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ABSTRACT

A compact UV pulsed laser pumped by high-power diraensional arrays of vertical-cavity surface-eimgtlasers
(VCSELs) was presented. A passively Q-switched 1084Nd:YAG laser was side-pumped by kW-class 808-nm
VCSEL pump modules and the output pulses were &ecy quadrupled to 266-nm. 10-ns, 0.68-mJ UV putaggut
was obtained at 1.33k-Hz repetition rate. The ayetdV power is > 0.9-W. This VCSEL pumped high poWwd laser
source provides a reliable, low-cost and low-peofiblution for military and commercial applicatiansluding remote
sensing, laser processing and spectroscopy.
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1. INTRODUCTION

UV laser sources with output wavelength below 3@0-mave wide range of applications including laser
micromachining, semiconductor wafer inspectionsnate sensing, and spectroscopy. UV laser pulsesyaieally
obtained through frequency up-conversions of Qddweitl or mode-locked solid-state lasers in neamiaft (NIR)
wavelengths The pursuit of high pulse energy (mJ level) aigtpulse repetition rate (>1k Hz) UV laser bringsque
challenges to the laser pump sources. Traditionbliyh repetition rate solid state lasers are puhipestacks of edge
emitting diode laser bars operating in quasi-cartirs-wave (QCW) mod&sSophisticated optics and precise alignment
are needed to collimate and focus the edge emiptimgp light onto the solid state gain medium. Moo due to the
large thermal drift of diode output wavelength, @ete control over diode temperature is requiredrisure high pump
efficiency, which becomes difficult at high pumpvger.

Recently, two dimensional arrays of vertical-cawstyrface-emitting lasers (VCSELs) have been deegldpr laser
pump applicatior®’. The array consists of a large number of VCSElmelets, each emitting a few mW of optical
power. Multiple VCSEL arrays can be combined iroenpact form to generate kW-level power. The higtpaupower,
flexible configuration, high reliability (high tengpature durable and insensitive to back reflectias)well as excellent
spectral properties (narrow output wavelength amwd Wavelength thermal drift) make the VCSEL arrayadtractive
pump source for solid state laser.

A number of VCSEL pumped solid state lasers weraaiestrated in the last few year¥. For example, single pulse
energy as high as 40-mJ was reported with an dgt@ewitched end-pumped Nd:YAG laser at 10642nkteanwhile,
pulse repetition rates as high as 240-Hz and 9B8kvere reported for passively Q-switched 1064-nmYMd5 lasers
with mJ-level and pJ-level pulse energy respectivel More recently, 300-Hz 20-mJ QCW laser operatiossw
achieved with a 946-nm Nd:YAG las&rin this paper, we demonstrated significant enkarant in both repetition rate
and total output power for mJ-level VCSEL pumpedYWG laser and UV laser. With a compact Nd:YAG lasavity
and two high power VCSEL array side-pumping modulé&s9-W 1064-nm QCW output power was achieved.2i-1
Hz. Moreover, 8.24-W 1064-nm Q-switched output powas obtained at 1.33k-Hz and consequently coeselt
4.05-W green power and 0.9-W UV power respectivelifiese bench-top results illustrate the feasjbiitthe VCSEL
array side-pumping configuration for high pulserggehigh repetition rate solid state laser appides.
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2. VCSEL ARRAY SIDE PUMPING

The side pumping module used in this experimensisté of 12 2.7x2.7-mm VCSEL arrays electronicsneated in
serial, and compactly positioned on a micro-chacnpeler as shown in Figure 1. Each of the VCSEhyis comprised
of thousands of single 808nm VCSEL emitters coretedh parallel, and is capable of emitting 50-Wpekk power
with uniform light intensity. Detailed descriptiosf the VCSEL structure can be found elsewfiér&he threshold
driving current of the module is 20-A. At drivingicent of 110-A and QCW pulse duration of 100-k& module
provides > 550-W peak power at repetition rateafk-Hz. With lower driving current of 70-A, the hale is able to
operate at 2k-Hz repetition rate with >250-W peatpat power, as shown in the right of Figure 1.

