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ABSTRACT

High power 808 nm vertical-cavity surface-emitting laser (VCSEL) arrays were used to end-pump diffusion-bonded
composite laser rods consisting of an Nd:YAG gain medium and a Cr:YAG saturable absorber. The laser pulse energy,
q-switch delay time, and optical efficiency of a passively Q-switched monolithic solid state laser in a compact rugged
package were measured as a function of VCSEL power for various heatsink temperatures. Up to 19 mJ laser pulse
energy was produced with 13% optical efficiency.
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1. INTRODUCTION

Compact, low-cost, Q-switched diode-pumped solid-state lasers (DPPS) with high pulse energy are needed for many
applications, such as laser range finders, laser designators, laser breakdown spectroscopy, and laser ignition. In many of
those applications the lasers need to operate at high temperatures where typical edge-emitting laser diode pump lasers
show poor reliability. Recently, high power vertical-cavity surface-emitting laser (VCSEL) arrays have been
demonstrated as excellent pump sources for diode-pumped solid-state lasers.1-5 Their key advantages over the existing
edge-emitter technology include simpler coupling optics, reduced wavelength sensitivity to temperature, and increased
reliability, especially at high temperatures, low-cost manufacturing, and two-dimensional planar scalability. These
features make VCSEL technology very well suited for constructing low-cost DPSS lasers with high pulse energy.
Here we report on a compact VCSEL end-pumped, passively Q-switched Nd:YAG laser with a monolithic laser cavity.
The laser comprises three main components: a high power 808 nm VCSEL pump module, an aspheric condenser lens as
a pump optic, and a diffusion bonded composite laser rod consisting of an Nd:YAG gain medium and a Cr:YAG
saturable absorber. The laser rods were coated with dielectric coatings on each end surface to form the laser cavity
mirrors, while a pump induced thermal lens stabilized the laser cavity. A rugged compact air-cooled laser package was
constructed. The VCSEL pump module heatsink temperature was controlled by a thermo-electric cooling element. The
laser pulse energy, Q-switch delay time, and optical efficiency of the passively Q-switched monolithic solid state laser
were measured as a function of VCSEL power for a range of VCSEL heatsink temperatures.

2. VCSEL PUMP MODULE

High-power 808 nm VCSEL arrays comprise thousands of low power high efficiency single VCSEL elements that emit
in intrinsically circular, spectrally narrow, low divergence beams. Power levels of these VCSEL arrays reach a few
hundred Watts, while multiple of these two-dimensional VCSEL arrays can be combined to construct kW level VCSEL
pump modules.6 The VCSEL device structure and fabrication has previously been reported on.7

The VCSEL pump module used here was designed for end pumping of a Nd:YAG laser, which has a strong absorption
line at 808.5 nm. The pump module comprises four 5 mm x 5 mm VCSEL arrays arranged in a 2 x 2 layout. Each
VCSEL chip was mounted on a diamond heat spreader and connected in series with wirebonds. The light emitting area
of each VCSEL chip was restricted to a quadrant of a circle with a 4.7 mm radius by using a carefully designed mask

during the device fabrication, so that by combining the four chips an approximately circular emitting area was formed
with a 10 mm diameter. The layout has been described in more detail elsewhere.1, 6 The VCSEL chips were mounted on
a Cu heatsink that was mounted to a thermo-electric cooling element (TEC) to form a VCSEL pump module. Heat from
the hot side of the TEC was removed by a fan-cooled finned heatsink.
The power and wavelength of the VCSEL end-pumping module was measured as a function of current for various
heatsink temperatures; the results are shown in Fig. 1. The VCSEL pump module was operated in quasi CW mode
(QCW) with 300 s long current pulses at a 15 Hz pulse repetition frequency (PRF). The peak power of the VCSEL
pump module operating at 200 A peak current, ranges from 750 W at 20 deg C to 480 W at 65 deg C. The spectral
bandwidth of the combined output of the VCSEL pump module output is typically around 2 nm. The peak wavelength
shifts linearly with heat sink temperature by about 1.0 nm per 15 deg C, and non-linearly with current. At 200 A driving
current the peak wavelength overlaps with Nd:YAG absorption line at 40 deg C heat sink temperature.
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Figure 1: Power (a) and wavelength (b) of the VCSEL end-pumping module for various heatsink temperatures.

3. VCSEL PUMPED SOLID STATE LASER

The VCSEL pump module was incorporated into a compact rugged diode pumped Q-switched Nd:YAG laser package.
A photograph of the laser package is shown in Fig. 1. The total length of the package is 4 inches; the finned heatsink and
the cooling fan are 2 in. x 2 in. in dimension. The stainless steel tube housing the solid state laser is 0.75 in. in diameter.
The package contains a pump lens mount that holds a 10 mm focal length condenser lens that focuses the 808 nm output
of the VCSEL pump is focused onto a 4.5 mm diameter 32 mm long YAG rod.

