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e Introduction - parametric devices
motivation and aim

e A bit of theory

e Optical parametric oscillators
e Singly resonant OPOs vs. doubly resonat OPOs
e CW, pulsed operation Spectral properties

e Generator and Amplifier - Ultra broadband generation,
amplification

e applications

e Summary



Why optical parametric devices

e Very wide continuous tuning from a single device,
via tuning the phase-match condition

e High efficiency
e No heat input to the nonlinear medium

e No analogue of spatial-hole-burning as in a laser,
hence simplified single-frequency operation

e Very high gain capability

e Very large bandwidth capability



Nonlinear processes -
optical parametric devices
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The Optical Parametric Oscillator
Add feedback to OPA  ====p-

R .
s >

Pump

OPO

Three basic types of OPO depending on feedback:

SRO - resonant signal or idler

DRO - resonant signal and idler

TRO - resonant signal, idler, and pump

-

pump power
at threshold

stabilization
requirements

spectral
quality

practical




Optical parametric oscillation (OPO)
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Back reflected pump beam,
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Manley-Rowe relations

Integrals of the coupled equations

o
Retcty N3|E5(2)|%/w; + ny|Ex(2)]%/w, = const
ns|E5(2)|%/ w5 + ny|E4(2)[?/w, = const
N,|Ex(2)1%/w, — ny|E4(2)[%/w4 = const

Imply

N3|E5(2)? + ny|Ex(2)]% + ny|E4(2)] = const
i.e. conservation of power flow in propagation direction

Number of pump photons annihilated in the NL medium equals

The number of signal photons created,
which also equals the number of idler photons created



DRO is an over-constrained system,

where energy conservation,

cavity resonance and phase matching
have to be satisfied at the same time.

Pump {

The resonance condition
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Total cavity losses: O, O

F~2 F~2
Cavity finesses: s ~ y T &
Y as ai

7ic

Free-spectral range: O0®; =

a)p = W, + o,
npa)p = nsa)s + N,
Cavity resonance:

_ mgCrx b = MiC7
L+ (n, -l L+ (n =D




The OPO threshold

g o0H KoneT ¢ Represent round-trip power loss by one cavity mirror having
e o reflectance R, (idler), R, (signal)

o, =0, + @, H |]
n,o, =N, + N Ri2

Threshold — round-trip gain = round-trip loss

(for signal only, SRO, for signal and idler, DRO)

If Ak = 0, threshold condition
(assuming pump, signal & idler phases ®; - ©, - ®, = - n/2 at input to crystal)

1+ (RRy)™
R1/2 + Rl/2
1 2

coshTL =



OPO threshold: SRO vs DRO

For SRO, R;=0 = R, cosh °T'L =1

SRO = TI°L°=1-R,
DRO = TI'’L°=(@1-R,)1-R,)/4

Advantage of DRO is low threshold:

Example: SRC)threshold

DRO with R, = 98% = 200 for1-R,=0.02
1 DROthreshold




Consequences of phase relation
between pump, signal, idler

= If more than one wave is fed back in an OPO is the phase condition
over-constrained

= Double- or multiple pass amplifiers can also suffer similar problems

= The fixed value of relative phase @5;-¢,-¢;, can be exploited to
achieve self-stabilisation of carrier envelope phase (CEP)

= In a SRO, the relative phase of pump and signal are not determined,
hence the signal selects the cavity resonance frequency



Stability:
comparison of SRO and DRO
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SRO: Noidler input. Gain does not depend on pump/signal relative phase.
Signal frequency free to choose a cavity resonance;
|dler free to take up appropriate frequency and phase. Signal frequency
stability depends on cavity stability and pump frequency stability.

DRO: Cavity resonance for both signal & idler generally not achieved;
Overconstrained
Signal/idler pair seeks compromise between cavity resonance and
phase-mismatch;
large frequency fluctuations



Plane-wave, phase-matched,
parametric gain
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Do If gain is small, (G,(L) << 1), gain increment is

20.,|d]” |
F2L2: 1 2“ 33

n,n,n,&,C
Note: incremental gain proportional to pump intensity

~ proportional to w,?

proportional to d2/n3  (NL Figure Of Merit)



Optical parametric amplification (OPA)

Assume: high signal gain (g >>Ak/2)

IS(L):1+G:1+sinh2(gL)z1+%exp(2gL)

1,(0)
Ak=0
a)s /_-|\100
NN VAVAV g | wwi S
O, AN N — —\ AN o, ‘é
Q 50 |
0 L
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Typical OPO conversion efficiencies

