
m W of output at the second harmonic. This represented a 
5 6 % conversion efficiency of the incident laser power to 
the second harmonic, a level previously attainable only 
wi th k W peak power lasers. 

The output of the nonl inear cavity agreed wel l w i th the 
expected theoretical output. Theory also indicates that 
shorter cavities wi th their lower losses should offer im
provements in efficiency, as should higher laser powers. 
These results indicate the advantage of using resonant ex
ternal cavity frequency doubl ing and diode-pumped N d : 
Y A G lasers for producing highly efficient and frequency 
stable laser radiat ion. 
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R ecent experiments in E r : Y L F and other crystals have 
demonstrated efficient laser action f rom energy levels 

populated entirely by cooperative upconversion of pump 
energy f rom pairs and trios of excited E r ions . 1 Th is has 
revealed a general method for pumping sol id state laser 
materials that is quite distinct f rom processes relying o n 
the absorption of one or more photons by single ions. The 
new method permits excitation of high energy states by 
long wavelength radiat ion. Fo r U V sol id state lasers, it 
therefore offers an alternative to the use of deep ultraviolet 
pump sources that typical ly exhibit shal low penetration 
and can cause deleterious color center format ion. A l so , 
pair or mult i -atom interactions can be exploited to achieve 
inversions on new transitions that may be normal ly self-
quenching. 

In 5 % E r : Y L F , p u m p energy at 1.54 µm promotes 

ground state E r ions to the first excited state where energy 
pool ing takes place. A cooperative transit ion of excited, 
near-neighbor E r ions occurs subsequently that conserves 
energy overal l and produces one high-energy ion and one 
or more ground state ions. Stimulated emission can in 
principle then occur between the upconverted energy state 
and lower levels at wavelengths as short as 0.8 µm for E r 
pairs or 0.5 µ m for trios. To date, r oom temperature laser 
action f rom the upconverted states has been l imited to a 
pair-pumped transit ion wavelength of 2.8 µm. But a note
worthy feature of this transit ion is that the lifetime of the 
lower laser level (23 ms) exceeds that of the upper level (4 
ms), so that this transit ion is normal ly self-quenching. A t 
cryogenic temperatures, t r io-pumped laser action has been 
observed at wavelengths of 0.85, 1.23, and 1.73 µm. 

The depletion rate of the pumped level, wh ich is the 
lower laser level for the 2.8 and 0.85 µm emission lines, 
becomes a funct ion of excitat ion in concentrated crystals, 
so that self-quenching can be avoided. True cw operation 
should be possible based on pai r -pumping alone. Efficien
cies achieved in the pulsed experiments have ranged so far 
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from 0.1-11.0% on four transitions despite a poor match 
between the Er:glass pump laser bandwidth and the 
ground state absorption spectra. Improved efficiencies and 
cw operation at shorter wavelengths are expected at lower 
temperatures using new pump sources. 
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Optical pulse compression is one of the more powerful 
methods to obtain ultrashort optical pulses. For 

wavelengths longer than 1.3 µm, an optical pulse can be 
temporally compressed in an optical glass fiber due to the 
interplay between self-phase modulation (intensity-depen
dent refractive index) and negative group-velocity disper
sion (GVD). For wavelengths shorter than 1.3 µm, the 
dispersion in the fiber is positive; hence, an external grat
ing pair has to be employed to temporally compress the 
pulses. However, with the discovery of optical fiber grat
ings1 it is possible to obtain negative G V D for visible 
wavelengths.2 

The gratings are formed by illuminating a short piece of 
fiber (~ 40 cm) for ~ 10 minutes. The light used is cw and 
comes either from a A r + - i on laser (λ = 488.0 nm or λ = 
514.5 nm) or from a dye-laser. Typical powers launched 
into the fiber are 50-250 mW. As soon as light is coupled 
into the fiber, forward and backward (from the 4% Fres
nel reflection off the output end) travelling light starts to 
interfere and produce a standing wave. At the crests of the 
standing wave the refractive index of the glass is altered. 
This means that the fiber has obtained a periodic refrac
tive index along the core that acts as a distributed feed
back grating. As the backward reflected light is increasing, 
so is the grating amplitude. For 40 cm long fibers with 
gratings written at λ = 514.4 nm, reflectivities up to 98% 
have been achieved. The bandwidth of the reflection filters 

are ~ 200-300 M H z . The length of the gratings are only 
limited by the coherence length of the laser and how well 
the fiber can be protected against mechanical vibrations 
and thermal fluctuations. 

Dispersion measurements of the fiber gratings were 
made using a Mach-Zehnder interferometer. In one arm 
was a prepared fiber grating, in the other arm was an iden
tical piece of fiber but without a grating. The second fiber 
ensured that the only phase changes recorded after the in
terferometer was due to the grating in the first arm. From 
this measurement, the change in phase shift vs. wavelength 
can be plotted. The dispersion can then be calculated since 
the dispersion is proportional to the derivative of the mea
sured curve. For this series of measurements, the largest 
frequency-region over which negative G V D was achieved 
was 500 M H z . 

The dispersion in an optical fiber has two contribu
tions—material and waveguide dispersion. By introducing 
a grating in the fiber the waveguide dispersion is affected. 
In our experiments, the total negative dispersion was sev
en orders of magnitude larger than in an ordinary fiber. 
The range over which negative G V D can be obtained de
pends on how far from the writing wavelength the light is 
detuned and also the amplitude of the grating. N o gratings 
have yet been formed for wavelengths longer than 550 
nm. However, a new method 3 to write these gratings 
holds promise for extending this range. In this method, the 
fiber is illuminated from the outside with two interfering 
uv-beams; the periodicity of the grating is determined by 
the angle between the two beams. Consequently, it should 
be possible to produce negative G V D over most of the 
"normal" dispersion region for an optical fiber. Our re
sults indicate that it should be possible to compress ps
pulses in the future with fiber gratings. 
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