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. Typlcally between 25 and 30 people (so far graduated 50 Ph.D. students)
e Two larger sub-groups with
applied (ultrafast laser development) & fundamental (attosecond science) research
» Ultrafast laser development:
- high average power (multi-100 W)
- high pulse repetition rate for optical communication, interconnect, clocking
- compact frequency combs (with novel ultrafast semiconductor lasers)
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Applications

Industry

High-precision and high-speed micromachining

[ T —

Fuel injection nozzles

Stents Inkjet nozzles

Required
 High E; >10 pd
 High P, > 10 MW
Wanted

 Highf

rep

(MHz)

High average power

velength (nm)

15 2.5 35 4.5
laser peak intensity (10' W/cm?)

HHG

T. Auguste et al.,

PRA 80, 033817 (2009) Nat. Phot. 2, 599 (2008)

Attosecond
science
A. Pfeiffer et al.,

Spectroscopy

T. Sudmeyer et al.,

Profeta et al., Industrial ~ Nolte et al., Adv. Liu et al., Proc. SPIE, ‘ P =E-f
Laser Solutions, 2004 Eng. Mater. 2, 2000 Vol. 5713, 2005 av p ‘rep
Science
Required

* High I, > 10" W/cm?
 Short pulses 7, < 100 fs
Wanted

+ High ., (MHz)

Nat. Phys. 8, 76 (2012)

High average power
P,=E,f

rep

-
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High average power ultrafast solid-state lasers
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High energy and MHz

» Industrial applications
* increase throughput,
» reduce costs per item, ...

B. N. Chichkov, et al.,
Appl. Phys. A 63, 109 (1996)

» Scientific applications
* reduce measurement time,
I I I * increase signal-to-noise,
©° g ’4,& ° ’@& » MHz XUV sources, ...
S S _—

pulse energy

N
Q\\

N

A

repetition rate

T. Sidmeyer, et al., “Femtosecond laser oscillators for high-field science”, Nature Photonics 2, 559 (2008)
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Power scaling: Advanced concepts for heat removal

Heat removal: optimize surface to volume ratio Pav = Epfrep

slab type laser

thin disk laser vt | |
_ > \_—J slab
diode laser ' |
>

focusing optic
I +—focusing optic

thin disk

HR-mirror

HR-mi out coupling mirror fiber laser
focusing optic
l |
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Fiber laser average power revolution

IPG Photonics, CLEO Europe,
Munich, June 2009

W0 7777 10 kW !

Hlstorlcal trend for smgle transverse mode
8000 cw flber Iaser power*""""";"*""j *********** Y 1

6000

4000

2000

Single-mode cw power, W

) | | | | \ | |
1992 1994 1996 1998 2000 2002 2004 2006 2008 2010
Year

Courtesy of A. Galvanauskas, University of Michigan
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High average power ultrafast sources

Key for high average power: heat removal

» Optimization of surface-to-
volume ratio for efficient

cooling v Fiber v Slab v Thin disk

Key for ultrafast: reduce nonlinearities

Faraday isolator

) diagnostics
iﬁ }— oscillator
} spherical{ f

spherical

* Operation at reduced peak e O  telesope|_L

mensiy e 2H ool
° eauced interaction volume ens sphencal cylindrical P O e R i S ;
M ;  telescope tellescope j;

\—{H

a1 it '
s D) : 0
A 830W, 650fs, 78MHz '

7 passes 1 pass

"

{— J
 Oscillator ) U O A N\ {\ homogenizer <‘[L
aser diode stacks |

{Or {=

\(")ffner stretcher K Pre-amplifiers / \ Main amplifier / KComprcssor/ 1. stage 2. stage
v Chirped pulse amplification (CPA) : 830 W, 640 fs v Innoslab : 1.1 kW, 615 fs
T. Eidam, et al., Optics Letters 35, 94-96 (2010) P. Russbueldt, et al., Opt. Letters 35, 4169-4171 (2010)
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Chirped pulse amplification (CPA)

Initial short pulse A pair of gratings disperses

the spectrum and stretches

/\ , the pulse by a factor
‘ of a thousand

Short-pulse oscillator

The pulse is now long l
and low power, safe
for amplification

High energy pulse after amplification n

Power amplifiers

> J L

Resulting high-energy,
ultrashort pulse

A second pair of gratings
reverses the dispersion of the
first pair, and recompresses the pulse.