SROPO 100% yield
qr R,=09
NE'_- mean field . o
Normally high conversion efficiency 7, approximation—_ . ST LoestTT R =05
(>50%) obtained at 2-3x threshold =
VLl S e
Initial slope efficiency >100% typical E ‘ R, =0.1
Pumping appr. 3-4 x threshold !
results in reduced efficiency
back-conversion of signal/idler to pump 00 1 . : ; ;
x=l:’in“:’s
Unlike lasers, OPOs do not have competing (b, is normalised pump threshold intensity)

pathways for loss of pump energy
Rosencher & Fabre, JOSA B, 19, 1107, 2002



Noncritical interaction
Longer interaction length
Engineerable spectral output

Accessing the highest y(2) over the
entire transparency region

Additional processing step (= cost)
efr =2/mxd33

Signal/idler [um]
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4,51
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3,0
25!
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1,0

05/
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n pump _
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N pump _
. F2  =532nm ]
| pump _
6 9 12 15 18 21 24 27 30 33 36 39 42

Grating period [um]




OPO configurations

Advantages with i
nanosecond QPM-OPOs Linear OPO

0‘)pump

0
Low threshold EE O
0

idler
Increased interaction

length Ring OPO
Spatial filtering => pump O pump
better M2 than the <-\/ E (DSIQnaI
pump. Ojdler
Easy tunability Noncollinear
OPO
(1) signa
bl 4 > (Dpump

idler



Quasi-Phase-Matching
OPO Tuning Techniques

Signal
Pump Idler

é

Temperature tuning

Multigrating structures

Fanned grating 18<T<150°C

Non-collinear configuration

3’6 r-r+ v 1~ 1 T T T T ]

€ 32t
3.

E’ 2,8+

e 24}

S o0l
(@)]

B 16

30 31 32 33 3'4_1 35 36 37 38
QPM period (um)
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Output power [W]

High repetition rate DRO

3 mm thick PPKTP OPO pumped at 1064 nm, signal at 1.5 ym

Pump laser: (Mitsubishi Electric Corporation)

Diode pumped, Q-switched, Nd:YAG laser
frep. rate = 15 kpps, 60 kHz, © = 40 ns (FWHM), M2 = 1.1

60 mm

- |
x x x ¥ 0.5 20 mm 7
R [
i L o % —
Lt . 49 |
‘ " & R = 35 %, signal+idler R = 99 %, signal+idler
- s . 103 2 R=100 %, pump AR for pump
4 > ROC=-2m Flat
: - 102 2
A = . % WO =0.25mm
| | (@)
- 4041 =
] n-= 48 0/0
_; | | | | O
0 20 30 40 50 60 Pout,max = 24 W

Pump power [W]



SRO high repetition rate

3 mm PPKTP OPO pumped with ns pulses at 1064 nm,
signal at 1.5 pm

Depletion of the pump

2 F A 7] ‘g 2r
S 16| R
= ° :
8_ 1.2 ® A N K r o 5 m " 20
..5 ° _ o Time (ns)
2 . ® R =64 %, signal, 10 kHz
3 087 o - . A R = 64 %, signal, 20 kHz
g J Conversion efficiency
2 0.4 ° . ] Naoknz = 28 Y%
ol e ..: A ] NiokHz = 28 %
| | | | | | | | Pout,max ~2 W
0o 1 2 3 4 5 6 7 8 desr ~ 8.0 pm/V

Pump power [W]
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SRO low repetition rate

3 mm thick PPKTP OPO pumped at 1064 nm, signal at 1.5 um

Flash-lamp pumped, Q-switched, Nd:YAG lasers

20 —

- RN
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| |

OPO Pulse Energy [mJ]
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frep. rate = 10 Hz, 1= 5 - 11 ns (FWHM), wy = 1.1 - 1.3 mm (radius)

80 %, Indi
80 %, 804T SLM
80

® R
A R
m R %, GCR 130

Eout max ® 18.3 mJ
deffz 81:|:12 pm/V



M,
L, M, L, PPLN
idler
1-W
Laser Nd:YVO,
Diode (1.064 pm) SRO

signal Cavity

M

® 50 mm PPLN, w=70 um
e M2 - HR for pump
e M2 - M3 - Hi-Q cavity for signal

Total Downconverted Power (mW)
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Tuning singly-resonant OPOs

Manipulating the QPM-crystal Noncollinear interaction
+ Wider tuning range
e Temperature + Fast tuning
+ Separable signal, idler
e Multigrating structures and pump beams
+ Truly singly resonant
e Fanned gratings + Reduces back-conversion
_ + Single period grating
* rotation — Shorter interaction length
or PPKTP k.
|
L\«W
kp
k



