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Quasli phase matching

L

E, (LM E2d(2)exdi(k,,- 2,)7dz

 The generated second harmonic
Is sum of contributions from the

entire crystal 2m,, +2mW _ 2m,,, O n =n
 Birefringent phase matching /, /, /,, W ew
2p
« Quasi phase matching Kow = 2K, - IR L =2,
largest nonlinear tensor
elements can be used
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Schemes for frequency doubling

e Single-pass SHG

-2 20
.{>§ 0

e External cavity SHG o F ) %‘
— i "
N 20 L

e Intracavity SHG Laser KTP

20 /)
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Conversion efficiency

Pow = hSHGPME

P,, =P, tanit /AP,

(In

cluding pumpdepletior)

Thermal effects in the
nonlinear material will limit
the conversion efficiency
due to phase mismatch
through the crystal.

SHG power / W

Common crystals:

LBO, BBO, BiBO, KTP,

LINbO,, PPKTP, PPLN
s = 0.01 — 2 %/W-cm
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nSHG

Un-depleted pump
Depleted pump

=5 %/W

Laser power / W
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Focusing — plane waves

sin® ——
B, 21/1/2d2 2

h _w ¢
SHG = P nlec® Dk 2 H

For high efficiency
e« k=0
« Small beam area (A) plane wave analysis not accurate!

A more accurate analysis assumes focused Gaussian beams.
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Focusing — Gaussian beams
P, 2wd?
Do =2 =—5 e (X, 5)F, A p
P e.c
w m 0
Focusing parameter: /L

Normalized phase mismatch: S = ZoDk

SHG focusing function: he (S, Bk, x, )

Optimized focusing is a tradeoff between
high intensity and long interaction length

1G. D. Boyd and D. A. Kleinman, J. Appl. Phys. 39, 3597, 1968.
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Focusing — Gaussian beams

 Optimal focusing: =2.84, h=1.068.
 Confocal focusing: =1, h=0.8.

« Weak focusing: << 1; tight focusing:
« Notethat k O.

>> 1.

1
B=0
0.7
@ 0.5
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Acceptance bandwidths

The conversion efficiency will

a2
depend on the deviation from ., Dk el
perfect phase matching. Three Ngpe UL SINC > = >
parameters will be important — Dk
2
» Wavelength |
* Temperature
* Propagation angle £ 08
3
. 2 0.6
A large deviation from phase =
matching will strongly reduce I
conversion efficiency. High power ER
and/or strong thermal effects will E 0.2
alter the acceptance bandwidths.
_10 _s 0 5 10
IM. M. Fejer et al, IEEE J. Quant. Electron. 28, 2631, 1992. AK L2
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Acceptance bandwidths — 10 mm long PPKTP

08| FWHM = 208
g 0.063 nm 2
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Single-pass SHG

Good single-pass conversion
efficiency is achieved using
efficient nonlinear materials,
optimal focusing and perfect
phase matching.

P,, = P, tanh/Ag.cP,
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SHG power / W

o>
o

—— g, =0.01 %/W
——n o = 0.1 %W
g = 1 %IW
—— g = 5 %IW

Laser power /W
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External cavity SHG

: : 6))
* By enhancing the power using a ’
resonant cavity, the SHG power
and efficiency can increase
dramatically.
1- R
P P

w,Circ - (1_ \/R(l- L))2 w,in

e AssumeR=1-L=0.99
P. =100 P.

circ in?

Pg, = 10000 P

SHG,single-pass

* Frequency locking is required to
keep the laser at the cavity
resonance or vice versa.
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External cavity SHG

e Optimum coupling mirror depends

on non-linearity and losses

Rt =1- Loss-

» Efficiency Gvs. hg,g and losses

JG 2- Roput 2- LOSS /16,46

2
G:)in -
h—W - 4(1_ I:gnput) \/hSHGPW =0

SHG

98 1

P=1W

9%

O
=

Optimum coupling mirror R / %
Ne)
o

< = 0.01 %/W

91 7

e = 0.8 %/W
P=1W |

90 |

89 ¢

88t

87 ¢

Optimum coupling mirrorR / %

0 2 4 6 8 10

Loss / %
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External cavity SHG

Efficiency vs. ¢, in the crystal.
sue = 0.01 %/W, 0.1 %/W

and 0.8 %/W.

Losses = 2 %.

Optimized coupling mirror.

