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Semiconductor saturable absorber mirrors 
(SESAMs) 

SESAM technology – ultrafast lasers for industrial application 

Gain!

SESAM 
SEmiconductor Saturable Absorber Mirror 

"

"
"

self-starting, stable, and reliable modelocking of  
diode-pumped ultrafast solid-state lasers 

Output 
coupler!

U. Keller et al. Opt. Lett. 17, 505, 1992 
IEEE JSTQE 2, 435, 1996"
Progress in Optics 46, 1-115, 2004!
Nature 424, 831, 2003"

SESAM solved Q-switching problem  
for diode-pumped solid-state lasers 
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Passively modelocked laser 

l  Short pulse circulates in cavity 
(fs-ps)"

l  High repetition rate pulse train 
at the output (MHz-GHz)"

l  Pulse formation process 
initiated and stabilized by 
saturable absorber in the laser 
cavity"

l  Steady-state pulse 
parameters:  
governed by interplay of gain, 
(saturable) loss, dispersion, 
Kerr nonlinearity, etc. 

Parameters of absorber need to be  
chosen to avoid instabilities: 

-  Q-switching instabilities  
in solid-state laser gain media 

-  Multiple pulsing instabilities … 

Semiconductor saturable absorber 
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SESAM 
SESAM Semiconductor saturable absorber mirror U. Keller, et al., IEEE J. Sel. Top. Quant. 2, 435 (1996) 

ü  Widely tunable absorber parameters 
(growth conditions, material choice, 
topsection…) for different types of 
laser geometries 

ü  Self-starting, reliable modelocking 

ü  Power scalable by increase of 
mode diameter (constant 
saturation) 
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SESAM 
SESAM Semiconductor saturable absorber mirror U. Keller, et al., IEEE J. Sel. Top. Quant. 2, 435 (1996) 
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•  Why and how was the SESAM invented? 

•  Challenge: need fast saturable absorber for shorter pulses 
Solution: Defect management (low temperature growth, AlAs traps, surface traps ...) 

•  Problem: Q-switching instabilities for passively modelocked solid-state lasers  
Solution: SESAM parameters  
(semiconductor saturable absorber material + mirror design freedom ideal) 

•  Challenge: SESAM damage  
Solution: Mode size and inverse saturable absorption 

•  Problem: Need fast saturable absorber for solid-state lasers (with no dynamic gain 
saturation) 
Solution: Soliton modelocking 

•  Problem: Pulses so short that position of electric field underneath pulse envelope 
needs to be stabilized 
Solution: Carrier envelope offset frequency (CEO) stabilization 
... this solution also enabled the frequency metrology revolution 

•  Modelocking and frequency metrology: stabilized frequency combs 

•  Frontier lasers need different SESAM design parameters ... ongoing research. 

Outline 

20 years of SESAM – looking back 

20 years of ultrafast solid-state lasers:  invited paper 
•  Why was it assumed that diode-pumped solid-state lasers  

cannot be passively modelocked? 

•  How was the SESAM invented? 

•  State-of-the-art performance and future outlook. 

Appl. Phys. B 100, 15-28, 2010 

How did it all happen? 
This is the paper to read ... 
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20 years of SESAM 

First SESAM (first design called A-FPSA)  
April 1, 1992 (submitted Nov. 26, 1991) 

Ultrashort pulse generation with modelocking 
A. J. De Maria, D. A. Stetser, H. Heynau 
Appl. Phys. Lett. 8, 174, 1966 

!

200 ns/div"

50 ns/div"

Nd:glass 
first passively modelocked laser 

Q-switched modelocked!

 "

1960                1970               1980                1990               2000  
  Year"

Flashlamp-pumped 
solid-state lasers !

Q-switching problem  
in passively modelocked 
solid-state lasers: 

-  active modelocking for  
solid-state lasers 

-  dye lasers solved the problem 
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acousto-optic loss modulator     
needs RF power and water cooling 

Active Modelocking 
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10 ps
Ti:sapphire laser
≈5.5 fs with ≈200 mW

dye laser
27 fs with ≈10 mW

compressed

compressed
 

Science 286, 1507, 1999!

1960                1970               1980                1990               2000  
  Year"

Ultrashort pulse generation with modelocking 

A. J. De Maria, D. A. Stetser, H. Heynau 
Appl. Phys. Lett. 8, 174, 1966 

!

Nd:glass 
first passively modelocked laser 

Q-switched modelocked!

 "

E. P. Ippen, C. V. Shank et al, Appl. Phys. Lett. 21, 348, 1972"
J. A. Valdmanis et al., Opt. Lett. 10, 131, 1985 (27 fs)"

R. L. Fork et al., Opt. Lett. 12, 483, 1987 (6 fs)"
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CPM dye laser 
Ring laser 
Colliding pulse modelocked (CPM) 
dye laser:   
Gain: Rhodamine 6G 
Saturable absorber:  DODCI 
Center wavelength:  ≈620 nm 
Typical pulse duration:  >27 fs 
Typical average power:  a few 10 mW 
J. A. Valdmanis et al.,  
Opt. Lett. 10, 131, 1985 (27 fs CPM) 

 

 

 
 

 

 
 

 

Ursula Keller, Ph.D. student at Stanford 
1986 Summer Student at Bell Labs, NJ 

time

loss

gain

pulse

dynamic gain saturation 
G. H. C. New 
Opt. Commun. 6, 188, 1972 

Ultrashort pulse generation with modelocking 
A. J. De Maria, D. A. Stetser, H. Heynau 
Appl. Phys. Lett. 8, 174, 1966 

!

200 ns/div"

50 ns/div"

Nd:glass 
first passively modelocked laser 

Q-switched modelocked!

 "

1960                1970               1980                1990               2000  
  Year"

Flashlamp-pumped 
solid-state lasers !

Diode-pumped solid-state lasers  
(first demonstration 1963)"

KLM!

SESAM"
First passively modelocked  
(diode-pumped) solid-state laser 
without Q-switching  
 
U. Keller et al. 
Opt. Lett. 17, 505, 1992 
 
IEEE JSTQE 2, 435, 1996  
Nature 424, 831, 2003 "

Q-switching instabilities  
continued to be a problem until 1992!
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Innovation:  before and after 

acousto-optic modelocker    SESAM modelocker 
needs RF power and water cooling 

 

How did I invent the SESAM? 

 

Thank you to Stanford, Bell Labs and ETH Zurich 

Stanford University 

Ph.D. student 

1985-1989 

 
laser physics 

ultrafast measurement 
techniques 

microwave measurement 
tools 

Bell Labs, Holmdel 

MTS 

1989-1993 

 
+ access to state-of-the-art 
semiconductor materials (MBE) 

 

Enabled interdisciplinary approach with the combination of  
solid-state lasers, semiconductor physics, and microwave  
measurement techniques. 