The solid state laser cavity design is based on a monolithic structure comprising a 30 mm long Nd:YAG crystal that is
diffusion bonded to a 2 mm long Cr:YAG crystal. The Nd:YAG crystal provides gain at the 1064 nm lasing wavelength,
while the Cr:YAG crystal is a saturable absorber that enables passive Q-switching resulting in short pulse operation. The
crystal facets are flat and polished to high degree of parallelism. The Nd:YAG crystal is coated with a high damage
threshold, dual-wavelength dielectric coating that is highly reflective (HR) for the 1064 nm lasing wavelength and highly
transmissive (HT) for the 808 nm pumping wavelength, while the Cr:YAG crystal is coated with a partially reflective
coating at 1064 nm, providing output coupling. The cavity is stabilized by pump induced thermal lensing. The
monolithic cavity design reduces sensitivity to alignment as well as shock and vibration.

The laser is typically operated in QCW mode at 15 Hz PRF with a current pulse duration ranging from 200 us to 400 us
depending on the VCSEL current and heatsink temperature. The laser emits a 2 mm diameter beam with < 2 mrad
divergence, corresponding to a beam quality parameter of about 6. The duration of the energy pulses is ~4 ns.
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Figure 2: Photograph of the VCSEL pumped passively Q-switched Nd:YAG laser package.

4. RESULTS AND DISCUSSION

The VCSEL pump module can be operated reliably at higher temperatures. However, as shown in Fig. 1, the VCSEL
power decreases with increasing temperatures. For the VCSEL pumped passively Q-switched solid state laser this means
that the current pulse duration needs to be increased to compensate for the reduction in pump power. This affects the
optical (808 nm) to optical (1064 nm) conversion efficiency of the laser, as well as thermal lensing in the laser rod. A
series of experiments was conducted to investigate the combined effects of changes in the VCSEL heat sink temperature
setting on the performance of the VCSEL pumped passively Q-switched Nd:YAG laser.

The laser performance was characterized in terms of Q-switch delay time, laser pulse energy, and optical conversion
efficiency. The results are shown in Figs. 3-5. The first set of data (circles) was obtained by varying the VCSEL current
while keeping the heatsink temperature constant at 25 deg C. The current was decreased from 200 A to 120 A in 10 A
increments. The second set of data (squares) was obtained by varying the VCSEL heat sink temperature from 25 deg C
to 60 deg C in 5 deg C increments, while keeping the VCSEL current constant at 200 A. The third set of data (diamonds)
was obtained by varying the VCSEL heat sink temperature from 25 deg C to 55 deg C in 5 deg C increments, while
keeping the VCSEL peak power constant at 613 W by adjusting the VCSEL current accordingly. And finally, the fourth
set of data (triangles) was again obtained by varying the VCSEL heat sink temperature from 25 deg C to 55 deg C in 5
deg C increments, but now keeping the Q-switch delay time constant at 290 s by adjusting the VCSEL current
accordingly. In all case the VCSEL current pulse duration was set to exceed the Q-switch delay time by 10 s to ensure a
stable output. The labels in Figs. 3-5 indicate the current and temperature setting of the first and last data point of each
set of measurements.

The Q-switch delay time is plotted as a function of VCSEL peak power in Fig. 3. The data shows that the Q-switch delay
time increases as the VCSEL power decreases. However, it also shows that it matters whether the VCSEL power is
decreased by decreasing the current (circles) or by increasing the heatsink temperature (squares); if the same VCSEL
power is obtained at higher temperatures and higher currents, the Q-switching time is longer than at lower temperatures
and lower currents. This behavior is attributed to an increase in the divergence of the VCSEL output with increasing
current, which results in a larger focal spot size at the YAG rod and thus a lower pump power density. 5 Since a passively
Q-switched laser switches when the gain exceeds the sum of the resonator losses and the absorptive losses, a lower pump
power density leads to an increased energy threshold and thus longer Q-switching time. The variation in pump
wavelength, as shown in Fig. 1(b), does not appear to have a significant impact since the Q-switching time increases in
regular intervals as the VCSEL wavelength sweeps across the 808.5 nm Nd:YAG absorption line from 806 nm (165 A,
25 deg C) to 811 nm (240 A, 55 deg C) for the constant VCSEL power curve (diamonds).
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Figure 3: Q-switch delay time of the VCSEL pumped passively Q-switched Nd:YAG laser as a function of VCSEL power for
various VCSEL drive currents and heatsink temperatures.
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Figure 4: Laser pulse energy of the VCSEL pumped passively Q-switched Nd:YAG laser as a function of VCSEL power for
various VCSEL drive currents and heatsink temperatures.

