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The LaserThe Laser

““Tunable” LaserTunable” Laser““Traditional” LaserTraditional” Laser
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Tunable LasersTunable Lasers



Spectral CoverageSpectral Coverage
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Optical Parametric Oscillator (OPO)Optical Parametric Oscillator (OPO)
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Operating PrincipleOperating Principle
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Optical Parametric GenerationOptical Parametric Generation
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BirefringentBirefringent PhasePhase--MatchingMatching

: Anisotropic

Phase-Match “Filter”
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∆k = kG

QuasiQuasi--PhasePhase--MatchingMatching
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Singly Resonant Oscillator
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OPOsOPOs: Basic Resonance Configurations: Basic Resonance Configurations

Doubly Resonant Oscillator
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OPO AdvantagesOPO Advantages



Spectral VersatilitySpectral Versatility
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Optical Parametric Oscillators (Optical Parametric Oscillators (OPOsOPOs))

• Wavelength Versatility:  Ultraviolet             Mid-Infrared / THz

• Temporal Versatility:  CW             Femtosecond

• Operation:  > Room Temperature

• High Powers / Energies:  30 W, 200 mJ

• Compact, All-Solid-State Design

• High Efficiencies:  Typically > 50%



NonlinearNonlinear
MaterialsMaterials

DeviceDevice
InnovationsInnovations

LaserLaser
SourcesSources

Crystalline Crystalline 

Semiconductor Semiconductor 

Fiber Fiber 

IntracavityIntracavity

PumpPump--ResonantResonant

DualDual--Cavity, etc.Cavity, etc.

BirefringentBirefringent: : 
(BBO, LBO, KTP, ZGP,..)(BBO, LBO, KTP, ZGP,..)

QuasiQuasi--PhasePhase--MatchedMatched
(PPLN, PPKTP, PPRTA,..)(PPLN, PPKTP, PPRTA,..)

New Generation of OPO DevicesNew Generation of OPO Devices

LowLow--Threshold, LowThreshold, Low--Power (Power (mWmW)          High)          High--Threshold, HighThreshold, High--Power (Watts)Power (Watts)

CW           CW           FemtosecondFemtosecond;  ;  nJnJ mJmJ;  Hz          GHz;  Hz          GHz

High Spatial and Spectral Coherence; High Frequency Stability High Spatial and Spectral Coherence; High Frequency Stability 

Exceptional Exceptional TunabilityTunability (Coarse and Fine)(Coarse and Fine)

High Efficiency (>50%)High Efficiency (>50%)

Compact; AllCompact; All--SolidSolid--StateState

Novel ApplicationsNovel Applications

ResurgenceResurgence



���
�
������µµµµ��
��� ��� ��� ��� !�� ��� "�� #��

�

��

�

��

��

/
�
�
��
�

�
��
�
'�

�
!
'�
*�
�

3
3
��
�
45
�

��	���������������.�/0�
 ���./�

6/0�


��	���������������

6�����$ ���6���*�70������$ ���7���*��6������$����6����

��	���������������.����
 ���.�� ����
����'��'
&�����

�����!�7��!


���/���������������
�)	
6�����$ �6���*�70������$ �7���*��6������$��6���

β1#�#��$ �##��

.�#
�2 �.#��

New Nonlinear MaterialsNew Nonlinear Materials



Device FormatsDevice Formats



HighHigh--Power CW OPOPower CW OPO

W. R. Bosenberg et al., Opt. Lett. 21, 1336-1338 (1996).

PPthth ~ 4~ 4--6 W6 W
PPidleridler ~ 3.5 W~ 3.5 W
(8.5 W pump)(8.5 W pump)
λλidleridler ~ 3~ 3--4 4 µµmm



FiberFiber--LaserLaser--Pumped HighPumped High--Power CW OPOPower CW OPO

P. Gross et al., Opt. Lett. 27, 418-420 (2002).

3.5 W pump threshold3.5 W pump threshold
1.9 W idler output1.9 W idler output
(8.5 W pump)(8.5 W pump)
3.03.0--3.7 3.7 µµm idler tuningm idler tuning



Miniature CW Miniature CW IntracavityIntracavity OPOOPO

D. J. M. Stothard et al. , Opt. Lett. 23, 1895-1897 (1998).

PPthth = 300 = 300 mWmW (diode power)(diode power)
PPidleridler ~ 70 ~ 70 mWmW (1 W diode power)(1 W diode power)
λλidleridler ~ 3.1~ 3.1--4.1 4.1 µµmm