ETH Zurich 

tenured Professor in Physics 

since 1993 

 
+ resources to be fully  
empowered 
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Ti3+:Saphir Laser 

 

4-Niveau-System 

Ti:Saphir Laser   
1982  

Peter Moulton  
MIT Lincoln Lab 

 

Two experiments that should not have worked ... 
“Magic Modelocking” 
Postdeadline Paper CLEO 1990 
Nr. CPDP10 

“modelocked Ti:sapphire laser without 
an absorber inside the cavity” 
... should not work! 

Published result later in: 
D. E. Spence, P. N. Kean, W. Sibbett, 
Optics Lett. 16, 42, 1991 
 
Explained modelocking as a “coupled 
cavity modelocking effect” between 
two transverse modes 

“CPM Ti:sapphire laser” 
Postdeadline Paper Ultrafast 
Phenomena 1990, Nr. PD11 

Y. Ishida, N. Sarukura, H. Nakano 

“used a dye saturable absorber inside 
the CPM Ti:sapphire laser” 
... should not work! 

 
 
 

time

loss

gain

pulse

time

loss

gain

pulse

? 

Both of them explained later by KLM by Keller et al. 
Optics Lett. 16, 1022, 1991   IEEE JQE 28, 2123, 1992 

 
pulse

gain

loss
 

time
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First Demonstration:  D. E. Spence, P. N. Kean, W. Sibbett, Optics Lett. 16, 42, 1991 
Explanation:  U. Keller et al., Optics Lett. 16, 1022, 1991 

Kerr Lens Modelocking (KLM)  

•    

Advantages of KLM 
§  very fast thus shortest pulses 
§  very broadband thus broader tunability 
Disadvantages of KLM 
§  not self-starting 
§  critical cavity adjustments 
  (operated close to the stability limit) 
§  saturable absorber coupled to cavity 
  design (limited application) 
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Science 286, 1507, 1999!

1960               1970              1980                 1990                2000                                                                                                            " " " "Year"

Ultrashort pulse generation with modelocking 

 "

KLM!

Kerr lens modelocking (KLM):  
discovered - initially not understood (“magic modelocking”)  
D. E. Spence, P. N. Kean, W. Sibbett, Opt. Lett. 16, 42, 1991 
KLM mechanism explained for the first time: 
U. Keller et al., Opt. Lett. 16, 1022, 1991"Nd:glass 

first passively modelocked laser 
Q-switched modelocked!

A. J. De Maria, D. A. Stetser, H. Heynau 
Appl. Phys. Lett. 8, 174, 1966 

!



11 

Why did the Sibbett group explain their results as a 
“coupled modelocking effect”?  

 

Remember the mind set at that time was: 

Passive modelocking of solid-state laser does not work! 

 

... but there was the soliton laser from Linn Mollenauer 

Soliton Laser by Linn Mollenauer 

Coupled cavity 

fiber with negative dispersion (GDD < 0) 

soliton pulse compression in coupled cavity with shortens 
pulse in main cavity 

1984 
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Coupled Cavity Modelocking by Wilson Sibbett 

Coupled cavity 

fiber with positive dispersion (GDD > 0) 
Dispersive pulse broadening in coupled cavity! How should that shorten pulse in main cavity? 

Explanation with APM (additive pulse modelocking):  
E. P. Ippen, H. A. Haus, L. Y. Liu, J. Opt. Soc. Am. B 6, 1736, 1989 
Pulse is broadened yes, ... but SPM makes an intensity dependent phase shift, which 
leads to constructive interference at the peak and destructive inteference in the wings with the 
pulse from the main cavity.  This gives a pulse shortening effect of the coupled cavity.    

 

1989 

Coupled cavity modelocking (CCM) 

Coupled Cavity Modelocking by “Blow & Wood” 
1988 

Coupled cavity 

“any nonlinear element in the coupled cavity should shorten the pulse” 

theoretical prediction with numerical modeling ... physical insight was missing 
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Coupled Cavity Modelocking by Ursula Keller 

semiconductor saturable absorber (“borrowed from my office neighbour Keith Goosen”)  
pulse compression in coupled cavity which shortens pulse in main cavity 

1990 

Resonant passive modelocking (RPM) 

GaAs     95 Å 

GaAlxAs1-x    45 Å, x=0.3     
75x 

AlAs/GaAlAs 800 nm mirror 

Coupled Cavity Modelocking by Ursula Keller 
1990 

Surprise:   
• no active cavity length stabilization  
  was necessary 
• modelocking was stable  
  even with large cavity length detuning 

Resonant passive modelocking (RPM) 

L L +δ L δ L

δ L

U. Keller et al., Optics Lett. 15, 1377, 1990 
δ L

τ p
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Coupled Cavity Modelocking by Ursula Keller 

RPM = amplitude (resonant) nonlinearity 
operated at maximum FP reflectivity 
requires no cavity length stabilization 

APM = phase nonlinearity 
operated not at maximum FP reflectivity 
requires cavity length stabilization 

Coupled cavity acts like a nonlinear Fabry Perot (FP) 

Invention of the first SESAM device: A-FPSA 

U. Keller et al., Optics Lett. 17, 505, 1992 

Antiresonant Fabry-Perot Saturable 
Absorber (A-FPSA) 
Example: Opt. Lett. 18, 217, 1993"
 Rtop

Rbottom

absorber 
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Scaling A-FPSA towards a single QW SESAM 

Adjustable parameter:  top reflector 

Single 15 nm GaAs quantum well embedded inside a Bragg mirror 
L. R. Brovelli et al., Electron. Lett., vol. 31, 287, 1995 

1995 

20 years of SESAM 

Introduction of the ackronym:  SESAM 
Invited review article 
September 1996, IEEE JSTQE 

1996 
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Moving from Ti:sapphire to diode-pumped ss-laser 
 

          was not trivial .... why?  

LT = low temperature 
MBE growth 
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750 nm

AlInGaAs

Ti:sapphire laser 
@ 800 nm 
Opt. Lett. 15, 1377, 1990 

 

 

 

 

 
 

Nd:YLF laser 
@ 1.064 µm 
IEEE JQE 28, 1710, 1992 

GaAs     95 Å 

GaAlxAs1-x    45 Å, x=0.3     
75x 

AlAs/GaAlAs 800 nm mirror 

Moving from Ti:sapphire to diode-pumped ss-laser 

1991 

RPM modelocked Nd:YLF 

 

 

1992 

A-FPSA modelocked Nd:YLF 

Nd:YLF laser pumped with  
Ti:sapphire laser 

 

1993 

“mailed A-FPSA to California” 

A-PFSA modelocked  
diode-pumped Nd:YLF and 
Nd:YAG laser 
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It also works to modelock fibers ... 
1993 

“carried an A-FPSA to TU Vienna” 

•  Why and how was the SESAM invented? 

