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Outline

1. Introduction

► Microchip laser (MCL): merits, applications, and brightness scale

2. Pulse duration tunable MCL

3. High brightness unstable cavity MCL

4. Summary 
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Introduction

► Compact
► Stable
► Short pulse (< 1 ns) à >MW peak power
► Single axial frequency

Microchip laser

Short, monolithic, and cavity coated structures

► Movable or remote controllable
► Robot arm friendly
► No need of optical fiber delivery à no limit of peak power and M2
► Intense laser induced breakdown due to high brightness
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Main laser Pump LD

Main laser

Fiber delivery laser Microchip laser
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Ignitor for combustion chamber of the engines such as automobile and rocket
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Laser patterning and drilling (robot arm friendly)
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Laser peening (robot arm friendly)
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Laser diode

Spectrometer

Laser induced breakdown spectroscopy (remote controllable and long distance available)
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Problems of brightness scale for flat-flat cavity MCL

E>10 mJE<1 mJ

► Beam pattern degradation
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► Pulse broadening ► M2 degradation

[1] J. Dong, et al., Opt. Express 15, 14516 (2007).

[2] A. Agnesi, et al., Appl. Phys. Lett. 89, 101120 (2006).

[3] H. Sakai, et al., Opt. Express 16, 19891 (2008).

[4] N. Pavel, et al., Opt. Express 19, 9378 (2011).

[5] H. H. Lim and T. Taira, Opt. Express 25, 6302 (2017).

[6] L. Zheng, et al., Opt. Express 27, 30217 (2019).

[7] H. H. Lim and T. Taira, Opt. Express 27, 31307 (2019).

[8] X. Guo, et al., Opt. Express 27, 45-54 (2019). 



������������	
� / 2020.7.8
�"� �!�!������� ��!�!�!������

Problems of brightness scale for flat-flat cavity MCL
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Lc

Nd:YAG/Cr:YAG ceramic
3 X 3 X 7 mm3

Q-switched pulse duration ∝ cavity length

cp rr
rr tht
ln1
)(
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tc : the cavity lifetime
r : the initial inversion ratio
h : the energy extraction efficiency

Pulse duration tunable laser

Tunable range: 0.5 – 9 ns
Pulse energy: > 2 mJ Peak power: > 0.5 MWCavity length dependent characteristics

Pulse shape Beam pattern
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Pulse width tunable MOPA

l/2 Pol.

Pulse width tunable laser

l/4

Pol.

Monolithic 
ceramic

Nd:YAG/Cr:YAG

Nd:YAG
ceramic

HR mirror

§ >2 times energy amplification

§ Beam quality improvement
(M2=1.3 for short cavities)
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Application examples

►Laser peening vs. pulse width 

►Laser ignition or breakdown of gas vs. pulse width

►Material processing vs. pulse width 

►Pulse duration matched nonlinear frequency conversion or 

amplification
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High brightness unstable cavity MCL
Solution for brightness scaling as keeping compactness 

Lc Ro

Rb

a b

Mb

!" = − 2 &'
( − 1

!* =
2 (&'
( − 1

( = +
, = −!*!"

► Wider and controllable mode volumes

► Uniform beam pattern of doughnut shape

► No beam pattern degradation for energy scaling

► A good focusability of doughnut beam as a Bessel-like beam

Positive branch confocal cavity

Mo

( = 2

( = 2

( = 3
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Experimental setup
Microchip laser with unstable cavity

► 700 W pump diode @ 808 nm, 10 Hz during <400 µs
► Monolithic ceramic with a dimension of 6 X 6 X 7(l) mm3

► 1.1 at.% Nd3+ doping and 30% of initial transmittance of
Cr4+:YAG

► Flat back cavity mirror Mb

► A half inch plano-convex lens LM0 with a radius of
curvature of 52 mm (for m of 2 for the confocal cavity)

► Output coupler (OC) M0, HR coated on the center part of
LM0 in a spot diameter of 2 mm

► Collimation lens L with a focal length of 50~150 mm in
case of the lens position

