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Since efficiency of Cr,Nd doped gadolinium scandium gallium garnet (GSGG) laser is in principle
higher than that of Nd:YAG laser, it can be a highly efficient pumping source for Ti:sapphire laser.
We have made GSGG laser, and measured its oscillation properties. It was two times more efficient
than Nd:YAG laser at free running mode operation. At Q-switched mode operation, fundamental
output of 50mJ and second harmonics output of 8mJ were obtained. The developed laser had
appropriate spatial profile, temporal duration, long time stability for solid state laser pumping.
Ti:sapphire laser oscillation was achieved by the second harmonics of GSGG laser.
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1. Introduction

A compact tunable laser light source is desirable as an alternative to conventional dye laser for high
resolution spectroscopy’), remote sensingz), and isotope separation®. Titanium-doped sapphire laser
(TSL) is promising because of its advantageous features such as the broad gain region extending over
400nm, easy handling of solid state brick, and stable operation without vibration by dye circulation.
Especially, TSL has possibility to become one of the promising light source for atomic vapor laser
isotope separation (AVLIS), because some of the requirements of AVLIS light source such as broad
tunability, narrow line width, stable operation are achievable by TSL.

The light source for material processing like isotope separation requires high efficiency for the
economy of the process. The main pumping source for TSL is frequency doubled Nd:YAG laser. But
its efficiency is usually not more than a few percent. Therefore, it is desirable to increase the pumping
efficiency. Sensitization of the laser medium is a possible approach to high efficiency. One of the
promising materials for the sensitization is Cr**, Nd®* doped gadolinium scandium gallium garnet
(GSGG). Broad absorption band of doped Cr ion well match the emission spectrum of flash lamp
spectra and absorb the lamp energy efficiently. The excited energy is non-radiatively transferred from
Cr ion to upper level of Nd in GSGG host crystal, although it is slow and inefficient in YAG host
crystal due to relatively small lattice parameter”.  Since the energy transfer rate from Cr ion to Nd is
very efficient (0.86), it is almost as efficient as direct Nd pumping”. Therefore, it is expected that
Cr,Nd:GSGG laser can be a more efficient pump source compared with Nd:YAG laser. Zharikov et al.
reported that the differential efficiency of Cr,Nd:GSGG was about 2 times higher than that of
Nd:YAG at free running mode operation®.

Rather large diameter crystal of GSGG up to 2.5-inch with high optical quality can be grown by
Czochralski method”, although it is difficult for YAG bole which generates a center core during the
crystal growth. It is desirable feature to scale up the laser for massive material processing which
requires large laser medium.

The coexistence of Cr and Nd in GSGG crystal can reduce solarization by radiation. It was
reported that GSGG laser output was unaffected to %Co y -ray irradiation up to 10Mrad, although
Nd:YAG output dropped by an order of magnitude after IMrad 7y -ray exposure”. These properties
make GSGG more desirable laser for atomic energy applications or space applications where strong
radiation is expected.

As a pump laser of TSL smooth spatial profile to avoid damage to the crystal surface and several
J/em?® of fluence to oscillate dispersive cavity are required. About 50mJ of fundamental output is
desirable to oscillate TSL laser considering SHG efficiency, spatial profile, and losses during optical
delivery.

In this study, in order to investigate the possibility of efficient tunable laser system for AVLIS
pumped by GSGG laser, Nd, Cr:GSGG laser was developed. Free running and Q-switched mode
operations were achieved. TSL oscillation pumped by the second harmonics of GSGG was
demonstrated.

2. Apparatus

The goal of our development was to generate green light from GSGG laser that can oscillate TSL
resonator. Figure 1 shows schematic diagram of the developed laser system. The laser system
consisted of GSGG oscillator (GSGG crystal, mirror, lamp house, E/O Q-switch, polarizer, shutter),
SHG crystal, TSL oscillator. The GSGG oscillator cavity consisted of a flat output coupler and a
highly reflecting concave mirror, with a lamp house between mirrors. Nd, Cr:GSGG crystal (4mm
diameter X 75mm length) was obtained from Tokin Co. Ltd. The concentration of Cr and Nd was
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1% and 2%, respectively. The crystal was set in a silver coated lamp house with elliptical shape,
which was cooled with purified water. The silver coating has better reflection especially in UV
region than the conventional Au coating, which would improve pumping efficiency of flash lamp. A
Xe flash lamp light was focused into GSGG crystal. The flash lamp was simmered and driven by a
conventional discharge circuit. The half-height pulse width of the current to the flash lamp was 340 us.

