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1. Introduction

High-peak-power, high-efficiency, eye-safe lasers operating near 1.5 gim are desirable for remote
sensing applications. Recently, highly efficient operation was reported for 1645-nm Er:YAG solid-
state lasers resonantly pumped with 1532-nm lasers. - 4 Resonant pumping has the advantages of
small quantum defect and small thermal load for the laser materials. High-brightness erbium fiber
pump lasers at 1532 nm not only provide good absorption, but also the beam quality required for
mode matching using low doping and long Er:YAG crystals. In this report, we present experimental
results comparing the 0.25% and the 0.5% Er:YAG laser performance in cw and Q-switch operations.
The use of a lower doping concentration reduces the deleterious effects of up-conversion and pro-
vides better thermal management.



2. Experimental Set-up

The schematic for the end-pumped Er:YAG laser set-up is shown in Figure 1. An IPG Photonics
TEM00 erbium fiber laser, which provided 20 W cw power at 1532.4 nm, was used in these experi-
ments. This laser provides a 0.2-nm (FWHM) spectral linewidth with a 5-mm-dia, linearly polarized
beam. The laser beam was shaped by a positive lens L, and a negative lens L2 to match the laser
mode diameter of the Er:YAG laser rod. An optical isolator (01) prevented pump light from feeding
back into the fiber laser. A half-wave plate was used to minimized the 450 beam splitter (BS)
reflected loss of the pump beam. A flat input coupler mirror (IC) was coated for HT at 1532 nm (T =
95%) and HR at 1645 nm (R>99.5%).

Five 5-mm-dia Er:YAG rods were investigated: three rods (30-, 40-, and 45-mm lengths) at 0.25%
erbium concentration and two rods (30- and 40-mm lengths) at 0.5%. All rods were broadband AR
coated for 1.5-1.65 gm (R<0.1%). The Er:YAG crystals were placed in a copper mount and water
cooled at 15'C. Output coupler mirrors (OC) were selected for optimized cw and Q-switched tests.
A Brewster-cut quartz Q-switch was used for the Q-switch tests. A mirror with the same coating as
the IC was used as a filter F to separate the pump beam and laser beam at the resonator output for
measuring the output power.

LI

L2

BS

QS 1645 nm

Er:YAG F
IC OC

Figure 1. Schematic for end-pumped Er:YAG laser experimental set-up.
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3. Experimental Results

During the initial cw laser test, a flat input-coupler mirror (IC), and an ROC = 25-cm concave R = 88%
output coupler at 1645 nm was used to form a mode diameter (l/e 2) of -580 Atm with a cavity length of
10 cm. The lenses were adjusted to produce a pump beam diameter to match the cavity mode size.
Figure 2 shows the laser performance of the five Er:YAG crystals pumped by the Er fiber laser.

The AO Q-switch was not in the cavity for cw operation. Figure 2 clearly shows that 0.25%, 40-mm
and 45-mm rods outperform the other three rod samples. Its highest laser power up to 8.2 W at 1645
nm was obtained at 16 W of input power with a slope efficiency as high as 62%. There was no sig-
nificant difference for the 0.25% 40-mm and 45-mm rods. However, if we compare their perform-
ances with the absorbed power instead of incident power (as shown in Figure 3), the data showed that
0.25% Er rods have a slope efficiency (>78%) that is better than the 0.5% Er rods (-50%).

For the Q-switch test, we insert the AO Q-switch into the laser cavity and increase the pump laser beam
diameter to -770 jim at the Er:YAG laser crystal, as shown in Figure 1. With a cavity length of 15.5
cm, the output coupler was replaced by a 50-cm concave 90% reflectivity mirror to better match the
pump mode size. With this arrangement, the power performances of all rods were reduced about 25%.
However, the 0.25% 40-mm and 45-mm Er:YAG rods still perform better than the other three rods; the
0.25% 30-mm rod also clearly performs better than the 0.5% rods. The power performance of these
rods has the same order at various arrangements. Figure 4 shows the Q-switched average power versus
PRF for the 0.25% 30-mm, 40-mm, and 0.5%, 30-mm rods. It also shows that the 0.25% 40-mm rod
has the better average power at any PRF. The data shows that the higher the average power, the faster
the power falls at lower PRF. Data also shows that the average power for the 0.25% 40-mm rod at 13
W of input power falls much faster than at 8.4 W input power. Figure 5 shows laser pulse width and
pulse energy versus PRF at 13 W of pump power for the 0.25% 40-mm rod. As can be seen from the
figure, 34-ns, 5.8-mJ pulses were obtained at a PRF of 400 Hz, where the highest laser peak power of
171 kW was achieved. Although shorter pulses (31-ns, 3.2-mJ) were generated by using R = 85% OC
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7 0.5% 40 mm * 025% 30 mm , so
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Figure 2. Cw output power performance of Figure 3. Cw output power performance of
Er:YAG rods versus input power. Er:YAG samples versus absorbed power.
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Figure 4. Er:YAG laser Q-switched average power Figure 5. Er:YAG laser pulse energy and pulse
versus PRF for all rods except the 0.5% 40- width versus PRF for the 25% 40-mm
mm rod pumped with 8.4 W. Data for 25% rod at 13 W of pump power.
40-mm rod at 13 W pumping is also shown
for comparison.