The laser pulse energy, measured during the above described experiments, is plotted as a function of VCSEL power in
Fig. 4. The data shows a strong correlation between laser pulse energy and VCSEL power. The laser pulse energy
increases from 13.4 mJ at 418 W to 18.9 mJ at 702 W pumping, both recorded at 25 deg C heatsink temperature. This
behavior is similar to the increase in laser pulse energy as a function of VCSEL power observed for a resonator with a
curved graded reflector mirror by Goldberg et al, who contributed it to an increased pump mode volume at higher
currents due to the increased divergence of the VCSEL pump.5 Interestingly, the laser pulse energy is mainly determined
by the VCSEL power, regardless whether or not the VCSEL power was obtained at high current and temperature. This is
clearly illustrated by the set of measurements taken at a constant 613 W VCSEL power (diamonds), which shows 17.7
mJ average pulse energy with only a +2% spread. Since the Q-switching time increases at higher currents and higher
temperatures, as shown in Fig. 3, the optical efficiency for this data set decreases from 12.3% at 25 deg C to 9.8% at 60
deg C.
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Figure 5: Optical (808 nm) to optical (1064 nm) conversion efficiency of the VCSEL pumped passively Q-switched Nd:YAG
laser as a function of observed Q-switch delay time for various VCSEL drive currents and heatsink temperatures.

The optical conversion efficiency was found to exhibit a strong correlation with the Q-switching time, as shown in Fig.
5, with shorter Q-switching time resulting in higher optical efficiencies. The efficiency increases from 8.8% at 365 s Qswitch delay time to 13.1% at 213 s delay time. The data set taken at a constant 290 s Q-switching time shows a small
spread (+2%) in optical efficiency. A long Q-switching delay time can result from either a high heatsink temperature or a
low drive current, and in both cases it leads to a lower optical efficiency. This is due to energy losses in the gain medium
resulting from natural fluorescence and amplified spontaneous emission that occur before the laser switches. Having the
same optical conversion efficiency and Q-switching time does however not lead to the same emitted laser pulse energy
because the extractable energy is higher at higher current settings.

5. CONCLUSIONS

We reported on the performance of a compact and rugged VCSEL end-pumped, passively Q-switched Nd:YAG laser
comprising a monolithic laser cavity. The laser performance was measured at various VCSEL heatsink temperatures and
drive currents, and characterized in terms of laser pulse energy, Q-switch delay time, and optical conversion efficiency
for. A strong correlation was found between laser pulse energy and VCSEL power, as well as between optical efficiency
and Q-switch delay time. It was demonstrated that the Nd:YAG laser can be operated at VCSEL heatsink temperatures
ranging from 25 deg C to 60 deg C with 18 mJ laser pulse energy by adjusting the VCSEL drive current to produce the
same VCSEL power, but that the optical efficiency dropped by 20% due to the increase in Q-switch delay time.

6. REFERENCES

[1] Xiong, Y., Van Leeuwen, R., Watkins, L. S., Seurin, J. F., Xu, G., Miglo, A., Wang, Q., and Ghosh, C., “High
power VCSEL array pumped Q-switched Nd:YAG lasers,” Proc. SPIE 8235, 82350M (2012).

[2] Chen, T., Xu, B., Van Leeuwen, R., Zhao, P., Seurin, J. F., Xu, G., Miglo, A., Wang, Q., and Ghosh, C., “0.9W
compact UV pulsed lasers using high-power VCSEL array side-pumping,” Proc. SPIE 8599, 85991J (2013).
[3] Van Leeuwen, R, Chen, T, Watkins, L. S., Xu, G., Seurin, J. F., Wang, Q., Zhou, D., and Ghosh, C., “1 W frequency
doubled VCSEL-pumped blue laser with high pulse energy,” Proc. SPIE 9342, 93420N (2015).
[4] Cole, B., Hays, A., Mclntosh, C., Nettleton, J., and Goldberg, L., “Compact VCSEL pumped Q-switched Nd:YAG
lasers,” Proc. SPIE 8235, 82350O (2012).

[5] Goldberg, L., Mclntosh, C., Cole, B., “VCSEL end-pumped passively Q-switched Nd:YAG laser with adjustable
pulse energy,” Opt. Express 19, 4261-4267 (2011).
[6] Seurin, J. F., Xu, G., Miglo, A., Wang, Q., Van Leeuwen, R., Xiong, Y., Zhou, W. X., Li, D., Wynn, J. D., Khalfin,
V., and Ghosh, C. L., “High-power vertical-cavity surface-emitting lasers for solid-state laser pumping,” Proc. SPIE
8276, 827609 (2012).
[7] Seurin, J. F., Xu, G., Khalfin, V., Miglo, A., Wynn, J. D., Pradhan, P., Ghosh, C. L., and D’Asaro, L. A., “Progress in
high-power high-efficiency VCSEL arrays,” Proc. SPIE 7229, 722903 (2009).