CW CW OPOsOPOs
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Nanosecond Nanosecond OPOsOPOs

Commercial System:

Tuning Range: 0.35-2.4 µm
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ZGP OPO, type-II 
pump@2.8 µm
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)

crystal rotation angle (deg)

Pump: 2.8 µµµµm, 3 mJ, 100ns, 25 Hz

K. L. Vodopyanov et al.,  Opt. Lett. 25, 841 (2000). 

Erbium (2.8 µµµµm) laser pumped ZGP OPO 

Er:Cr:YSGG-laser

l=2.8mm

M1M2

out  3.8-12.4mm

ZGP

pump

BS

Er:Cr:YSGG-laser

l=2.8mm

M1M2

out  3.8-12.4mm

ZGP

pump

BS

Tuning curve

Idler tuning range:      3.8-12.4 µµµµm

Linewidth:     1- 2 cm-1

Quantum efficiency:   40-50 %

Pulse duration:  70 ns

Beam quality:     M2 = 1.5

Rep. Rate:     25 Hz

Far Field
FWHM 3.6 mrad

λλλλ= 7 µµµµm

Pulsed MidPulsed Mid--IR OPO (4IR OPO (4--12 12 µµµµµµµµm)m)

�



Compact noncritically phase-matched 
cascaded PPLN-ZGP OPO 

1.064 mm

pump

Nd:YAG-laser

PPLN OPO

3.7 - 10.2 mm

2.3-3.7 mm

L

M3

M1 M2

M4

BS2

BS1

ZGP (90 )o

L

2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8
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ZGP OPO

ZG
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 µ

m

PPLN pump wavelength, µm

Tuning curves ZGP 90-deg

Tuning range:      3.7-10.2 µµµµm

Linewidth:     ~ 5 cm-1

ZGP OPO quantum efficiency:   30 %

Pulse duration:  20 ns

Beam quality:     M2 = 1.75

Energy stability:   2%

Rep. Rate:     100Hz - 10 kHz
0 50 100 150 200
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.6
µm

 (µ
J)

PPLN  pump at 3.1µm (µJ)

 loose focussing, w=204 µm
 confocal focussing, w=125 µm

OPO threshold: 
2 µµµµJ

K. L. Vodopyanov and P. Schunemann, Opt. Lett. 28, 441 (2003). 

Energy curve

Far Field
FWHM 8.3 mrad

λλλλ= 6 µµµµm

idler

signal

1.5 mJ,  20ns, 1 kHz

Pulsed MidPulsed Mid--IR OPO (4IR OPO (4--10 10 µµµµµµµµm)m)

, type-II
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Pulsed ns Pulsed ns OPOsOPOs
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• Large optical powers (several watts). Therefore, under similar operating parameters (σc, Ie, L, S), 
the OPO will be able to provide higher gamma-ray intensities. 

• Tunability control of photon energy on either side of the maximum gamma-ray energy, Eγ (max)=37.5          
MeV. Useful for the experimental verification of theoretical calculations near Eγ (max), which will be of 
interest for some studies.

• Compact, all-solid-state design  excellent output beam stability, with minimum variations in optical  power,
spatial beam quality, temporal stability, beam size and shape, and beam positioning over long distances. 

• Gamma-ray generation through laser backscattering

• Longer mid-IR wavelengths               lower photon energies higher gamma-ray intensities (at 
lower gamma-ray energies) compared to ALL other laser backscattering facilities (except HIGS), which
use Nd:YAG or argon-ion lasers. 
(Makes LLS a particularly useful facility for lower-energy/higher-intensity gamma-ray experiments.)

• Excellent spatial quality (diffraction-limited optical beam, minimum divergence, suitable cross-section                   
collimation, manipulation, and propagation over long distances with standard optical elements. 

• A new optical instrument, which has not been previously deployed in any other accelerator facilities  
throughout the world. Therefore, in addition to it usability, it will represent a world-first addition to 
such a facility, which will also enable novel scientific advances in high-energy accelerator physics.

• Indigenous to Spain.