60 i T T T

- ~
Ol o |
j"[l-rj/j L~F_L\u »
a

.

s 1500

50 +

40

1
-
=3
=

Peak Pump Power (W)

30 —

D=0~ —L_Lyﬁ—j—ﬂ—u—u_u§u_t+ﬂd\ﬂ

v

20 / S

10 <h/‘/ —=—70A Driving Current : |

;/ —e—110A Driving Current | | 100
[t

T T
0 500 1000 1500 2000
Pump Repetition Rate (Hz)

@
=3
<

&

Average Pump Power (W)

VCSEL Emitting Area
2.7mm x 2.7mm x 12

Figure 1 (Color online). Left: layout and picturktiee 6x2 VCSEL arrays side-pumping module; Rigtwerage and peak

output power of a single pump module under 100sppulse duration and different repetition ratethwiOA and 110A
driving currents.
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Figure 2 (Color online). Left: Cross-section desidnthe side-pumped laser head fixture; Middle: Zgreimulation of the

808nm pump light from VCSEL array to Nd:YAG crystRight: Pump light distribution on the pump sudaif Nd:YAG
crystal simulated by Zemax.

The VCSEL side-pumping compatible laser head degigs shown in Figure 2a. A 20-mm lengthL.8-mm width”
1.5-mm height 1% w.t. doped Nd:YAG crystal was afisd in the laser head fixture. In order to previthearly
polarized laser operation and increase damagehibicgsthe two un-coated end surfaces of the lasgstal were
Brewster-cut at 61°. The two side-pumping surfaafethe crystal were AR coated at both 808nm and4hfi6 One of
the side surfaces was also angle polished at Bfeteent possible parasitic lasing at 1064nm inttaesverse direction.
Two pieces of graphite sheets were inserted bettfeenopper heat sinks and the top and bottomessfaf the crystal
respectively. The cooper heat sinks were cooledrbgxternal liquid chiller (not shown). By adjustithe tensions of
four tension-lock screws between top and bottont sie&s, uniform and moderate pressure was apfi¢ie crystal to
ensure good thermal contact between crystal andshrdes.



808-nm pump light from a pair of @ VCSEL pump modules were focused onto the Nd:YAgtal using a pair of
cylindrical lenses. The emitting area of the pung@ole is 20-mm 5.8-mm. The N.A. is ~ 0.15. The cylindrical lenses
are 8-mm diameter half-rods with refractive indéxi@2 and anti-reflective coating at 808-nm. Tlosipons of the
VCSEL pump modules and the cylindrical lenses camadijusted individually to maximize the pump absiorp Figure
2b and 2c shows the ray-tracing simulation resafithe pump light propagation using Zemax softwakéth optimal
optical alignment, >98% of the pump light is prdget onto the Nd:YAG pump surface with a Gaussike-fpirofile of
light intensity, which results in good overlappingtween pump light and laser beam.

3. HIGH REPETITION RATE QCW AND Q-SWITCHED LASER

The basic laser cavity as shown in Figure 3 camsibthe laser head fixture, a 1064-nm highly aflee end mirror and
a 1064-nm 50% transmission output coupler. Q-swiicbperation is forced by the insertion of a 106#4AR coated
Cr:YAG crystal with 40% initial transmission. Thesertion of a quarter waveplate (QWO) compensdieshermally
induced polarization rotation in the YAG crystatglaensures the linear polarization output of tisedaavity.

Directly out of the laser cavity, a 1064-nm + 538-AR coated KTP crystal was placed at #ansverse tilting angle to
allow efficient type-Il second harmonic generatidime size of the KTP is 10-mirB-mmni 5-mm. The 532-nm output
was further frequency doubled by a 5-frfBrimm’ 5-mm AR-coated BBO crystal placed also at 4Bgle after the KTP.
The 266nm fourth harmonic output was separated f®mand green output using a silica prism (Not shpwhe total
length of bench-top setup is less than 6 incheis stsown in Figure 3.
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Figure 3 (Color online). Top: schematic layout of lser including the VCSEL side-pumped Q-switchelYAG laser
cavity and frequency quadrupling; Bottom: Pictuféhe bench-top UV laser setup. OC: Output Coud/P: Quarter
Waveplate; CL: Cylindrical Lens; EM: End Mirror.