Efficiency vs. losses in the cavity.
she = 0.01 %/W.

Losses = 0.2 %, 0.5 % and 1 %.

R =99 % coupling mirror.
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Conversionefficiency

Conversion efficiency
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Experimental results

 SHG of single-mode diode lasers in nonlinear waveguides

system
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DFB laser

diode

PPMgLN crystal
on temperature-
controlled plate

Aspheric lenses

Color
filter

Power

meter

DFB RW WP pPPLN  “dichroic
laser waveguide mirror
1604 ]
140 T ®  SHG output power
-_ tanh fit n = 290%/Wem? .
1204 488 nm .
1004
o 80 1
% 4
o 604
40+
204
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IR - coupled

1A. Jechow et al, Opt. Lett. 32, 3035, 2007.
2H. K. Nguyen et al, IEEE Phot. Technol. Lett. 18, 682, 2006.
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Experimental results

6l

° SHG Of broad area d|0de |asers ®  measured optical ouiput power
505 quadratic fit n = 8%/W
e 976 nm SHG to 488 nm
«] Bulk PPLN
% 304
Lk
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fundamental B
wave a 207
beam
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diode Lo L4
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/ T mirror wave /
B ) 140 = B (Channel #9 -
D * diode surface tanh? fit with 1= 230%Wem'
HWP ) normal 1204 Channel#4 ’
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1A. Jechow et al, Appl. Phys. B, 89, 507, 2007. —

WWW.BRIGHTER.EU tutorial, Ole Bjarlin Jensen



DTU I DTU Fotonik WWWle *
<=
<=

*
== BRIGHTERE
* *

Second harmonic power (W)

* * *
 SHG of tapered lasers — single-pass
fsf:3-1 fsf:s.l fx=50 f=100
' S
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L___— | i i | 1 i H
Tapered r HWP EI H e I«EI I z I B]l
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bean . - T v T ' T
0,028
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:—E-E’ 500 |- ~— -
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IM. Chi et al, Opt. Express, 13, 10589, 2005.
M. Maiwald et al, Opt. Lett. 31, 802, 2006.
WWW.BRIGHTER.EU tutorial, Ole Bjarlin Jensen



DTU I DTU Fotonik
<=
o

o

Experimental results

 SHG of tapered lasers — single-pass
1062 nm DBR tapered laser (FBH)

WWW.BRIGHTER.EU tutorial, Ole Bjarlin Jensen

WWW]e *
*
BRIGHTER K
** . **



Experimental results

 SHG of tapered lasers — external cavity SHG

HWP Isolator HW?D Lens Tapered diode Graling
L 1N Ny
— | C—— | 0/
§ \/) ¥ ¢
Cyl. Lens Lens

Modematching

17> optics
/ Output
Input mirror mirror
i
AN
700
| 808 nm to 404 nm A
s
£ 500
g
z‘; 400 +
% 300 -
% 200
100 -
!R. Le Targat et al, Opt. Com. 247, 471, 2005. S o 200 3000 4000 5000 oo00 7000
2J. H. Lundeman et al, Opt. Express 16, 2486, 2008. Circulating power [mW]
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Experimental results

ID. Georgiev et al, Opt. Express. 13, 6772, 2005.
2H. Furuya et al, Jap. J. Appl. Phys. 45, 6704, 2006.
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Experimental results
1088 nm to 544 nm

544 nmto 272 nm

1P. Herskind et al, Opt. Lett., 32, 268, 2007.
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Experimental results

 Upto 18 W single-frequency
green light at 532 nm.
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Conclusions ()

« Basic principles for frequency doubling described.

 Good beam quality, low spectral bandwidth and high fundamental laser power is

mandatory for obtaining high frequency doubling efficiency.

* There exist an optimum focusing condition where the conversion efficiency is

maximized. This optimum condition depends on both the laser and nonlinear

crystal. The main parameters are

Low/zero walk-off in the nonlinear crystal
“Perfect” phase matching

Low absorption

Focusing optimized to crystal length

Location of focus in the center of the nonlinear crystal
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Conclusions (ll)
« Single-pass frequency doubling is relatively simple to implement but the
conversion efficiency is limited.

« External cavity frequency doubling puts more strict requirements on the laser

parameters and the setup is more complicated. However, the conversion efficiency
can be very high (> 80 %).

« High power diode lasers with good beam quality represent a strong candidate for
future visible and UV laser systems based on frequency doubling.
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