•  Challenge: need fast saturable absorber for shorter pulses 
Solution: Defect management (low temperature growth, AlAs traps, surface traps ...) 

•  Problem: Q-switching instabilities for passively modelocked solid-state lasers  
Solution: SESAM parameters  
(semiconductor saturable absorber material + mirror design freedom ideal) 

•  Challenge: SESAM damage  
Solution: Mode size and inverse saturable absorption 

•  Problem: Need fast saturable absorber for solid-state lasers (with no dynamic gain 
saturation) 
Solution: Soliton modelocking 

•  Problem: Pulses so short that position of electric field underneath pulse envelope 
needs to be stabilized 
Solution: Carrier envelope offset frequency (CEO) stabilization 
... this solution also enabled the frequency metrology revolution 

•  Modelocking and frequency metrology: stabilized frequency combs 

•  Frontier lasers need different SESAM design parameters ... ongoing research. 

Outline 
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Balance between loss modulation and gain 

 

 

Passive Modelocking 
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LT grown SESAMs to reduce absorber recovery time 

Adjustable parameter:  
absorber recovery time 
More on LT MBE growth and ion implantation to  
reduce recovery time of SESAMs: 

Appl. Phys. Lett., vol. 74, 3134-3136, 1999   
Appl. Phys. Lett., vol. 74, pp. 1269-1271, 1999 
Physica B: Condensed Matter, vol. 273-274, pp. 733-736, 1999  

Appl. Phys. Lett., vol. 75, pp. 1437-1439, 1999 
Appl. Phys. Lett., vol. 74, pp. 1993-1995, 1999  

 

Low temperature MBE growth: LT GaAs 

VB 

CB 

AsGa 

As precipitate 

AsGa
+/++ 

VGa 

VB 

CB 

Be 

AsGa
0 AsGa

+ 

VGa 

VB 

CB 

(a) LT GaAs: as grown 

(b) Undoped annealed (c) Beryllium doped as grown 
 

mid-gap defects: 
As antisites 

                     -transition strong  
(nonsaturable losses increased) 
AsGa

0 →CB

Conduction band (CB) 

Valence band (VB) 

AsGa
+ = electron traps  

nonsaturable losses reduced 

Appl. Phys. Lett. 74, 3134, 1999   
Appl. Phys. Lett. 74 1269, 1999 
Physica B: Condensed Matter 273-274, 733,1999  
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•  DBR: 30-pair GaAs/AlAs 
•  Absorber section: 

→  antiresonant configuration 
→  2x2-nm InGaAs quantum 

wells in two consecutive notes 
of electric field 

→  Tgrowth = 245°C, 270°C, 
           300°C, 385°C 

(a) (b) (c)

1/e

SESAM design 

Measured recovery 

1
2
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4
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3
4

Ga
As

2x2x7nm 
  InGaAs
     QW 

0

Tgrowth (˚C) 245 270 300 385 

Fsat (µJ/cm2) 32 31 25 34 

            (%) 3.9 3.6 4 3.6 

               (%) 1.2 0.4 0.2 0.1 

F2 (mJ/cm2) 1460 1430 1230 1600 

  66 88 107 167 

2 3 5 2 

3 17 33 128 

SESAM recovery time – more recent 

ΔR
ΔRns

τ slow   (ps)
τ fast   (ps)
τ1 e   (ps)

•  Why and how was the SESAM invented? 

•  Challenge: need fast saturable absorber for shorter pulses 
Solution: Defect management (low temperature growth, AlAs traps, surface traps ...) 

•  Problem: Q-switching instabilities for passively modelocked solid-state lasers  
Solution: SESAM parameters  
(semiconductor saturable absorber material + mirror design freedom ideal) 

•  Challenge: SESAM damage  
Solution: Mode size and inverse saturable absorption 

•  Problem: Need fast saturable absorber for solid-state lasers (with no dynamic gain 
saturation) 
Solution: Soliton modelocking 

•  Problem: Pulses so short that position of electric field underneath pulse envelope 
needs to be stabilized 
Solution: Carrier envelope offset frequency (CEO) stabilization 
... this solution also enabled the frequency metrology revolution 

•  Modelocking and frequency metrology: stabilized frequency combs 

•  Frontier lasers need different SESAM design parameters ... ongoing research. 

Outline 
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Ultrashort pulse generation with modelocking 
A. J. De Maria, D. A. Stetser, H. Heynau 
Appl. Phys. Lett. 8, 174, 1966 

!

200 ns/div"

50 ns/div"

Nd:glass 
first passively modelocked laser 

Q-switched modelocked!

 "

1960                1970               1980                1990               2000  
  Year"

Flashlamp-pumped 
solid-state lasers !

Q-switching problem  
in passively modelocked 
solid-state lasers: 

-  active modelocking for  
solid-state lasers 

-  dye lasers solved the problem 
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Basic SESAM Parameters 

Guidelines how to measure these parameters:"
M. Haiml, R. Grange, U. Keller, Appl. Phys. B 79, 331, 2004"
with improved accuracy: D. J. H. Maas, et al., Optics Express 16, 7571, 2008 
"
Recovery time: how short?"
See later soliton modelocking and frontier lasers"
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τ A = τ1 e = 50 ps
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EP
2 > Esat,LEsat,AΔR

403020100
Time (multiples of round trip time)

= Aeff, AFsat,AΔR

C. Hönninger, R. Paschotta, F. Morier-Genoud, M. Moser, and U. Keller,  
JOSA B 16, 46 (1999) 

cw mode locking  
cw ML 

Q-switched mode locking 
QML 

403020100
Time (multiples of round trip time)

Q-switched mode locking is avoided if...   