The cavity was supported with 3 invar rod (20 mm ¢ X 1.2 mL) to prevent thermal and mechanical
disturbance. An iris of 1.5 mm ¢ was inserted in the resonator in order to limit the number of
transverse modes in operation and to investigate its effect to output energy.

3. Results

The designed laser resonator was used as a free running oscillator to optimize the laser system and
to compare the oscillation efficiency. The oscillation was in 1.06 4 m wavelength range which

corresponds to *Fa-*11112 transition of Nd** ion.  Figure 2 shows the laser output energy as a function
of electrical input energy to the flash lamp for a Nd, Cr:GSGG rod and a Nd:YAG rod tested in the
same resonator. The result shows that in this experiment GSGG was about two times more efficient
than YAG laser, although oscillation threshold energy of GSGG was slightly higher than that of
YAG.

Figure 3 shows the output energy versus the lamp input at the free running mode operation with
output coupler of 50 percent reflectivity and 1m cavity length. The repetition rate was 1Hz. By
insertion of iris, the output power decreased considerably, and the oscillation threshold energy
increased. On the other hand, the beam size 1.5 m away from the output coupler decreased from 3.6
mm ¢ to 1.7 mm ¢, and smooth spatial mode close to TEMgo mode was obtained.

Based on these investigations about the optical components such as mirror reflectivity, mirror
curvature, the influence of iris, etc., the oscillator configuration was optimized. The optimized laser
resonator consisted of a concave total reflector with 3 m radius of curvature and a plane mirror of 20
percent reflectivity separated by 65 cm. The reflectivity and the curvature of the selected mirrors
maximized the output energy among several available mirrors. After these optimizations, the slope
efficiency increased form 0.2 % to 1 %, and a smooth spatial mode close to TEMo, was obtained
without iris.

Figure 4 shows the temporal profile of GSGG fundamental output at the free running mode
operation detected with a PIN photo diode.  The repetition rate was 10 Hz, and the electrical input to
the flash lamp was 12.2 J/pulse. The GSGG laser pulse appeared as a series of short spikes. The
duration of the pulse envelope was 120 u sec. Figure 5 shows the spatial profile of fundamental output

detected with CCD camera (Hitachi Co. KP-140).

A Q-switched mode oscillation was performed, which was achieved with a Pockel cell and a
polarizer in the cavity. Figure 6 shows the temporal profile of generated laser pulse measured with
photomultiplier at the repetition rate of 10Hz. Post lasing caused by the residual distortion of E/O Q-
switch observed 0.7-several usec after the main oscillation was reduced sufficiently by adjusting

optical alignment. The output beam from the resonator was vertically polarized. Figure 7 shows
spatial profile of the fundamental output. The observed transverse mode profile was close to TEMgo
mode, and it was appropriate for TSL pumping without intense spot that would cause crystal damage.
The beam size was 2.5 mm ¢ and the beam divergence was 2.4 mrad.

Figure 8 shows the fundamental output of Q-switched laser versus flash lamp input energy at a
repetition rate of 10Hz. In this case, the laser output was proportional to the flash lamp input power.
The maximum fundamental output of 50 mJ was obtained. The conversion efficiency from electric
power to laser output was 0.4 percent, and the slope efficiency was 1percent.

The thermal properties of GSGG host crystal is poor compared with that of YAG crystal. In order
to examine the thermal effect to GSGG output, long time operation for over 60 minutes was measured
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at the repetition rate of 1Hz and 10Hz. Figure 9 shows the laser output energy as a function of
operation time. At a repetition rate of 1Hz, the output power did not change considerably in time. On
the other hand, at a repetition rate of 10Hz, the output power decreased by 6 percent within the initial
1 minute after the start of oscillation, and stabilized. Therefore, within these repetition rates, stable
operation for daily operational time was possible without serious thermal effect to the output power.