Flat-flat cavity for comparison

Monolithic ceramic

Mo

QCW
diode laser
end-pump

Nd:YAG/Cr:YAG

Mb

Lc

LMo L

l

Mo

► Comparison of laser performance for brightness scaling
► Replacement of the curved OC, M0 with a flat mirror
► Identical all other conditions (pumping, cooling, and so on)
for both resonators

► A flat mirror with a reflectance of 50% (the same round-
trip loss for an ideal confocal cavity with m of 2)
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Laser characteristics

► Doughnut beam pattern with a center Poisson spot
► Pulse energy of 13.2 mJ @ 10 Hz
► Pulse width of 476 ps

► Record peak power of 27.7 MW

► Short term RMS stability <1%
► Linear polarization @ 10 Hz
(may be pump power induced birefringence and
depolarization due to stress and heat)

► The polarization ratio ! = #$%&'#$()
#$%&*#$()

= 0.997
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►The center part (red line) of Bessel-like
beam has 0.2 times smaller size than D4s
(black line).

f=300 mm
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► !" !#$" = 6 5.8 , second-moment
based !" and 86.5% power-content
based !#$"

► Bessel-like beam at focal point

!*+," = !-*.
" !-/0

"

Laser characteristics

!,11
" = 234,,11

6 7 = 234,,11
6 8 6!

"

234
= 34,,11

34
!" = 0.2×6 = 1.2.

►The small center part can increase
focusability substantially.

!,11
" :	effective M2

34,,11: effective beam waist

7: half angle divergence
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Laser characteristics

►The center part portion of pulse energy

!"## ≈ 30% for m=1.48

!"## ≈ 65% for m=3

* +, - = )4 *(0, -
1 − ⁄1 56 6

)78(9+ ⁄: -
9+ ⁄: - − 1

56
)78(9+ ⁄; -

9+ ⁄; -
6
, (1)

where 5 = :/; is the ratio of the outer radius b and the inner radius a of the
aperture, = = >;6 56 − 1 is the annular area, J1 is the first-order Bessel function,
9 = 2>/@ is the wave number, f is the focal length, and * 0, - = =6/(@6-6) is the
peak intensity at the focal plane. [1] B. Lu, et al., J. Mod. Opt. 48, 1171 (2001).

Intensity distribution of plane wave focused by an annular aperture at the focal plane

►The center part self-diffracts weakly as the same 
as D4s

►The effective Rayleigh length of the center part is
about 4 times longer than that of Gaussian

AB,"## ≈ 4× AB,D(E6F8)
(Red line) (Blue line)
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Comparison with flat-flat cavity

► The energies of 8.8, 11.5, and 13.2
mJ for unstable cavity are paired
with 10.2, 14.3, and 18 mJ for flat-
flat cavity by every pump condition,
respectively.

► No degradation of pulse width and
M2 due to the uniform doughnut
pattern for energy scaling.

► ~4 times higher brightness
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Comparison with other works
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► !"## = 30%
► ("##

) = 1.2
► Highest effective brightness of over 0.5 PW/(sr-cm-2)
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Laser induced breakdown (LIB) in air

D f

D=7.5 mm
t=0.57 ns 
M2= 5.1

D=7.5 mm
t=0.57 ns 
M2=1.3

[1,2]

[1] H. H. Lim and T. Taira, Opt. Express 25, 6320 (2017).
[2] H. H. Lim and T. Taira, Opt. Express 27, 31307 (2019).
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► Comparable capability of LIB to a near-Gaussian
beam due to the effective high brightness of
doughnut beam at focal plane

Near Gaussian
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Application examples

►Laser peening

►Laser ignition

►Material processing
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Summary
►Pulse duration tunable laser: 0.5-9 ns, ~1 MW

►High brightness doughnut laser: 0.5 sr-1 cm-2 , 28 MW, 13.2 mJ
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Future works

► Brightness scaling up
► Larger m and b

► Higher repetition rate
► Heat management using distributed face cooled (DFC) tiny

integrated laser (TILA)
► Frequency conversion by NLO

► High brightness, compact green and UV doughnut beam laser
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