G. Mourou, 1987
Ultrafast Laser Physics +m ~ul \’*,: - N :



Oscillator versus CPA-fiber amplifier

. . diode laser
fs-oscillator isolator

2W, 10 MHz
350 fs, 1030 nm .
preamplifier

AO .>
“temporal scaling” 80 MHz...10 kHz O
larger stretching
factor \ }

dielectric grating
stretcher

Isolator

diode laser

dielectric grating
compressor

Yb-doped
power amplifier

“spacial scaling”
output increased mode-field-area

\!

Courtesy of A. Tlinnermann  Fraunhofer
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The femtosecond average power revolution

"
une 2009

10000 '

8000 | cw fiber laser power

Historical lrend for single-transverse-mode /| Goyrtesy of A. Tunnermann: Systems with < 1ps pulse duration

2
§ 6000 1 . O'—g : 1 | I T T v T T T .|v_§
- W
- |
? 9992199419961998.20002002320062})@@10= - ‘ -
Courtesy of A. Galvana i i .Year S : .. v :
A

3 . 6

o 19;

) E w

O) -

© 1 & B Fiber :

& 14 ® Thin Disk| 4

< ] A TiSa ]

] Ll Vv Slab
0.
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The femtosecond average power revolution

Courtesy of A. Tunnermann: Systems with < 1ps pulse duration

Femtosecond INNOSLAB 1000y 7 T~ T T T T T T T T T 71—
amplifier (Poprawe): :
= b .
~_ 100+
Yb:YAG dual stage Innoslab o o"® M
2 ]
8 o, vt
® ] m
g B Fiber
) 1 ® Thin Disk
Z . TiSa
| n Vv Slab
0.11992'19194'19196'19198'20’00'20I02'20'04.20106'20108'20110l
Year
T ——
. < |_r?
615 fs pulse duration = |_-—_-<
1.1 kW average power % __'é
90 MW peak power < = 0 |
20 MHz repetition rate — / - I
55 uJd pulse energy /g ™

Optics Lett. 35, 4169, 2010

RWTH = Courtesy of Prof. Reinhart Poprawe ~ Fraunhofer

ILT




Normalized intensity

The femtosecond average power revolution

Courtesy of A. Tunnermann: Systems with < 1ps pulse duration

Femtosecond fiber amlifier o100 8 ., L O
system (Tunnermann): o
1.0 ' ' ' rresponding pulse (simulated = 100 . | ®
. — corresponding pILI se (simulated) - —:
12{Tpuse = 640 fs : 3 .- ¢ 6
: g
0.8 1 =8 = ; |
g < s &
&Y a 193
0.6 () i [ |
10 5_. 0 5 (@)] .
Tac=880fs — Time.Lps © - W Fiber
0.4- i o 1 ® Thin Disk
: > 3 "
] < ] A Ti:Sa
0.2- — 50W | | I u V¥ Slab
—830W_ 0-1'I'I'I'I'I'I'I'l'l'
J 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010
00 Y T ¥ T T T Y
-20 -10 0 10 20 Year
Time delay / ps
- (" (" 2- stage pre-
Yb:KYW oscillator . 9_ _P
Offner type amplifier

640 fs pulse duration
830 W average power
12 MW peak power
78 MHz repetition rate

Optics Lett. 35, 94, 2010

200fs, 78 MHz

=z>=:>

Output <&

stretcher

compressor

4 Main amplifier

@aé

<=

© Fraunhofer IOF
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Established industrial application - ps domain

advantage ps versus fs: less complexity
DUETTO amplifier

Nd:VAN Nd:VAN :
i's ire : e Q-switchegl'green
;é:ﬁgtor Streffher ~ Ti8A amplifier — e
80 MHz, nJ, 1;909"'5 to ns ud to mJ, Hz to kHz ns. . Hz to kHz
ps
v
10 ps
Compysessor
ud tomd
to fs
Hz to MHz
MOPA versus
regenerative amps
« stability
* flexibility Example: Duetto

« efficiency 10 W, 200 pJ, 10 ps
o (options for 50 W, green, UV)
Time-Bandwidth ‘/DX Time-Bandwidth Products