As described in the previous section, two VCSEL punodules were employed in the bench-top setusmump the
Nd:YAG crystal. At maximum driving current of 120-A 120-A, more than 1200-W of peak power can baiobt

from the dual pump modules to facilitate high putseergy and overall laser efficiency. While for thigepetition rate
operations, lower driving current is preferred tmid thermal lensing induced laser beam qualityedetation and
possible crystal surface damages from Q-switchésepuFigure 4 compares the QCW output power atgkmnergy
with different driving currents at pump pulse digsatof 100-us. At driving current of 110-A + 105-faximum QCW
power of 11.8-W was obtained for maximum repetitiate of 1.1k-Hz before thermal rollover. The putseergy
dropped by 31% from 15.6-mJ at 100-Hz to 10.7-nllkHz, accompanied by serious thermally indutetgrioration
in laser beam quality. At a lower driving curreft7®-A + 70-A, we were able to push the repetitiate up to 1.9-kHz
and obtained 10.9-W output power. The pulse endrgpped by merely 11% from 6.4-mJ at 100-Hz tordJrat 1.9-
kHz.
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Figure 4 (Color online). Schematic layout of UvVdaicluding the VCSEL side-pumped Q-switched Nd&aser cavity
and frequency quadrupling.

4. FREQUENCY QUADRUPLING

With the insertion of Cr:YAG crystal, Q-switchedaration was investigated with 140-A driving curreti25us pump
pulse duration and different repetition rates. Témults are summarized in Figure 5. Linear deperelen Q-switched
average output power vs. pulse repetition rateg wbserved up to 1.3-kHz. Power roll-over was olesitin 1.3k-1.5k-
Hz, which is attributed to thermal lensing effeEhe maximum Q-switched IR output power is 8.34-Wthvsingle
pulse energy of 6.4-mJ at 1.3-kHz. The optical ptical efficiency is estimated as 9.8%, and thetelkeal to optical
efficiency as 2.5%. The QCW to Q-switching effiatgnis estimated as 73% at 1.3-kHz. This is attaluto the
relatively higher ASE loss and worse pump to ldmsm overlapping of Q-switched operation comparigd the QCW
case.

Frequency up-conversion results to 532-nm Greer2é6enm UV light were also illuminated in FigureA. maximum
pulse repetition rate of 1.33k-Hz, maximum greemvg@oof 4.05-W and UV power of 903-mW were obtairedter
tuning the laser polarization and aligning the imeedr crystal. The green and UV pulse energy @8-61J and 0.68-mJ
respectively. The IR to Green and to UV convergfiitiencies are 48.5% and 10.8%.

Pulse duration measurements were performed withia@i® photodiode (Thorlabs DET10A, 200-1100nm, slising
time) and an 200MHz digitized oscilloscope. 194#ns and 10-ns pulse durations were obtainechfoiR, green and
UV pulses respectively, as shown in figure 6. This@ duration can be further shortened by incrga$ia intra-cavity



energy and shortening the cavity length. The U\Vkgeawer is ~68-kW and the power density is ~90-MiW/evith ~1-
mm estimated beam diameter right after the nonlingsstal. The UV beam divergence is measured 2sr¥ad.

Figure 5 (Color online). Schematic layout of UvVdaicluding the VCSEL side-pumped Q-switched Nd&Yaser cavity
and frequency quadrupling.

Figure 6 (Color online). Schematic layout of UVdaicluding the VCSEL side-pumped Q-switched Nd& faser cavity
and frequency quadrupling.



5. CONCLUSION

We reported a compact UV pulse laser with 1.33k«f®tition rate and 0.9-W average power. A 1064passively Q-
switched Nd:YAG laser was side-pumped by two 808+igh power VCSEL array pump modules operatingGaA7
driving current and 250-W peak power. With optinti2éCSEL driving current and careful laser cavitwida, we were
able to operate the laser at 1.9k-Hz for QCW modé #&.3k-Hz for Q-switched mode before thermal nodio

Maximum IR output power of 10.9W and 8.34W wereiaebd for the QCW and Q-switched mode respectiwalith

frequency quadrupling efficiency of 10.8%, 10ns8nd 266nm UV pulse was obtained at repetition oate.33k-Hz.
As new generations of 808-nm VCSEL arrays with highrightness and higher efficiency being develdhedrther
enhancements on the laser pulse energy, repeatitierand efficiency can be expected.
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