The second harmonics of the fundamental output was generated with a nonlinear crystal, deuterated
L-Arginine Phosphate Monohydrate (DLAP) which was obtained from Creveland crystal Co. The size
of the crystal was 10 mm>X10 mmX15 mm length. It was reported that LAP has better SHG
conversion efficiency than KDP and the damage threshold is two times higher than that of KDP?,
which were desirable for efficient laser operation. Figure 10 shows the temporal profile of the
generated second harmonics. The half-height temporal duration was 12 nsec. The profile was smooth
and appropriate for TSL pumping. The divergence was 1.8 mrad. Figure 11 shows SHG output
fluence versus fundamental laser fluence. The maximum SHG energy of 8 mJ was obtained at the
fundamental input of 50 mJ, which corresponds to conversion efficiency of 16 percent. In this
experiment, the SHG conversion efficiency was low, which was caused mainly by several nm of broad
spectral line width of GSGG oscillator and rather low fluence of the fundamental output. It is
possible to improve the conversion efficiency by narrowing the line width with a dispersive element,
or intensify the fundamental fluence.

In order to investigate the acceptable temperature range of the laser when it was operated at a high
repetition rate or at high power, the temperature dependence of the laser output was measured. Figure
12 shows the SHG output as a function of DLAP house temperature. In this experimental setup, the
acceptable temperature range was about Sdegree. Figure 13 shows the relative SHG output versus
tuning angle of DLAP. In this case, the acceptable tuning angle was about = lmrad.

The generated second harmonics was then introduced to TSL oscillator. The TSL oscillator
consisted of a plane total reflector, a plane output coupler of 95 percent reflection, and a TSL crystal
(Union Carbide Co., 5 mmX5 mmX 12 mmL). The Ti concentration was 0.15 wt%, and FOM was

90. The pump laser was focused with a lens (f=50cm) before the crystal surface, and longitudinally
pumped the crystal. Figure 14 shows the temporal profile of the generated TSL pulse which was 50
nsec delayed from the pump beam. The temporal duration of TSL was 12 nsec. Figure 15 shows the
laser output as a function of incident pump energy. The threshold fluence of oscillation was 2.0 J/cm’.
The slope efficiency was 6.7 %. Figure 16 shows the vertical and horizontal beam profile of
generated laser. The beam divergence was 1.8 mrad. The beam profile of the obtained TSL was
smooth, and was appropriate for various applications.

We have developed Nd,Cr:GSGG oscillator that had sufficient output power and spatial profile to
oscillate TSL. Although at this stage, the conversion efficiency of the total system is low, and further
optimizations of the laser system are required, it is demonstrated that the GSGG laser is potentially
more efficient pump source for TSL than YAG laser.

Since the thermal properties of GSGG crystal is not good, the influence of the thermal lensing or
thermally induced birefringence might be larger compared with that of YAG. However, these
influence can be reduced by using a slab type resonator with zigzag optical pathm) or a flow cooled
multiple disk type resonator' ), which make high average power GSGG laser system possible.

4. Conclusions

Cr,Nd doped GSGG laser has been developed. It was about two times more efficient than Nd:YAG
laser at the free running mode operation. At the Q-switched mode operation, fundamental output of 50
mJ, and SHG output of 8 mJ were obtained. Appropriate spatial profile, temporal duration, and long
time stability for TSL pumping were achieved. Oscillation of TSL was demonstrated by the second
harmonics of GSGG laser.
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Figure 2. The output energy of GSGG and YAG resonator as a function of lamp input energy.
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Figure 3. The output energy of GSGG laser as a function of lamp input energy with and without iris.
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Figure 4. Tempora! profile of GSGG fundamental output at a free running mode operation.

Figure 5. Spatial profile of GSGG fundamental output.
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Figure 6. Temporal profile of GSGG fundamental output.

Figure 7. Spatial profile of Q-switched GSGG fundamental output.
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Figure 8. Fundamental output of Q-switched GSGG laser as a function of lamp input energy.
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Figure 9. Laser output energy as a function of operation time at repetition rates of 1Hz and 10Hz.
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Figure 10. Temporal profile of second harmonics of GSGG laser.
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Figure 16. Vertical and horizontal beam profile of TSL.
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