificant. 

A comparison of a key optical property, the "again2 product," of various gain media 
helps to put the Dy3+ amplifier in perspective. Large values of GgainZ give low saturation 
intensities and high specific gains (dB per Watt pump power.) In units of 10-20 cm2*msec, 
for Er%silica, Pr%ZBLAN, and Dy3+:LaC13, GgainT respectively takes on the values 5,  
0.04, and 1.5. So, Dy3+:LaC13 is about 3 times lower than the EDFA, but over thirty 
times better than a fluoride-host Pr3+ amplifier. In fact, a small-signal gain estimate shows 
that, barring self-saturation by ASE, over 50 dB gain could be expected in a I O  cm-long, 



2 pm square channel waveguide amplifier pumped by a 10 mW source. Of course, 
various materials and fabrication issues would have to be addressed in order to construct 
such a chloride-host waveguide amplifier. 

This experimental work presented here and theoretical modeling both support the 
concept of Dy3+-doped chloride-based 1300-nm optical amplifiers with high quantum 
eficiencies. Clearly, more work remains to optimize the chloride host composition and 
cope with the packaging and integration problems. 

We are grateful to John Tassano, Gary Wilke, and Phillip Waide for crystal 
growth, spectroscopic characterization, and gain measurements. This work was performed 
by Lawrence Livermore National Laboratory under Contract No. W-7405-ENG-48 for DOE, 
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