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> 40 MW unstable eavity microchip laser for laser writing
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1. Overview of fs-laser micromachined waveguide

2. Record peak power microchip laser with unstable cavity

3. Summary
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fs-laser micromachined waveguides

DX AT UM RAIATHR= Y RIZ&DE E A @R E KL —Y Project seminar / 2021. 8. 3




Appl. Phys. A 89, 127 (2007).

€ An >0 in the focal volume = the waveguide core
» Positive change is very common in amorphous materials, e.g., in most glasses.
» Afew crystals (LN, Nd:YCOB and ZnSe) were used for Type | waveguide.

€ Weak damage or modification
» Point defect creation for LN = lower spontaneous polarization

€ Advantages
 Ease 3D fabrication

€ Disadvantages
» Degradation of bulk related properties in the core due to the even weak damage (NLO
coefficient, PL, ...)
« Unstable or removed under high temperature, not suitable for high-power applications
» Light polarization sensitive guiding
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€ The waveguides are in the vicinal region of the fs-laser induced tracks.

€ An <0 in the focal volume due to expansion of the lattices = a relatively high
index in the vicinal surrounding regions by stress-induced effects.

€ Advantages
* Preservation of luminescence and nonlinear properties of the bulk.
« Both TM, TE guiding is possible in some crystals.
 Very stable waveguide at high temperature, suitable for high power
operation.

AT RAUOTH =Y R(ZKBE H SR E &L —4 Project seminar / 2021. 8. 5



Nd(2 at.%):YAG ceramic
(Baikowski Japan),
~0.8 uJ, ~ 120 fs, 1 kHz, 50 um/s.

Nd(2 at.%):YAG ceramic (Baikowski

| Japan),

.ér.g 1 ~4 Jlcm?, ~ 120 fs, 1 kHz, 25 um/s.
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Opt. Express 15, 13266 (2007).
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Appl. Phys. B 95, 85 (2009).

! [ x-cut LN, ~0.3 pJ, ~ 1.2 ps, 100 kHz, 1 mm/s.

Appl. Phys. A 89, 127 (2007).

a-quartz ([001])/k),
~14 uJ, ~ 120 fs, 1 kHz, <1 mm/s.

Appl. Phys. A 76, 309 (2003).
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PPMgSLT, ~0.4 uJ, 300 fs Nd:YAG ceramic , <0.4 uJ, 120 fs, 1
kHz, 0.7 mm/s
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Fig. 1 (a) Microscope image of cross section of waveguide fabricated in PPMgSLT, (b) and (c) Near field mode profiles of
fundamental and SH, respectively, (d) SHG output power and the external conversion efficiency.

OXIDE Co. CLEO_Europe (2019). Opt. Express 20, 18620 (2012).

€ Similar to Type I, An <0 in the focal volume. The waveguide consists of a core
surrounded by a number of low-index tracks. Those tracks are close to each
other (few micrometers), constructing a quasicontinuous low-index potential
barrier wall, which allows the confinement of the light field inside.

€ Advantages
« Designable waveguide cross section shape and size.
« Circular cross section is suitable for fiber-waveguide-fiber integrated

photonic system.
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x-cut LiNbO; , <0.3 nJ, 120 fs, 1 kHz, 0.5 mm/s,

Nd:YAG crystal, 2.1 uJ, ~50 J/cm?, 120 fs, 1 kHz, for mid-IR wavelength
50 um/s Air
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Opt. Mat. Express 2, 657 18620 (2012).

Objective 30
Bulk I I =L

Laser ablated grooves

. !‘

Sci. Rep. 7, 7034 18620 (2017).

€ High intensity fs pulse induced ablation.
€ Construction of ridge waveguide on planar waveguide substrates.
€ All laser machined ridge waveguide (Type Il + V).