mirror with a 0.25%, 30-mm rod at 1250 Hz, the peak power (103 kW) was not as high (before the
rod's coating was damaged).

During the Q-switched laser operation, much brighter green (550 nm) fluorescent emission was
observed in comparison to the cw operation. The intensity of the green light gets brighter for lower
PFR (higher pulse energy and shorter pulses, i.e., higher laser peak power). We believe the additional
power loss for lower PRFs shown in Figure 4 may be, in part, attributed to two-photon absorption of
the intracavity laser light.



4. SummarylConclusion

In summary, our experimental results show that 0.25% Er:YAG crystals are more efficient than the
0.5% Er:YAG crystals. The 0.25% 40-mm rod may be close to optimal performance when the laser
is resonantly pumped by an erbium fiber laser. CW laser power up to 8.3 W at 1645 nm was obtained
at 17 W input power with slope efficiency as high as 62%. In Q-switched mode, 34-ns, 5.8-mJ pulses
were obtained at a PRF of 400 Hz, where the highest laser peak power of 171 kW was achieved. An
additional power loss for Q-switched operation at the lower PRFs may be attributed to the two-photon
absorption of 1645-nm intracavity laser light. Further investigation is to be pursued.
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LABORATORY OPERATIONS

The Aerospace Corporation functions as an "architect-engineer" for national security programs, specializing in
advanced military space systems. The Corporation's Laboratory Operations supports the effective and timely
development and operation of national security systems through scientific research and the application of
advanced technology. Vital to the success of the Corporation is the technical staff's wide-ranging expertise and
its ability to stay abreast of new technological developments and program support issues associated with rapidly
evolving space systems. Contributing capabilities are provided by these individual organizations:

Electronics and Photonics Laboratory: Microelectronics, VLSI reliability, failure analysis,
solid-state device physics, compound semiconductors, radiation effects, infrared and CCD
detector devices, data storage and display technologies; lasers and electro-optics, solid-state
laser design, micro-optics, optical communications, and fiber-optic sensors; atomic frequency
standards, applied laser spectroscopy, laser chemistry, atmospheric propagation and beam
control, LIDAR/LADAR remote sensing; solar cell and array testing and evaluation, battery
electrochemistry, battery testing and evaluation.

Space Materials Laboratory: Evaluation and characterizations of new materials and
processing techniques: metals, alloys, ceramics, polymers, thin films, and composites;
development of advanced deposition processes; nondestructive evaluation, component failure
analysis and reliability; structural mechanics, fracture mechanics, and stress corrosion; analysis
and evaluation of materials at cryogenic and elevated temperatures; launch vehicle fluid
mechanics, heat transfer and flight dynamics; aerothermodynamics; chemical and electric
propulsion; environmental chemistry; combustion processes; space environment effects on
materials, hardening and vulnerability assessment; contamination, thermal and structural
control; lubrication and surface phenomena. Microelectromechanical systems (MEMS) for
space applications; laser micromachining; laser-surface physical and chemical interactions;
micropropulsion; micro- and nanosatellite mission analysis; intelligent microinstruments for
monitoring space and launch system environments.

Space Science Applications Laboratory: Magnetospheric, auroral and cosmic-ray physics,
wave-particle interactions, magnetospheric plasma waves; atmospheric and ionospheric physics,
density and composition of the upper atmosphere, remote sensing using atmospheric radiation;
solar physics, infrared astronomy, infrared signature analysis; infrared surveillance, imaging and
remote sensing; multispectral and hyperspectral sensor development; data analysis and
algorithm development; applications of multispectral and hyperspectral imagery to defense, civil
space, commercial, and environmental missions; effects of solar activity, magnetic storms and
nuclear explosions on the Earth's atmosphere, ionosphere and magnetosphere; effects of
electromagnetic and particulate radiations on space systems; space instrumentation, design,
fabrication and test; environmental chemistry, trace detection; atmospheric chemical reactions,
atmospheric optics, light scattering, state-specific chemical reactions, and radiative signatures of
missile plumes.
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