Appl. Phys. B 58, 347, 1994 

QML noise 

QML 

cw ML 

Fsat ,L =
hν
σ
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Modulation depth
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Non-saturable losses

= Aeff, AFsat,AΔR

EP
2 > Esat,LEsat,AΔR

SESAMs to reduce Q-switching instabilities 

Design guidelines  
SESAMs with low saturation fluence  

 

 

 

 

2005 
Fsat ,A
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Inverse saturable absorption (ISA) 

•   F2 is the inverse slope of 
the roll over  

•  The smaller  F2, the 
stronger is the roll-over 

•  Reason: Example TPA 
(Two Photon Absorption) 

  SESAM reflectivity for a pulse fluence Fp 

the roll-over    = 
inverse saturable absorption 

RISA (Fp ) = −
Fp
F2

RP (Fp )

the reflectivity decreases 
at higher pulse energies 

SESAMs to reduce Q-switching instabilities 

SESAMs with inverse saturable absorption (ISA): 2005 
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Consequences for the QML Threshold 

C. Hönninger, R. Paschotta, F. Morier-Genoud, 
M. Moser, and U. Keller   
J. Opt. Soc. Am. B 16, 46 (1999) 

R. Grange,  M. Haiml, R. Paschotta, G. J. Spühler, 
L. Krainer, O. Ostinelli, M. Golling, U. Keller  
Appl. Phys. B 80, 151 (2005) � 

EP > Esat,L
ΔR
S

� 

EP > Esat,L
ΔR
S
1− S2

S0
2

⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ 

EP  Intracavity pulse energy 
Esat,L  Gain saturation energy 
S = EP/Esat,A Saturation Parameter 

� 

S0 = F2ΔR
Fsat

Saturation parameter at 
maximum reflectivity 

•  Less demands on the mode size in the gain medium 
•  More flexibility for cavity design 
•  Easier to suppress Q-switched mode locking 

No inverse sat. absorption With inverse sat. absorption 

SESAM modelocked Er-Yb:glass laser 

Pulse repetition rate:  101 GHz 

Max. output-power:    35 mW 

Optical bandwidth:     2.6 nm 

Pulse width:               1.6 ps (1.7x TBP) 

Autocorrelation Optical spectrum 

Photo of actual setup 

A. E. H. Oehler et al., Opt. Express 16, 21930, 2008  

All-optical 100-GHz pulse generation at 1.5 µm  
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SESAM modelocked Er-Yb:glass (ERGO) laser 
enabled world-record optical communication results  

Time-Bandwidth Products, Inc. made such lasers commercially available 

ERGO laser, http://www.time-bandwidth.com 

 

... and also enables low-noise frequency combs 

+  high-Q cavity, low nonlinearities 
   ⇒ extremely low intrinsic noise 
+  convenient and robust 

DPSSLs (Diode-Pumped Solid-State Lasers) 

Compare     75 MHz 1.5-µm Er:Yb glass DPSSL    with    commercial 1.5-µm Er-fiber laser  

Example excellent noise performance of DPSSLs: Optical ultra-stable microwave oscillator 

 
S.Schilt, N. Bucalovic, V. Dolgovskiy, 
C. Schori, M. C. Stumpf, 
G. Di Domenico, S. Pekarek, 
A. E. H. Oehler, T. Südmeyer, U. Keller, 
P. Thomann,  
“Fully stabilized optical frequency comb 
with sub-radian CEO phase noise from 
a SESAM-modelocked 1.5-µm solid-
state laser” 
Optics Express 19, 24171, 2011 

Relative frequency stability of the CEO frequency 
measured with the same feedback loop 

(right scale: relative frequency stability with respect to the optical carrier) 



26 

SESAM* (grown at ETH) 
 

Structure AlAs-embedded QW 

Fsat 11.3 µJ/cm2 

ΔR 1.36% 

ΔRns <0.3% 

F2 275 mJ/cm2 

1.8-GHz femtosecond Yb:CALGO laser 

*Measured at 80 fs, 1051 nm, 20 oC 
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dichroic dispersive mirror (GTI) 

60-nm flat dispersion 

fiber-coupled 
 multi-mode 
 laser-diode 

frep  = 1.8 GHz       = 59.4 fs 

Pav = 3.0 W         Ppk  = 24.3 kW 

	= 1059.7 nm 

time (ps)

meas.
fit 

=

A. Klenner et al., Opt. Express 22, no. 9, pp. 11884-11891, 2014 

τ p

λ0

1.8-GHz femtosecond Yb:CALGO laser 

SESAM (grown at ETH) 

Structure AlAs-embedded QW 

Fsat 11.3 µJ/cm2 

ΔR 1.36% 
ΔRns <0.3% 
F2 275 mJ/cm2 
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RBW=

10 kHz
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slope
 = 29.9%

 quasi cw-lasing

 cw modelocking

High-power 5-GHz solid-state laser  

world-record performance  
at multi-GHz repetition rate 

frep  = 5.1 GHz 

Pav = 4.1 W 

tP  = 95.5 fs 

Ppk = 7.5 kW 

no Q-switched modelocking 

A. Klenner, U. Keller, Optics Express 23, 8532 (2015)  

Q-switching limiter: design 

moderate  
peak intensity: 

high  
peak intensity: 

Kerr medium  
(Yb:CALGO) 

QML: 
•  peak intensities increase 
•  Kerr lens increases 

laser design idea: 
•  Kerr lens increases SESAM mode size 
•  induces a limiter to prevent QML 

unfolded cavity 

a b 

c 

a b c 

simulation 

A. Klenner, U. Keller, Optics Express 23, 8532 (2015)  
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•  Why and how was the SESAM invented? 

•  Challenge: need fast saturable absorber for shorter pulses 
Solution: Defect management (low temperature growth, AlAs traps, surface traps ...) 

•  Problem: Q-switching instabilities for passively modelocked solid-state lasers  
Solution: SESAM parameters  
(semiconductor saturable absorber material + mirror design freedom ideal) 

•  Challenge: SESAM damage  
Solution: Mode size and inverse saturable absorption 

•  Problem: Need fast saturable absorber for solid-state lasers (with no dynamic gain 
saturation) 
Solution: Soliton modelocking 

•  Problem: Pulses so short that position of electric field underneath pulse envelope 
needs to be stabilized 
Solution: Carrier envelope offset frequency (CEO) stabilization 
... this solution also enabled the frequency metrology revolution 

•  Modelocking and frequency metrology: stabilized frequency combs 

•  Frontier lasers need different SESAM design parameters ... ongoing research. 