High average power ultrafast sources

Key for high average power: heat removal

» Optimization of surface-to-
volume ratio for efficient

cooling v Fiber v Slab v Thin disk
Key for ultrafast: reduce nonlinearities Faraday olator =g —
- oscillator ) agnosis
. : \\,/ spherical
- Operation at reduced peak }iﬁ.ﬂi;‘g;i, o  esone]
|ntenSIty . . — ict)étllgsciré;ael{
 Reduced interaction volume lens {  spherical cylindrical
. telescopetelescope 5
o s R s
\ ( Signal output (4 ) 5
830W, 650fs, 78MHz 7 passes ‘ : 1 pass
k :
y o\ y v\hc:»m{:»geni.?_er"//"
laser diode stacks
SO {~ } !
Offner stretcher Pre-amplifiers / k Main amplifier / \Compressoy 1. stage 2. stage

v" Modelocked thin disk laser: high average power directly from the oscillator

Ultrafast Laser Physics + ETHZ ”‘ﬁ 1|




SESAM technology — ultrafast lasers for industrial application

U. Keller et al. Opt. Lett. 17, 505, 1992 SESAM solved Q-switching problem
IEEE JSTQE 2, 435, 1996 for diode-pumped solid-state lasers
Progress in Optics 46, 1-115, 2004
Nature 424, 831, 2003 }\
-
g _ Output
coupler

Gain

SESAM
SEmiconductor Saturable Absorber Mirror

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

Ultrafast Laser Physics ‘ ~ ETH Zuric




Ultrashort pulse generation with modelocking

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

Q-switching problem
| in passively modelocked
2008V golid-state lasers:

- active modelocking for
50 ns/div solid-state lasers

Nd:glass - dye lasers solved the problem

first passively modelocked laser
Q-switched modelocked

|

o

1960 1970 1980 1990 2000
Year
Flashlamp-pumped Diode-pumped solid-state lasers
solid-state lasers (first demonstration 1963)



Active Modelocking

Active modelocking
: | |
P /\ | Loss |
I
% | | / i
Pulse intensity /I |
"\ 1 | | .
| ; ' > Time
g

acousto-optic loss modulator
needs RF power and water cooling

Ultrafast Laser Physics —d‘”{—— ETH Zurich m




Active modelocking assive modelocking : :
? | ; Loss ; 1 S | Loss
I /\ [ | / —q\l . ;lzv ;|‘ . / Saturated gain
ngf = = Saturated gai 74 4

A
Y

Ise intensi
Pulse intensity /I | | Pulse intensity | |
s | | AT | |
A\ . | | | .
i ' » Time - | | - i
1 | < |
|

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

Ve
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20 years SESAM anniversary: 1992-2012

A. J. De Maria, D. A. Stetser, H. Heynau
Appl. Phys. Lett. 8, 174, 1966 Q-switching instabilities
continued to be a problem until 1992

200 ns/div SESAM

First passively modelocked

(diode-pumped) solid-state laser
without Q-switching

(b)

50 ns/div

U. Keller et al.

Nd:glass KLM Opt. Lett. 17, 505, 1992
first passively modelocked laser
Q-switched modelocked IEEE JSTQE 2, 435, 1996
l Nature 424, 831, 2003
Yo R
| | | | | i
1960 1970 1980 1990 2000
Year
Flashlamp-pumped Diode-pumped solid-state lasers
solid-state lasers (first demonstration 1963)
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20 years of SESAM - looking back

Appl Phys B (2010) 100: 15-28 Appl. Phys. B 100, 15-28, 2010 Applied Physics B

DOI 10.1007/s00340-010-4045-3 Lasers and Optics

Ultrafast solid-state laser oscillators: a success story for the last
20 years with no end in sight

U. Keller

Received: 21 April 2010 / Published online: 13 May 2010
© The Author(s) 2010. This article is published with open access at Springerlink.com

20 years of ultrafast solid-state lasers: invited paper

«  Why was it assumed that diode-pumped solid-state lasers
cannot be passively modelocked?

e How was the SESAM invented?