OPOsOPOs AdvantagesAdvantages



Pump Laser Nd:YAG (cw)
Wavelength 1.064 µµµµm
Output Power 30-100 Watts

OPO Design Singly Resonant (PPLN)
Wavelength Coverage 1.5-5 µµµµm
Photon Energy 0.82-0.25 eV
Output Power 2-10 W
Spatial Quality M2 ~ 1
Spatial Profile Gaussian (TEM00)
Polarization >99% Linear
Footprint 30 x 40 cm

CW OPO (1.5CW OPO (1.5--5 5 µµµµµµµµm)m)



Pump Laser Nd:YAG (Q-switched)
Wavelength 1.064 µµµµm
Pulse Energy 500-1000 mJ
Pulse Duration 10-50 ns
Repetition Rate 1Hz-100 Hz

OPO Design Singly Resonant (PPLN)
Wavelength Coverage 1.5-5 µµµµm
Photon Energy 0.82-0.25 eV
Pulse Energy >50 mJ
Pulse Duration 10-50 ns
Repetition Rate 1 Hz-100 Hz
Spatial Quality M2 ~ 1
Spatial Profile Gaussian (TEM00)
Polarization >99% Linear
Footprint 30x40 cm

Pulsed ns OPO (1.5Pulsed ns OPO (1.5--5 5 µµµµµµµµm)m)





M1

M5
OCM3

M2

signal

PPLNpump pump

idler

C. Hoyt, M. Sheik-Bahae, and M. Ebrahimzadeh, Opt. Lett. 27, 1543-1545 (2002).

8 W signal (1.858 W signal (1.85µµm)     m)     
for 17.7 W pumpfor 17.7 W pump

Total 12.4 W signal & idler

0 5 10 15
0
1
2
3
4
5
6
7
8
9

10
11
12
13

Idler, 28%

Signal, 46%

Total, 74%
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PicosecondPicosecond OPO: HighOPO: High--Power Generation Power Generation 



�	
��
���.��

��
��µµµµ��
��� ��� ��� ��� !�� ��� "�� #��  ��

/
�



�
�


�,
�
�	
�
��
-
�
0




��
�
��
��

���

����

���

���

���

����

����

�

.#����1����*��++� AB�

6��������*�;+� AB�

6���������*�>2� AB�

��./��$���*���+� AB�

��./��;���*��-2��AB��

���������*�;+� AB��

.#����2���*�>2� AB�

��./��$���*���+� AB�

.#����1����*���2� AB�

��./��$2���*�>2� AB�

��7��������*�;+� AB��

.#����1����*�;+� AB�
��./��+-2���*�
��� AB�

�!�������2+1;+���*�>2� AB�

�!�������2+1;+���*�>2� AB�

��./��2+���*�>2� AB�

6�����1
���*�;+� AB�

.#�������*�;+� AB�

6�����1����*���2� AB�

.#��������*�>2� AB�

.#��������*�>2� AB�

6����>���*�;
� AB�

��./������*�>2� AB�

PicosecondPicosecond OPOsOPOs



�	
��
���.��

��
��µµµµ��
��� ��� ��� ��� !�� ��� "�� #��  ��

/
�



�
�


�,
�
�	
�
��
-
�
0




��
�
��
��

��$

����

���

���

�� 

��#

��"

��!

���

���

��� 

���"

���!

�

6����>2�3�*�?+� AB�

��./���2+�3�*�;$� AB�

��./��<+�3�*�;�� AB�

�!���
�����
+�3�*�;�� AB�

##����
�3�*�;+� AB�

6/#��<+�3�*�>2� AB�

.#���$+�3�*�;+� AB�

��7������2�3�*�;$� AB�

6����<��3�*�><� AB�

7����2;�3�*�;+� AB�

6����;2�3�*��++� AB�

��./���$+�3�*�;2� AB�

�����2<�3�*�>2� AB�

6�����>2�3�*�><� AB�

FemtosecondFemtosecond OPOsOPOs



Some Applications!Some Applications!



DirectDirect--DiodeDiode--Pumped CW SROPumped CW SRO

M. E. Klein, C. K. Laue, D.-H. Lee, K.-J. Boller, and R. Wallenstein, Opt. Lett. 25, 490-492 (2000).

200 200 mWmW idler outputidler output
2.012.01--2.19 2.19 µµm idler tuningm idler tuning
56 GHz continuous tuning

2.5 W @ 925 nm2.5 W @ 925 nm
∆ν∆ν ~ 4 MHz ~ 4 MHz 
60 GHz continuous tuning

((InGaAsInGaAs))

InGaAsInGaAs

NN22OO



PPLN CW SROPPLN CW SRO

P. E. Powers, T. J. Kulp, and . E. Bisson, Opt. Lett. 23, 159-161 (1998).



M. M. J. W. Van Herpen, S. Lee, S. E. Bisson, S. te Lintel Hekkert, F. J. M. Harren, App. Phys. B (2002).

CW SRO: CW SRO: PhotoacousticPhotoacoustic SpectroscopySpectroscopy

1.5 W idler output (10 W pump)1.5 W idler output (10 W pump)
3.03.0--3.8 3.8 µµm idler tuningm idler tuning
100 GHz mode-hop-tuning
24 GHz continuous tuning