Widely tunable OPO with circular PPKTP

gt 1 La) SN

laser l l '|' | — W@p

soopm L >
The pump laser The PPKTP sample 2.1 mm diameter, A = 35.0 um

Nd:YAG, t =6 ns, 10 Hz, M2 = 1.1 poled area 10 by 10 mm?, thickness 0.5 mm,

3500

3000 |

2500 - n= 17.30/0,
at o = 26°.
2000 - Etot = 74 ],lJ

Signal and idler wavelengths 4_, (nm)

Epump = 430

1500

0 5 10 15 20 25
Rotation angle « (°)



Volume Bragg gratings

e Narrowband reflection peak

Performance can be tailored to suit needs
e Made in durable and cheap glass

A
kin 1.0 ' R
K - max
Bragg
o
- z
kreﬂ 8%°[ of
2
< refl. [
> | ol 1
in > 0.0 o658 1066.0 1066.2 1066.4
Wavelength A [nm]
N . 2Tz Optical
n — 1o T S111 ——
A ° A\ =2npA
Material

e Period, A o Rmax = tanh® o
e Thickness, d
e Strength, n,




Narrowband OPO 975 nm

dichroic
mirror Bragg
PPKTP grating
— | |G D[] =
pump signal
spectrum

|

—— conventional mirror 'J

0.4 mJ] signal
limited by pump

—— volume Bragg grating

J\

974 975 976 977 978 979
wavelength [nm]




Cavity element - volume Bragg grating

Q‘D ‘tzﬂlﬁ%@
£ <TH§§ conventional mirror 150 nm
S&a@&m‘?n 05
Bragg <04
k, PPKTP ©rating  zo
50,2-—
0,0

777 874 971 1068 1165
Wavelength [nm]

Av = 3.0 nm (950 GHz) @ 975nm ’ \\

g

Av = 0.16 nm (50 GHz) @ 975nm

o
()]

e
w B
T T T

Reflectivity, %
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—

e - -~ —
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Wavelength [um]
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tuning spectra

Angle tuning

HE mirror
for signal volume
Bragg
FPPETE grating
-1—

pump signal O/

25 1.0 T T T T T T 0.5
. = i ——— I
_'20_ l-\~\‘ -JE-, D-B ’_7‘_;_:’___“-\;’_’_———'. ﬂ4
@’ IR X 2 g' i 1 'E
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15F iy 1. 2
2 4. 8 £ g
g ".4” D _ - E
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® 10 ] 10 g
5 ™ B E" | &
= ‘\ 9 S 0.2 —e— pump depletion = | 4
5t % {a —m— efficiency
. ) —a— gignal energy
A
! 0.0+ T T T T T T 4 T T T T T T 0.0
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Fump energy [mJ]



Angle tuning improved

signal

volume Bragg
grating

tuning spectra

N
o

-
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signal energy [uJ]

N

LU

758 760 762 764
wavelength [nm]

o




OPO with transversely chirped
Bragg grating

tuning spectra

frequency [THz]

_ volume 300 290 280 270 260
input Bragg ol |
coupler grating
| PPKTP S5
pump signal &
8
tunin £
- w¢ 9 ®5 | Il |
20 ' .

L L .|
1000 1050 1100 1150
wavelength [nm]



Linewidth narrowing - OPO
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e Conventional techniques?
e Folded cavity with grating

e Inserting etalon Gratmg
- Increased cavity length
- Higher thresholds

Etalon

kaNLC ,7|ks
>

_ 1. S. Brosnan and R.L. Byer, IEEE J. Quantum Electron. 15, 415 (1979) -



10 Hz, 12 ns

900 mm-™1

Tuning Mirror

Focus To 230 um Waist in PPKTP

The pump laser

Continuum Powerlite 7000, Nd:YAG,
injection seeded, t = 12 ns, 10 Hz, E,
=20m], M2 = 1.1.

Injection Seeded

1.06 um

Narrow bandwidth OPO/OPA

Signal (Arb. Units)

-5 0 5
Relative Frequency (GHz)

The OPO
PPKTP, 17 mm, A = 37.4 um, T = 20 °C.
E. = 0.37 mJ, n.=11%, M2 = 1.6, Av < 400 MHz

The OPA

PPKTP, 20 mm, A = 37.4 um, T = 20 °C

Output: E, = 2.15mJ, n, = 19.7 %, E; = 1.17 m],
n; = 10.7 % M2 = 1.4, Av < 400 MHz



Strategies for spectral management

in QPM OPOs
Inside PPKTP Cavity element
two coherent angular intra-cavity volume Bragg
pump beams dispersion grating grating