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

Ultrafast Laser Physics + ETH Zuricl



High average power lasers

-
s

DP-SSL: diode-pumped solid-state lasers
100 | | |

® Ti:sapphire lasers
10 B Thin disk DP-SSL
O Other DP-SSL

NOaN \ N
SO

pulse energy

Q\

repetition rate

pulse energy (uJ)

0.001}F Natl. Photonics 2f 959, 2008 |

1990 1995 2000 2005 2010
year

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

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

Ultrafast Laser Physics fo—



High average power lasers - moving towards 100 pJ
100 l . . .
10| = mndscoRss ] ® Ti:sapphire lasers
= .l - | B Thin disk DP-SSL
2 | O Other DP-SSL
% 0.01 ) _
0.001 él
1990 1995 2000 =
year . 2+
Goal: 2 10k
100 pd g af
® 2r
5 MHz 2 1B
500 W average £
power 2
0.1 &

Pav :Ep]Crep 1

repetition rate (MHz)
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Thin Disk Lasers

Thin disk laser

- Efficient heat removal through back
side

heatsink

- Typical thickness =100 ym: 1D
longitudinal heat flow: reduced
thermal lensing

- Power scalable by increase of
mode diameter (constant
intensity)

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

Ultrafast Laser Physics —W— ETH Zurich




Thin disk lasers are efficient

150 o Vb-YAG 1 SESAM modelocked

. —— Yb:Lu,O, N,,:= 42% (103 W)

3 ] = 40% (141 W
§ 100 ____________________ ol nOpl ( )
\é C. R. E. Baeretal,,

i ! Optics Lett. 35, 2302, 2010
Q’ 50 2
i | 1 | ! |
2000 2004 2008
yesy cw performance
Yb-doped sesquioxide thin disk lasers Gain P, Nope  Msiope
Prof. G. Huber, University of Hamburg material [W] [%] [%]

Yb:Lu,O, 301 73 85

R. Peters et al., Appl. Phys. B 102, 509, 2011 Yb:Sc,0, 264 70 0

Yb:LuScO;, 250 69 81

Ultrafast Laser Physics — ETH Zuric



Modelocked Thin Disk Lasers

Thin disk laser - Efficient heat removal through back
side

- Typical thickness =100 ym: 1D
longitudinal heat flow: reduced
thermal lensing

- Power scalable by increase of
mode diameter (constant
intensity)

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

SESAM - Widely tunable absorber parameters

Semiconductor saturable absorber mirror - 1D longitudinal heat flow: reduced

thermal lensing

- High damage thresholds
(>100 mJ/cm?) for optimized designs

- Power scalable by increase of
mode diameter (constant

saturation)

U. Keller, et al., IEEE J. Sel. Top. Quant. 2, 435 (1996)

Ultrafast Laser Physics —w—— ETH Zurich ’




Modelocked Thin Disk Lasers

Highest average powers and highest energies
of any ultrafast oscillator technology

Thin disk laser

D

300 _
- —— Yb:YAG .
- —8— Yb:Lu,0; E
S 200F -
: 1P, >140 WH.#
. B G e i 5 5 5 .
heatsink Q - :
A. Giesen, et al., Appl. Phys. B 58, 365 (1994) g

2000 2002 2004 2006 2008 2010 2012 2014

+
year
SESAM 40— Yb:YAG E
Semiconductor saturable absorber mirror S sk e pass :
. ;
lﬁ - single pass, helium ] p
10F k
F single pass
- 1 | 1 | 1 | L 1

0
2000 2002 2004 2006 2008 2010 2012
year

#1 C. R. E. Baer, et al., Optics Letters 35, 2302-2304 (2010)
#2 D. Bauer et al., Optics Express 20, 9698-9704 (2012)