Outline 

SESAM without damage (even at >100 kW) 

2012 
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High average power lasers: SESAM ML TDL 

First time >10 µJ pulse energy from a SESAM modelocked Yb:YAG thin disk laser (TDL) 
Opt. Express 16, 6397, 2008 and CLEO Europe June 2007 

26 µJ with a multipass gain cavity and larger output coupling of 70% (Trumpf/Konstanz) 
Opt. Express 16, 20530, 2008 

A. Giesen, et al., Appl. Phys. B 58, 365 (1994) 

TDL 

C. J. Saraceno et al., >270 W  
Opt. Express 20, 23535, 2012 

Tested SESAMs with different rollover 

SESAM F0  
(mJ/cm2) 

S0 = F0/
Fsat 

F2,meas 
(mJ/cm2) 

F2,calc 
(mJ/cm2) 

F2,calc/ 
F2,meas 

NTC 3.1 43 3200 8200 2.56 

SCTC 3.3 12 5523 15000 2.71 

DTC2 8.7 52 31700 70200 2.21 

DTC3 30.2 122 346000 206000 0.6 

Rollover: influence of two-photon absorption (TPA) 

•  Topcoating increases F2  
•  Rollover stronger than 

TPA only: ratio confirms 
previous study 

µ
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Fluence (µJ/cm2)

200 fs
1 ps

and    F0 ≈ ΔRFsat F2

F0 

(for weak TPA) 

C. J. Saraceno et al, IEEE J. Selected Topics in Quantum Electronics (JSTQE) 18, 29-41, 2012  
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Damage of SESAM 

Fabs ≈ Rns
Finc
2

F2

Rollover: deposited energy 

Fd ∝ F2

Fabs = F(1− R(F))

  
R(F ) = Rns

ln(1+ (Rlin Rns )(e
F / Fsat −1))

F / Fsat

e
− F

F2 ≈ Rns 1− F
F2

⎛

⎝⎜
⎞

⎠⎟

Damage occurs at a constant 
amount of deposited energy 
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∆Rns

FsatR
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∆RISA

ü  small modulation depths  
(                    ) 

ü  small nonsaturable 
losses  

ü  F >> Fsat 
ü  F << F2 

ΔRns << ΔR

Simple guidelines 

C. J. Saraceno et al, IEEE J. Selected Topics in Quantum Electronics (JSTQE) 18, 29-41, 2012  

Increased saturation parameters 
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InGaAs QWs 

Dielectric top coating:

h/4 layers of SiO
2
 

and Si
3
N

4

MBE 
3QWs 

MOVPE 
8QWs 

FSAT ≈ 120 µJ/
cm2 

>300 µJ/
cm2 

F0 ≈ 4 mJ/cm2 >8 mJ/cm2 
F2 ≈ 6 J/cm2 ≈10 J/cm2 
∆R ≈ 1.1 % ≈ 1.3 % 
∆RNS < 0.2 % < 0.2% 
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FSAT F0

•  MOVPE grown 
•  27-pair GaAs/Al98Ga2As DBR  
•  6-8 InGaAs QW absorber layers, embedded 

in AlAs 
•  Al98Ga2As84P16 strain compensation 
•  Four layer-pairs of  SiO2/Si3N4 (PECVD) 

 

Europhoton 2016, Talk SSL-6.3 
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MBE 
3QWs 

MOVPE 
8QWs 

FSAT ≈ 120 µJ/
cm2 

>300 µJ/
cm2 

F0 ≈ 4 mJ/cm2 >8 mJ/cm2 
F2 ≈ 6 J/cm2 ≈10 J/cm2 
∆R ≈ 1.1 % ≈ 1.3 % 
∆RNS < 0.2 % < 0.2% 
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Enhanced damage threshold 

Novel SESAMs show 
unprecedented damage thresholds 

•  1x3 SQWs à FD ≈ 52 mJ/cm2 

•  6x1 SQWs ! FD ≈ 104 mJ/cm2 

•  8x1 SQWs à FD ≈ 85 mJ/cm2 

•  1x3 SQWs à FD ≈ 72 mJ/cm2 

Europhoton 2016, Talk SSL-6.3 

•  Why and how was the SESAM invented? 

•  Challenge: need fast saturable absorber for shorter pulses 
Solution: Defect management (low temperature growth, AlAs traps, surface traps ...) 

•  Problem: Q-switching instabilities for passively modelocked solid-state lasers  
Solution: SESAM parameters  
(semiconductor saturable absorber material + mirror design freedom ideal) 

•  Challenge: SESAM damage  
Solution: Mode size and inverse saturable absorption 

•  Problem: Need fast saturable absorber for solid-state lasers (with no dynamic gain 
saturation) 
Solution: Soliton modelocking 

•  Problem: Pulses so short that position of electric field underneath pulse envelope 
needs to be stabilized 
Solution: Carrier envelope offset frequency (CEO) stabilization 
... this solution also enabled the frequency metrology revolution 

•  Modelocking and frequency metrology: stabilized frequency combs 

•  Frontier lasers need different SESAM design parameters ... ongoing research. 

Outline 
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Pulse-shaping in passive modelocking 

U. Keller, Ultrafast solid-state lasers, Landolt-Börnstein, Group VIII/1B1, edited by G. Herziger, H. Weber, R. Proprawe, 
pp. 33-167, 2007, ISBN 978-3-540-26033-2 

Stable pulses even with a “long” net gain window 

Kerr lens modelocking (KLM) 
Fast saturable absorber 
D. E. Spence, P. N. Kean, W. Sibbett 
Opt. Lett. 16, 42, 1991 

Soliton modelocking 
“not so fast” saturable absorber 
F. X. Kärtner, U. Keller, 
Opt. Lett. 20, 16, 1995 

pulse

gain

loss
 

time time

loss

gain

pulse

Why is the pulse stable 

with a long net gain window? 
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time

loss

R. Paschotta, U. Keller, Appl. Phys. B 73, 653, 2001 
 

leading edge of pulse"

has significant loss from "

the saturable absorber"

Fully saturated absorber:"

negligible loss for"

trailing edge of pulse"

absorber delays pulse!

Dominant stabilization process with a relatively long net-gain window:!
Picosecond domain:  absorber delays pulse"

The pulse is constantly moving backward and can swallow any noise  
growing behind itself."

Femtosecond domain:  dispersion in soliton modelocking"

Stable pulses even with a “long” net gain window 

Laser pulse with pulse envelope 

Pulse envelope A(t) 

Electric field E(t) 

E t( ) = A t( )eiω0 t

E(ω)
~

ω0
ω

Δω 

0

0

A(Δω)~

Δω 0

 

 
A Δω( ) = E ω0 + Δω( )

 
E t( ) = 1

2π
E ω( )eiω tdω∫

 
E t( ) = 1

2π
E ω0 + Δω( )ei ω0 +Δω( )tdΔω∫ =

1
2π

eiω0 t A Δω( )eiΔω tdΔω∫
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Online Video: Master Class 2014 

 

http://www.ulp.ethz.ch/videos/physics-at-fom-2014-master-class.html 

More details on ultrafast pulse generation 

Soliton modelocking:  GDD negative, n2 > 0 

Master equation:  
Opt. Lett 20, 16, 1995 and IEEE JSTQE 2, 540, 1996 

TR
∂
∂T

A T , t( ) = iD ∂ 2

∂t 2
− iδ A T , t( ) 2⎛

⎝⎜
⎞
⎠⎟
A T , t( ) + g − l + Dg

∂ 2

∂t 2
− q t( )⎛

⎝⎜
⎞
⎠⎟
A T , t( ) = 0

Aout T , t( ) = e−q(t )Ain T , t( )
Aout T , t( ) = 1− q t( )⎡⎣ ⎤⎦ Ain T , t( )
⇒ ΔA T , t( ) = −q t( )A T , t( )