∆ν∆ν driftdrift < 200 MHz over 300 s< 200 MHz over 300 s

(< 3 MHz over 1 s)(< 3 MHz over 1 s)

0.01 ppb0.01 ppb

EthaneEthane



DiodeDiode--Pumped CW DRO: Spectroscopy Pumped CW DRO: Spectroscopy 

A. J. Henderson, P. M. Roper, L. A. Borschowa, and R. D. Mead, Opt. Lett. 25, 1264 (2000).

18 18 mWmW idler outputidler output
2.22.2--3.7 3.7 µµm idler tuningm idler tuning
40 GHz continuous tuning40 GHz continuous tuning
20 MHz 20 MHz linewidthlinewidth

Continuous Tuning through Continuous Tuning through 
diode laser pump tuningdiode laser pump tuning



S. A. Diddams, L-S Ma, J. Ye, and J. L. Hall, Opt. Lett. 24, 1747 (1999).

MgO:LiNbOMgO:LiNbO33

CW DRO: Frequency Comb GenerationCW DRO: Frequency Comb Generation

EOM offEOM off

EOM onEOM on
((ffmm = = ffFSRFSR))

EOM onEOM on
((ffmm ~ ~ ffFSRFSR))

HeterodyneHeterodyne
signalssignals

(comb lines)(comb lines)

Pump Pump 
frequency frequency 

jitterjitter
18 nm18 nm

PPrfrf = 0= 0 PPrfrf = 200 = 200 mWmW

2.8 dB/THz2.8 dB/THz



Y. He, P. Wang, R. T. White, and B. J. Orr, Optics & Photonics News (May 2002).

Nanosecond SRO: Cavity RingNanosecond SRO: Cavity Ring--down Spectroscopydown Spectroscopy

0.1 0.1 mJmJ signal pulse energysignal pulse energy
1.5, 3.5 1.5, 3.5 µµm (signal, idler)m (signal, idler)
250 cm250 cm--11 continuous tuningcontinuous tuning
<120 MHz <120 MHz linewidthlinewidth (8 ns pulses)(8 ns pulses)

CC22HH22
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Optical Refrigeration in Solids
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C. W. Hoyt, M. Sheik-Bahae, R. I. Epstein, et al., Phys. Rev. Lett. 85, 3600 (2000). 



Nanosecond SRO: Remote Sensing Nanosecond SRO: Remote Sensing 



SummarySummary

Optical Parametric OscillatorsOptical Parametric Oscillators

Flexible solidFlexible solid--state sources of light with uniquestate sources of light with unique

spectral and temporal versatilityspectral and temporal versatility

CW 13 fs
1 Hz 30 GHz
1 mW 30 W
1 µµµµJ 200 mJ
400 nm           12 µµµµm



Wavelength barrier > 5 Wavelength barrier > 5 µµµµµµµµm (m (cw/ps/fscw/ps/fs OPOsOPOs): ): 
Alternative QPM (e.g. Alternative QPM (e.g. GaAsGaAs) and BPM Materials (e.g. ZnGeP) and BPM Materials (e.g. ZnGeP22, LiInS, LiInS22, etc.), etc.)

Novel Device Architectures (e.g. cascade, Novel Device Architectures (e.g. cascade, intracavityintracavity, etc.), etc.)

Wavelength barrier < 1 Wavelength barrier < 1 µµµµµµµµm (m (cwcw OPOsOPOs):):
Novel visible laser pump sources (e.g. Novel visible laser pump sources (e.g. GaNGaN diodes)  diodes)  

Power barrier > few Watts (Power barrier > few Watts (cw/fscw/fs OPOsOPOs):):

HighHigh--power pump sources (e.g. fiber, crystalline, etc.)power pump sources (e.g. fiber, crystalline, etc.)

Novel Devices: Novel Devices: 

Integrated Microstructures, waveguides (Integrated Microstructures, waveguides (GaAsGaAs, PPLN), PPLN)

New Application Areas:New Application Areas:

BiophotonicsBiophotonics, IR Imaging, , IR Imaging, FrequenyFrequeny Metrology, etc.Metrology, etc.

New ChallengesNew Challenges
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Many New Challenges / Opportunities Remain:Many New Challenges / Opportunities Remain:

DevicesDevices

Applications Applications 

MaterialsMaterials