The femtosecond average power revolution

Courtesy of A. Tunnermann: Systems with < 1ps pulse duration

Femtosecond SESAM modelocked 1000 T T ——y
Yb:Lu,0; thin disk laser - v
| illator - :
; 10k —measzurel aser OSCI a O '.. v :
4 - == sech” fit . g :
S OO rsss Nno ampllfler! s 8 A _
© 06
c = 10 A .
) Q 3
(7) 04} ‘ qc)) 1 [
g — W Fiber -
1.0 . = corresponding pulse (simulated) - ] .
0.0 AT T, S fs fiber amplifier| = o« ® Thin Disk| 4
3 2 49 0 1 2 > 0'8_" g ] A TiSa ]
time delay (ps) § s, 1 Vv Slab
— 10} — measured E 0.6+ e OLE -1~ T T T T T v 7T v 7 ' 1
= - - - gaussian fit o Tac-880 fs ’ Tme/ps | 2000 2002 2004 2006 2008 2010
s 08F o
e AZ=1.7 nm g 04- " Year
£ 06f & - :
= ol —_— Z 55l —_ 50W/| |
& _ j L —830Ww] | [ om Il sEsAMm
o 0.2r-
(7] 0.0 v T v T T T v
00! -20 -10 0 10 20 Yb:Lu,0,
wavelength (nm) laser head
- 5
738 fs pulse duration =
141 W average power -5 |

2.8 MW peak power
60 MHz repetition rate

Ultrafast Laser Physics + ETH Zuricl
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Oscillator versus CPA-fiber amplifier

High power fs oscillator: same complexity : g
as low power fs oscillator femtosecond CPA-fiber amplifier
' always needs a fs oscillator

Output

f'—‘

141 W, Yb:Lu,0O4
‘ Coupler diode laser
/ fs oscnlator isolator

- NG l:l'I
e : SESAM preamplifier
- temporal scallng 80 MHz...10 kHz Q

larger stretching
factor ]

Isolator

dielectric grating

stretcher
diode laser

dielectric grating
compressor

ws 00l

Yb-doped \ y

power amplifier

“spacial scaling”

output
increased mode-field-area

Yb:Lu,O4
thin disk laser head
30¢cm C. R. E. Baer et al., Optics Lett. 35, 2302, 2010

Ultrafast Laser Physics —/Wp—— ETH Zurich m’




Modelocked Thin Disk Lasers

Highest average powers and highest energies
of any ultrafast oscillator technology

Thin disk laser

> ddisk
300 ——)
- —— Yb:YAG J .
§+ Yb:LU203 E m
g 20 i P,=275W
s F ] 1, =583 fs
, 8 100F-=-=-=-=-==-=--- -4 ’p
heatsink = F :
- 1 f., =16.3 MHz
A. Giesen, et al., Appl. Phys. B 58, 365 (1994) F =

2000 2002 2004 2006 2008 2010 2012 2014

+
year
SESAM 40— Yb:YAG E
Semiconductor saturable absorber mirror S sk e pass :
. 5
lﬁ - single pass, helium ] p
10F k
F single pass
- 1 | 1 | 1 | L 1

0
2000 2002 2004 2006 2008 2010 2012
year

laser

#1 C. R. E. Baer, et al., Optics Letters 35, 2302-2304 (2010)
U. Keller, et al., IEEE J. Sel. Top. Quant. 2, 435 (1996) #2 D. Bauer et al., Optics Express 20, 9698-9704 (2012)

-
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High-power modelocking: challenges

TEM,, operation at high average power #’

« efficient heat removal:

— material properties: thermo-mechanical
and spectroscopic properties

— disk quality: thickness, diameter
— contacting disk
* suitable cavity design eatsin

C. R. E. Baer, et al., Optics Express 20, 7054-7065 (2012)

Yb:YAG: the standard thin disk material

« large disks on diamond with excellent quality
commercially available

« 500 W fundamental transverse mode
demonstrated #?

#1 A Killi, et al., Proceedings of the SPIE, Volume 7193, 2009

Ultrafast Laser Physics + ETH Zurich [ET



High-power modelocking: challenges

TEM,, operation at high average power #

« efficient heat removal:

— material properties: thermo-mechanical
and spectroscopic properties

— disk quality: thickness, diameter
— contacting
 suitable cavity design

Iaser>> disk

laser

- disk
heatsink

C. R. E. Baer, et al., Optics Express 20, 7054-7065 (2012)

YAG O

Yb:YAG: the standard thin disk material §1002__ o o
« large disks on diamond with excellent quality 5 F YAGEIM) o 990
commercially available 2 F o o o 05506 )
« 500 W fundamental transverse mode %" 3 o %0 oY
demonstrated #! %2 4FLuso, OseYLu05
Other materials with promising properties are 12'_| y | ° o
currently being investigated 7800 2o A eI

Pulse duration (fs)

#1 A Killi, et al., Proceedings of the SPIE, Volume 7193, 2009

Ultrafast Laser Physics — ETH Zuric



High-power modelocking: challenges

Pulse formation at high peak power:
Soliton modelocking: balance SPM and GDD
HR []Joc

oM [ SEsam

power (a.u.)