Inside PPKTP - angular dispersion

%;m ms@m% . In\-/estiqate noncollinear PPKTP ki
LS Signal-resonant k
VS. P
Idler-resonant kp
900 T T T T T T T T T 11 30 ks
910-— 1.28 T T T T T M2—3 3 ]
— 920| a o / .
£ : 1,26 @ " Signal-resonated
= 930} - 4l M2=2.3 |
— - 1,24 . =2.
g 940 | 1;3 j'\:l N |
n 950} h22 .|:. i
o0l 1,20 > ol i
" 1 " 1 " 1 " 1 < |
0 10 20 30 40 Idler-resonated
Internal angle [mrad] T I
Under equal pump conditions ° 61 X 10 II 20 II 3'0[ ' 4'od]' 50
nternal angie |mra
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S S | I



Inside PPKTP - angular dispersion

s
Efficiency very high 0T "4
>~ 0,6 mm A e
O | AN o® *
cC i ag”
Increasing noncollincear angle .g o a0s” o )
U e Y ma e
. Y | | | ® .
Decreasing beam overlap L 03r _ . .-‘ m 0=0 mrad |
. BO’Z_' A e A 6 =18 mrad |
Reduces the slope of efficiency growth |2 o1} ° ® 0 =37mrad
_ . _
0,0— nle . 1 . 1 . 1 . 1 . 1 =
PPKTP 0, 0,2 0,4 0,6 0,8 1,0 1,2
K ki Pump Energy [m]]
p
tm E kp
k



Cavity element - intra-cavity grating

Idler-resonant => better M2, high efficiency and Aol

"%)_‘(6%?0“’

M1

Self-seeding

Fourier plane

access the resonant wave

1

intra-cavity grating

I ;

spectral manipulation

!

Send back into cavity
=> seed for k,



Cavity element - self-seeding

Spectral manipulation in the Fourier Plane
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B atl B
i D aca|
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. . . — 0,008
wire in the Fourier e
0,002 |-
plane 88 |
0.600 12.30 12I40 12.50 12I60 12.70 12.80 1290
W e[ Hw)
12+ I | | |
— 10+
A 20 um wide stripe =
mirror in the Fourier P !
plane s j
o sl
. |

1220 1230 1240 1250

Wavelength [nm]



Inside PPKTP - two coherent pumps
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Ko
ki1 ksll ksz
e Two coherent pump beams
S = >
A
| \\

N

Intersects inside the PPKTP
=> Two signal-idler pairs Kiz ~

Periodic interference pattern

=> Gain grating inside the PPKTP
=> 2D structure

kpl'kpZ ksl ksZ Ko Kiq

SR | N




Inside PPKTP — 2D-structure

Yy
N
Kp1
Kis Kerr Kooy Kear k
Two coherent pump beams s1r Te2r Te3r Ted
o = 7

Intersects inside the PPKTP YOS

=> Two signal-idler pairs Ki \\\Akp2

Periodic interference pattern

=> Gain grating inside the PPKTP K

=> 2D structure 99 S koem




Inside PPKTP - four-wave mixing
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Double stage OPO for mid-IR generation

y

L'X PPKTP

+=1064 nm
sl

M1

40 40
35 35! 1t
5 307 08
% 25| §
§ 20l % 086
% 15+ E 04l
@ 10}
0.2}
5 L
‘ . \. . . 0 ) ) ; e ot ol bt 1ML
%000 2100 2200 2300 2126 2127 2128 2129 2130 200 3500
Wavelength [nm] Wavelength [nm] Wavelength [nm]
Spectrum compared to Spectrum first stage Spectrum stage two

reiulal‘ Outiut coupler 16 % total conversion efficiency -



Tools for NLO

VETENSKAP

S oen roneT & SNLO - a public domain software

9
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SNLO . Public Domain Software for non-linear optics
http://www.sandia.gov/imrl/XWEB1128/xxtal.htm




OPO with focussed Gaussian beam.

e Seminal paper:

‘Parametric interaction of focussed Gaussian light beams’
Boyd and Kleinman, J. Appl. Phys. 39, 3597, (1968)

e Extension to non-degenerate OPO.

Relates treatments for plane-wave, collimated Gaussian and
focussed Gaussian:

‘Focussing dependence of the efficiency of a singly resonant OPO’
Guha, Appl. Phys. B, 66, 663, (1998)



Summary: Attractions of OPOs

e Very wide continuous tuning from a single device,
via tuning the phase-match condition

e High efficiency
e No heat input to the nonlinear medium

e No analogue of spatial-hole-burning as in a laser,
hence simplified single-frequency operation

e Very high gain capability

e Very large bandwidth capability



Summary

o Different spectral manipulating techniques for
parametric devices

In OPOs:
e Using the angular dispersion
e Creating 2D-structure
e Self-seeding
e Line narrowing with volume Bragg grating