€ Disadvantage
€ Rough side wall by ablation (Loss of >> 3 dB/cm)
€ A postablation treatment such as ion-beam sputtering or HF etching may
be required to reduce the roughness of the ablated air gaps.
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Pulse width dependent breakdown threshold

Fused silica

N

| f=6.24 mm (w,=4.2 um
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(a) T=450 fs

(b) T=1500 ps

(¢)T=1ns

(d)T'=25ns

N=1666

N=300

1 mJ/pulse
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Surface SEM images of LIPSS on 6H-SIC. T= (a) 450 fs, (b) 500 ps, (c) 1 ns and (d) 2.5 ns

Ref. R. Miyagawa, T. Taira, et al.,, LIC 2019, LIC6-5.
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2. Record peak power microchip laser with unstable cavity
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Problems of brightness scale for: flat-flat cavity MCL
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» 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

My

Positive branch confocal cavity
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Experimental setup | : flat-convex cavity

» 700 W pump diode @ 808 nm, 10 Hz during <400 ps

Monolithic ceramic » Monolithic ceramic with a dimension of 6 X 6 X 7(I)

Nd:YAG/Cr:YAG

TN mm3
» 1.1 at.% Nd3* doping and 30% of initial transmittance
QCW of Cr4+:.YAG
diode laser | | {1~
end-pump
_V/
M, LM, L
» Collimation lens L with a focal length of 50~150 mm
H}|||||||||\\\\ in case of the lens position
o

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

X AT RAOBIH 2O RIZEDE E SRR E KL —4 Project seminar / 2021. 8. 15



-
o

o
)

>
=
(72)
c
(O]
-—
=
O
0]
N
©
e
—
o
Z

» Record peak power of 27.7 MW
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» The center part portion of pulse energy
for m=1.48
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Unstable cavity (D4c) [1] I
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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
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Experimental setup |l : flat-convex cavity &
uniform pump-power distribution

s : pump diode @ 808 nm, during <400
Monolithic ceramic

Nd:YAG/Cr:YAG us

Beam Uil » Flat back cavity mirror M,

homogenizef KEWEUEl B | - Sl | » A half inch plano-convex lens LM, with a radius of
POREL curvature of 52 mm (for m of V2 for the confocal
....... cavity)
LV » Output coupler (OC) M, HR coated on the center
M, LM, L part of LM, in a spot diameter of 2 mm

» Collimation lens L with a focal length of 50~150 mm
in case of the lens position
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Experimental setup |l : flat-convex cavity &
uniform pump-power distribution

10 mm 12 mm '

: 16mm,, 17mm_ 18 mm 19 mm 20 mm
: ¥ | i : :
i Fid FH B B E
s fi 1 -
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E,..=17.0 mJ @ 20 Hz
1=452 ps RMS stability=2.0%
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Experimental setup lll : concave-convex
cavity & uniform pump-power distribution

Monolithic ceramic
Nd:YAG/Cr:YAG

homogeniz

pump diode @ 808 nm, during <400
us

A half inch plano-convex lens LM, with a radius of
curvature of 52 mm (for m of V2 for the confocal
cavity)

Output coupler (OC) M, HR coated on the center
part of LM, in a spot diameter of 2 mm

Collimation lens L with a focal length of 50~150 mm
in case of the lens position
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E,.=19.5 mJ
RMS stability=0.89%

=
E,
>
>
Q
c
3}
@
0
S
o

Normalized intensity

0 = e
20 -15 -10 05 00 05 10 15 20 25 1
Time [ns] Time [minute]

N W W
(&)

> Unstable cavity [1]

Y Unstable [New]

@ Unstable [Very new]
Flat-flat cavity [2]

Fitt 4 » New record peak power of 41.7

Flat-flat [5]
Flat-
§F.:t.2:§ 0 | MW
Flat-flat [7]
10 15 20 25 30 35
Pulse energy [mJ]

N
o

Peak power [MW)]

AT RAUOTH =Y R(ZKBE H SR E &L —4 Project seminar / 2021. 8. @g1 9)-



9 <—— \Very ney

N W

> Unstable cavity [1]

Y Unstable [New]

@ Unstable [Very new]
Flat-flat cavity [2]
Flat-flat [3]

Flat-flat [4]
Flat-flat 5]

§ Flat-flat [6]
Flat-flat [1]
Flat-flat [7] 1
15 20 25 30 35

Pulse energy [mJ]

=
=
_
©
2
S
o
4
©
o
o

DX AT UM RAIATAHR= Y RIZELDE B A BRE KL —Y Project seminar / 2021. 8.



Future plan
& Laser writing system development (with Laser system Inc.).

& Test of unstable cavity MCL for laser writing (in laser and
nonlinear materials such as Nd:YAG ceramics and crystals,
LN, ...), which may be compared with a reference using a fs-

laser from Prof. Sugimoto group (< 1 mJ, 200 fs, 300 kHz) if
possible.

& Further peak power and repetition rate scale of unstable cavity
MCL using DFC chip.
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