Brewster plate thin disk
— avoid modelocking instabilities F. X. Kartner and U. Keller, Opt. Lett. 20(1), 16—18 (1995)
from excessive nonlinearities R. Paschotta and U. Keller, Appl. Phys. B 73(7), 653—-662 (2001)

Ultrafast Laser Physics +m 4 :] 1L



High-power modelocking: challenges

Pulse formation at high peak power:
Soliton modelocking: balance SPM and GDD
HR []Joc

oM [ SEsam

1

power (a.u.)

time (ps) 20 0 roundtrips x1000
Brewster plate thin disk
— avoid modelocking instabilities F. X. Kartner and U. Keller, Opt. Lett. 20(1), 16—18 (1995)
from excessive nonlinearities R. Paschotta and U. Keller, Appl. Phys. B 73(7), 653—-662 (2001)
[IHR [Joc
. . [Jom [ sesam
Helium flooding 45 W, 11 pJ, 790 fs e sEsaM
[]F“‘—-”‘ A o e L o o o a0 e o e i 0 e e L S 5
YbYAGthindisk  TOeNSON  GTitype ‘ 1
lasei fiead dlspers;ve
ﬂ mirrors
d H — D output coupler
Brews’c,erplate\—H__>

S. Marchese, et al., Optics Express 16, 6397-6409 (2008)

Ultrafast Laser Physics +m 4 :] 1L



High-power modelocking: challenges

Pulse formation at high peak power:
Soliton modelocking: balance SPM and GDD
HR []Joc

oM [ SEsam

power (a.u.)

Brewster plate thin disk
— avoid modelocking instabilities F. X. Kartner and U. Keller, Opt. Lett. 20(1), 16—18 (1995)
from excessive nonlinearities R. Paschotta and U. Keller, Appl. Phys. B 73(7), 653—-662 (2001)
Beam Forming Active Multipass Cell
e =
= /
GTI A
Helium flooding 45 W, 11 ud, 790 fs §<§}Gﬂ
: GTI E§ i
Multiple passes 145 W, 41 uJ, 1.1 ps 5 L
— || GTI = EIJGTI 1S
Qwp :;%
=
TFPYS S

\ r—— —
/ SESAM -
K End Mirror

D. Bauer, et al. , Optics Express 20, 9698-9704 (2012)
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High-power modelocking: challenges -

Pulse formation at high peak power:
Soliton modelocking: balance SPM and GDD
HR []Joc

oM [ SEsam

1

power (a.u.)

Brewster plate thin disk
— avoid modelocking instabilities F. X. Kartner and U. Keller, Opt. Lett. 20(1), 16—18 (1995)
from excessive nonlinearities R. Paschotta and U. Keller, Appl. Phys. B 73(7), 653—-662 (2001)

Helium flooding 45 W, 11 ud, 790 fs
Multiple passes 145 W, 41 pd, 1.1 ps
Vacuum 275 W, 17 ud, 580 fs

Ve
Ultrafast Laser Physics ——Jv*r— ETH Zurich 1



Vacuum environment

v" minimum SPM
— small amount of dispersion required

v" higher intracavity powers can be
tolerated

— simple oscillator geometries with
low number of passes

v’ easy adjustment of SPM by changing air
pressure

v' minimum pointing instabilities
v' clean environment

Ultrafast Laser Physics —W— ETH Zurich




Experimental setup

A to diagnostics

vacuum chamber A
1 ] e
- 1 S
(
1 1
1 _||ff__ :
| 3 U vybvac
| , thin disk
1 16 m
-« > Y

Disk (TRUMPF GmbH):

- <100 pm thick, glued on water
cooled diamond

Output coupling: 11.4%

Pump:
- 4.7 mm diameter, 24 passes

- A= 940 nm, 1.2 kW available

Soliton modelocking:

- vacuum chamber pressure: 0.5 mbar

— 0.7 mm thick FS plate: polarization
control

- total negative dispersion per roundtrip
-8100 fs?