A T , t( ) = A0  sech t
τ

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

exp iφ0
T
TR

⎡

⎣
⎢

⎤

⎦
⎥ + continuum

  Gain
Self-
Phase-
Modulation 

Group
Velocity
Dispersion

   Slow
Absorber

Output-
coupler

 

Group 
Delay 
Dispersion 

Nonlinear Schrödinger equation (NSE) + perturbation 

GDD SPM 
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Experimental confirmation:  Ti:sapphire laser 

As T , t( ) = Fp,L
2τ
sech t

τ
⎛
⎝⎜

⎞
⎠⎟ e

iφ0
T
TR

τ FWHM = 1.76 ⋅τ = 1.76
4 D
δ ⋅Fp,L

Solution:  soliton pulse 

soliton phase per resonator roundtrip 

 

 

Stability  
(soliton perturbation theory):   
continuum loss lc is 
larger than soliton loss ls 

 

Normalized abs. recovery 
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D
τ 2

=
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w = τ A
τ

q0
φ0

= τ A
q0
D

∝ 1
D

I. D. Jung, F. X. Kärtner, L. R. Brovelli, M. Kamp, U. Keller, "Experimental verification of  
soliton modelocking using only a slow saturable absorber,"  Opt. Lett. 20, 1892-1894, 1995 
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I. D. Jung, F. X. Kärtner, L. R. Brovelli, M. Kamp, U. Keller, "Experimental verification of  
soliton modelocking using only a slow saturable absorber,"  Opt. Lett. 20, 1892-1894, 1995 
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Experimental confirmation:  Ti:sapphire laser 

w ∝ 1
D

Stable pulses even with a “long” net gain window 

Kerr lens modelocking (KLM) 
Fast saturable absorber 
D. E. Spence, P. N. Kean, W. Sibbett 
Opt. Lett. 16, 42, 1991 

Soliton modelocking 
“not so fast” saturable absorber 
F. X. Kärtner, U. Keller, 
Opt. Lett. 20, 16, 1995 

pulse

gain

loss
 

time time

loss

gain

pulse

SESAM  
only starts and  
stabilizes modelocking 
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•  Why and how was the SESAM invented? 

•  Challenge: need fast saturable absorber for shorter pulses 
Solution: Defect management (low temperature growth, AlAs traps, surface traps ...) 

•  Problem: Q-switching instabilities for passively modelocked solid-state lasers  
Solution: SESAM parameters  
(semiconductor saturable absorber material + mirror design freedom ideal) 

•  Challenge: SESAM damage  
Solution: Mode size and inverse saturable absorption 

•  Problem: Need fast saturable absorber for solid-state lasers (with no dynamic gain 
saturation) 
Solution: Soliton modelocking 

•  Problem: Pulses so short, that position of electric field underneath pulse envelope 
needs to be stabilized 
Solution: Carrier envelope offset frequency (CEO) stabilization 
... this solution also enabled the frequency metrology revolution 

•  Modelocking and frequency metrology: stabilized frequency combs 

•  Frontier lasers need different SESAM design parameters ... ongoing research. 

Outline 

Ultrashort pulse generation 
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 Year 

10 fs

100 fs

1 ps

1 fs

10 ps
Ti:sapphire laser
≈5.5 fs with ≈200 mW

dye laser
27 fs with ≈10 mW

compressed

compressed
 

Science 286, 1507, 1999"

T = 2.7 fs @800 nm"
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How can we stabilize the frequency comb ? 

1999 

Carrier Envelope Offset (CEO) 

frequency 

fCEO 

fn = n frep + fCEO 

H.R. Telle, G. Steinmeyer, A.E. Dunlop, J. Stenger, D.H. Sutter and U. Keller, Appl. Phys. B 69, 327 (1999) 

0 

t 

Mode-locked pulse train 
Pulse envelope 
A(t)	 λ c = 2.7 fs @800 nm

CEO phase 

fCEO =
Δϕ0

2πTR

Δϕ0TR =
1
frep

E t( ) = A t( )exp iω ct + iϕ0 (t)( )
Electric field 
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Frequency combs from modelocked lasers 

frequency 

intensity 

fCEO 

frep 

fn = n frep + fCEO 

unlocked repetition rate: frep unlocked CEO: fCEO time average 

free-running passively modelocked laser 

•  by stabilization of frep and fCEO, 
the whole frequency comb is locked! 

•  stabilization of fCEO is challenging [1] 

[1] comb self-referencing: H.R. Telle, G. Steinmeyer, A.E. Dunlop, J. Stenger, D.H. Sutter and U. Keller, Appl. Phys. B 69, 327 (1999) 

0 

frep : pulse repetition rate frequency ,      fCEO : carrier envelope offset frequency 

How can we measure the frequency comb offset ? 

frep	

fCEO = 2f1 – f2	

fCEO	

f2	 2f1	

2f1 = 2fCEO + 2nfrep	

f2 = fCEO + 2nfrep	

f1	

f1 = fCEO + nfrep	

octave spanning modelocked spectrum 

Mode beating of fundamental and second harmonic frequency comb�
f-to-2f interference technique:  fCEO = 2f1 – f2	

H.R. Telle, G. Steinmeyer, A.E. Dunlop, J. Stenger, D.H. Sutter and U. Keller, Appl. Phys. B 69, 327 (1999) 
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t 

Mode-locked pulse train 
Pulse envelope 
A(t)	

CEO phase 

fCEO =
Δϕ0

2πTR

Δϕ0TR =
1
frep

E t( ) = A t( )exp iω ct + iϕ0 (t)( )
Electric field 

How can we stabilize the frequency comb offset ? 

Mode beating measured with a simple photodetector and observed on an	

frep
microwave spectrum analyzer 

fCEO

Anything where 
 
 
inside the modelocked laser 

Δυ p ≠ Δυg

υg

υ p

World-record Ti:sapphire laser spectrum in 1999 

detection limit required  
to avoid cycle slips!
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direct SHG scheme!

Schemes and feasibilty test 
to measure and stabilize 
carrier envelope offset (CEO) 

H. R. Telle et al. 
Appl. Phys. B 69, 327, 1999 

Octave spanning spectrum  
required for  
f-2f self-referencing technique 
(initially called direct SHG scheme) 
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How can we stabilize the frequency comb ? 

1.1 Direct SHG (f-2f self-referencing technique) 

 

one nonlinear optical process 
needs octave spanning modelocked spectrum 

ν m( ) = νCEO +m frep

2ν m( )−ν 2m( ) = 2νCEO + 2m frep( )− νCEO + 2m frep( ) = νCEO     (4)

1.2 Frequency doubled transfer oscillator 
two nonlinear optical processes + one additional cw oscillator 
but needs less modelocked spectrum  
 
 
ν trans = n frep ⇒  use feedback loop to stabillize transfer oscillator ν trans

ν 2n( )− 2ν trans = νCEO + 2n frep( )− 2n frep = νCEO                         (5)

More techniques proposed to further reduce required bandwidth 

CEO beat signal with external SCG  

Ti:sapphire!

fCEO!

25 µm!

Ø 1.7 µm!

Super continuum generation (SCG) 
in micro structure fiber:  
J. Ranka et al.,OL 25, 25 (2000)!
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]

100500
Frequency [MHz]

CEO 
beats !

spurious !

frep"

Hänsch and Hall group: 
D.J. Jones et al., Science 288, 635 (2000) 
A. Apolonski et al., PRL 85, 740 (2000) 

1.1 Direct SHG (f-to-2f interference technique) with SCG 
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•  Why and how was the SESAM invented? 

•  Challenge: need fast saturable absorber for shorter pulses 
Solution: Defect management (low temperature growth, AlAs traps, surface traps ...) 

•  Problem: Q-switching instabilities for passively modelocked solid-state lasers  
Solution: SESAM parameters  
(semiconductor saturable absorber material + mirror design freedom ideal) 

•  Challenge: SESAM damage  
Solution: Mode size and inverse saturable absorption 

•  Problem: Need fast saturable absorber for solid-state lasers (with no dynamic gain 
saturation) 
Solution: Soliton modelocking 

•  Problem: Pulses so short that position of electric field underneath pulse envelope 
needs to be stabilized 
Solution: Carrier envelope offset frequency (CEO) stabilization 
... this solution also enabled the frequency metrology revolution 

•  Modelocking and frequency metrology: stabilized frequency combs 

•  Frontier lasers need different SESAM design parameters ... ongoing research. 

Outline 

Laser pulse as a superposition of many frequencies 
•  A continuous wave laser emits in one or only few frequencies 
•  Typical femtosecond laser pulse trains are generated with a 

superposition of millions of single frequencies  (1 femtosecond = 10-15 s) 
•  Single frequencies are phase locked with intracavity modulator 

(or saturable absorber): “modelocking” 
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Magnification:"
"    100'000 x 

Modelocked laser can give a „frequency ruler“ 

Magnification:"
"    100'000 x 

u  Spectrum of a fs modelocked laser consists of millions of fine lines               
u  Line spacing is given by pulse repetition frequency  frep: 

Δt = 1
frep

Line spacing was stabilized in the 1980’s: 
referred to as “timing jitter stabilization” 
Patent D. Cotter (1985, British Telecom) 
Actively modelocked flashlamp-pumped Nd:YAG laser (1986) 
M. J. W. Rodwell, D. M. Bloom, K. J. Weingarten, IEEE J. Quantum Electr. 25, 817, 1989 

Magnification:"
"    100'000 x 

Modelocked laser can give a „frequency ruler“ 

Magnification:"
"    100'000 x 

u  Spectrum of a fs modelocked laser consists of millions of fine lines               

u  Femtosecond laser is for frequency the same as a ruler for length: 
 

u  .... but the „zero“ of the frequency ruler was not stabilized! 
Solution given how to stabilize the zero of the frequency ruler: 
H.R. Telle, G. Steinmeyer, A. E. Dunlop, J. Stenger, D. H. Sutter, U. Keller  
Appl. Phys. B 69, 327 (1999) 

u  Line spacing is given by pulse repetition frequency  frep and can be stabilized 
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Frequency combs from modelocked lasers 

unlocked repetition rate: frep unlocked CEO: fCEO time average 

free-running passively modelocked laser 

u  Femtosecond laser is for frequency the same as a ruler for length: 
 

u  .... but the „zero“ of the frequency ruler was not stabilized! 
Solution given how to stabilize the zero of the frequency ruler: 
H.R. Telle, G. Steinmeyer, A. E. Dunlop, J. Stenger, D. H. Sutter, U. Keller  
Appl. Phys. B 69, 327 (1999) 

How can you measure optical frequencies? 

Frequency comb"

unknown"
optical frequency 
(many 100 THz)"

detector" u  optical frequencies too high for  
     a direct measurement with high  
     accuracy"

u  With frequency comb:  
     measure unknown frequency with  
     the beat signal on the detector"

frequency comb  
spacing  
(100 MHz – 10 GHz)"
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beat signal 

The superposition of two frequencies f1 und f2 
detected with a photo detector gives a beat signal at 
the difference frequency f1 - f2  

Tuning fork Nr. 1 
at the frequency f1 

Tuning fork Nr. 2 
at the frequency f2 

Frequency comb"
stablized"

unknown"
optical frequency 
(many 100 THz)"

detector"

u  optical frequencies too high for  
     a direct measurement with high  
     accuracy"

u  With frequency comb:  
     measure unknown frequency with  
     the beat signal on the detector"

u  Beat signal at less than half of the  
     frequency comb spacing  
    ... can be measured!"

100 
THz 

100 MHz  
- 10 GHz 

frequency comb  
spacing  
(100 MHz – 10 GHz)"

How can you measure optical frequencies? 
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Optical Frequency Combs 

THz 

MHz 

undefined, optical 
frequency 

frequency 

intensity 

phase-stable link:  
optical to microwave 

intensity 

frequency 

beat 

frequency 

intensity 

 

 

 

 
frep, low

frep, high 

High gigahertz pulse repetition rate frequency combs: 

•  higher power per mode 

•  easier to access individual lines  

•  more compact laser system 

Frequency combs: need for high repetition rates 

frequency 

power 

 

S/N in nearly all applications is limited 
 by available power per comb line 

Higher repetition rates increase the power in each comb line  

 

 

 

 
frep, low

frep, high

repetition 
rate 

average 
power 

power 
per line x ~ 

 

example with 100-fs pulses: 

frep = 5 GHz, Paverage = 4 W: 

average 
power per line ≈ 1.86 mW  

at 100 MHz this requires Paverage = 200 W!! 

(incl. lines 20 dB below maximum) 
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GHz oscillators w/o amplification or compression 

most recent 
multimode 
pump diode

Yb:CALGO

SESAM
output 
coupler

1-GHz cavity

Benefits of Si3N4 waveguide  

multimode 
pump diode

Yb:CALGO

SESAM
output 
coupler

1-GHz cavity
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repetition rate (GHz) 

 0.34 kW 

First self-referenced frequency comb based on SCG in Si3N4 Chip 

 

•  First CEO-Stabilization with extra-
cavity SCG requiring < 1kW 

•  304 mrad: Lowest RPN of any 
stabilized gigahertz diode-
pumped solid state laser to date 

•  CMOS-compatible and integration 

 23.5 kW 

A. Klenner, A. S. Mayer, A. R. Johnson, K. Luke, M. R. E. Lamont, Y. Okawachi, M. Lipson, A. L. Gaeta, U. Keller,  
“Gigahertz frequency comb offset stabilization based on supercontinuum generation in silicon nitride waveguides” 
Optics Express 24, 11043, 2016  

A. Klenner et al., Optics Express 24, 11043, 2016 
Collaboration with M. Lipson and A. L. Gaeta   
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Supercontinuum 
generation (SCG) 

SESAM modelocked diode-pumped 
solid-state laser (no amplifiers) 

Si3N4 waveguide 
7.5 mm long 

+
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Frequency comb stabilization with microresonators 
... is challenging  

Frequency comb stabilization with microresonators 
... is challenging  

This “microcomb” needs a high power single frequency cw pump laser!  

June 2016 first microcomb stabilization: 
16.4 GHz microcomb not broad enough for f-2f self-referencing 
needs single frequency cw pump laser, 3 optical amplifiers, 2 highly nonlinear fibers  
and a pulse shaper 
 
... is this still compact? 
How does this compare to laser frequency combs? 
See for example: Postdeadline Talk PD-1.1, stabilized dual comb modelocked laser 
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Which publications started  
the frequency comb revolution? 

The first paper in 1999 was explicitly referenced in “Advanced information for the Nobel Prize in Physics 2005” 
More info and Nobel information PDF-file on http://www.ulp.ethz.ch/research/frequency-combs.html 

If you work in this field, please read and reference these three papers from different groups who all made key 
enabling and pioneering contributions. This simply follows good scientific practice. Thank you. 

H. R. Telle, G. Steinmeyer, A. E. Dunlop, J. Stenger, D. H. Sutter, and U. Keller,  

“Carrier-envelope offset phase control:  A novel concept for absolute optical frequency  
measurement and ultrashort pulse generation,”  

Appl. Phys. B 69, 327-332 (1999)  

 
D. J. Jones, S. A. Diddams, J. K. Ranka, A. Stentz, R. S. Windeler, J. L. Hall, and S. T. Cundiff,  

“Carrier-envelope phase control of femtosecond mode-locked lasers and direct optical  
frequency synthesis,”  

Science 288, 635-639 (2000). 

  

A. Apolonski, A. Poppe, G. Tempea, C. Spielmann, T. Udem, R. Holzwarth, T. W. Hänsch, and F. Krausz,  
“Controlling the phase evolution of few-cycle light pulses,”  

Phys. Rev. Lett. 85, 740-743 (2000) 

•  Why and how was the SESAM invented? 

•  Challenge: need fast saturable absorber for shorter pulses 
Solution: Defect management (low temperature growth, AlAs traps, surface traps ...) 

•  Problem: Q-switching instabilities for passively modelocked solid-state lasers  
Solution: SESAM parameters  
(semiconductor saturable absorber material + mirror design freedom ideal) 

•  Challenge: SESAM damage  
Solution: Mode size and inverse saturable absorption 

•  Problem: Need fast saturable absorber for solid-state lasers (with no dynamic gain 
saturation) 
Solution: Soliton modelocking 

•  Problem: Pulses so short that position of electric field underneath pulse envelope 
needs to be stabilized 
Solution: Carrier envelope offset frequency (CEO) stabilization 
... this solution also enabled the frequency metrology revolution 

•  Modelocking and frequency metrology: stabilized frequency combs 

•  Frontier lasers need different SESAM design parameters ... ongoing research. 

Outline 
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Frontier lasers need different SESAM parameters 
•  High average power (i.e. 100 W to 1 kW) ultrafast solid-state laser: 

SESAM modelocked thin disk lasers (TDLs) 
 high saturation fluence, large mode size (special mounting techniques), faster  
 saturable absorber 

 
 

 
 
 
  

•  Gigahertz femtosecond diode-pumped solid-state lasers: 
SESAM modelocked Yb-doped lasers, best results with Yb:CALGO 

 low saturation fluence, faster saturable absorbers (AlAs barrier) 

•  Gigahertz optically pumped semiconductor disk lasers (SDLs): 
SESAM modelocked VECSELs, MIXSELs  

 fully integrated structure of gain and absorber in one wafer, faster saturable 
         absorber, broadband close to zero GDD, medium saturation fluence 
 
 
... and in all cases low non-saturable losses:   ΔRns << ΔR
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 high saturation fluence, large mode size (special mounting techniques), faster  
 saturable absorber 
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Talk Thursday 14:00 
SSL-5.2, Ivan Graumann – Yb:LuO TDL 
 
Talk Friday 8:45 am 
SSL-6.3, Andreas Diebold – SESAMs for TDLs 

Talk Tuesday 11:15 am 
SSL-1.3, Aline Mayer – mid-IR frequency comb 

Talk Friday 8:30 am 
SSL-6.2, Sandro Link – record low pulse duration of SDLs 
and Poster Thursday PO-3.21 
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More info on the web ... 

•  Web page of Prof. Ursula Keller at ETH Zurich: http://www.ulp.ethz.ch 

•  All papers are available to download as PDFs:  
http://www.ulp.ethz.ch/publications/journal-articles.html 

•  SESAM and milestones: http://www.ulp.ethz.ch/research/sesam.html 

•  Ultrafast solid-state laser:  get started with the book chapter ... 
http://www.ulp.ethz.ch/research/ultrafast-solid-state-lasers.html 

•  VECSEL and MIXSEL: http://www.ulp.ethz.ch/research/vecsel-mixsel.html 

•  Frequency combs: http://www.ulp.ethz.ch/research/frequency-combs.html 

•  Attoscience, Attoclock, Attoline: 
http://www.ulp.ethz.ch/research/attosecond-science.html 
http://www.ulp.ethz.ch/research/attoline.html 
http://www.ulp.ethz.ch/research/attoclock.html 

•  Viewgraphs to graduate lecture course:  Ultrafast Laser Physics 
http://www.ulp.ethz.ch/education/lectures/ultrafast-laser-physics.html 

 

 

www.ulp.ethz.ch 

Ultrafast 
solid-state 

lasers 

•  High-power 
TDLs 

•  Semiconductor 
disk lasers 

•  High rep rate 
SSLs 

Attosecond 
science 

•  OPCPA 

•  Attoline 

•  Attoclock  
(COLTRIMS) 

•  etc… 

All these results only possible with a great group and 
dedicated work, good funding over many years 