Ultrafast Laser Physics ETH Zurich




Experimental setup

A to diagnostics

vacuum chamber@f—-ﬂ] A
- -1 S
1 1
1 =
| - U vbvac
i . thin disk
L 1.6 m
= - ¥

SESAM with multiple QW and dielectric topcoating for
high damage threshold#*’

— distributed Bragg reflector

- 3 QW: initially large AR - e .
- 3 quarter-wave pair dielectric topcoating (PECVD) ||||‘n\\\\\\\\\‘\\\\\\\\\\\\\?\)\\
SIO,/SiyN, Lo |
FIRST THIm 1o
Center for Micro- and Nanoscience #1 C.J. Saraceno, et al., IEEE JSTQE, vol 18, no.1, pp 29-41 (2012)
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Experimental setup

A to diagnostics

vacuum chamber A
* i

e
] T %
i o
A L

1 . lllf.f:—
| 1 Yb:YAG
i , thin disk

1 16 m
- > Y

SESAM with multiple QW and dielectric topcoating for

high damage threshold*

- F = 140
- AR = 0.95
- AR, = 0.1
- Tye = 67

FIRST 1o i

Center for Micro- and Nanoscience

ud/cm?
%
%
pS

o 4

|

([
i g

\

\

#1 C.J. Saraceno, et al., IEEE JSTQE, vol 18, no.1, pp 29-41 (2012)
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Result
250
P.g = 2I5W r, = 583fs =
o = 200
Poump = 840 W Nopt = 32.4% g
feo = 163MHz M2 <1.05 3
2
E. =169 pJ ro-Av = 0.329 IR
— : . 50
P 256 MW  (ideal: 0.315) T . o,
position (mm)
= 10 . 1.0 — 0
— measure — measure (S B RBW = 30 kHz
5’ 0.8 - - - sech? fit =2 0.8} - - - sech’ fit % 18
) 8 ; -20 -
S o6 £ o06fAL=2nm 2 ot
= (]
‘_"5 — o -40F
O 04 S o4 = 5ot
= "6 ©
8 (0] < 60k
o 0.2 % 0.2 8
5 Q 70 A
5 OO ==l =1t — 00 . ok £ | . L L L L _80lIIlIlllIIIlllllllllllllllllllll
-2 -1 0 1 2 1024 1028 1032 1036 13 14 15 16 17 18 19
delay time (ps) wavelength (nm) frequency (MHz)

— Highest average power from a passively modelocked oscillator
— Main limitation to higher power: thermal effects on dispersive mirrors

#1 C.J. Saraceno, et al., Optics Express, Vol. 20, No. 21, p. 23535 (2012)
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Result
P

avg

Ppump

275 W
840 W
16.3 MHz
16.9 pJ
25.6 MW

P

avg,ic

E

p,ic

P

pk,ic

Intracavity

2.5 kW
154 pd
236 MW

Results
§ O air, single pass
% 200 0O air, multipass e
T, = 583fs 5 A helium, SingI? pass VACUUM
X vacuum, single pass
Nopt = 32.4% 5150 — S
Ve < 1.05 3 -
' é 100 |~ HELIUM
To-Av = 0.329 E
, S 50 S - —
(ideal: 0.315) 5 © 5 B
E OO o) cg 6 % (@] %0
0 11 | | I Lo
89 2 3 4 5 67809
100 . 1000
Pulse duration (fs)
Intracavity nonlinear optics
_ HHG, THz, ...
v ¢nl,vac = 75 mrad ( )

X ¢n1, .= 1.64 rad

IR out
— [t

|
\

— Vacuum chamber: essential

Fom o
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SESAM damage is not a problem

JE |
r for 16 different samples Best SESAMSs:
¥ Fy> 0.2 J/cm?
2.0 + @ 2
.......... =|_..-.|.-.......|:].....A_..____,O_____Q Ipeak > 370 GW/Cm
1.5 + <+ + A N v
E: Different absorbers :
> 1.0 3 Qun R
average =1.72 gg ga S32§%£T c DB
standard deviation = 0.24 A3 QW 2 pajrBFE > 1QW
5 +1qw
o V6SW/ 3 QW
< DBR
0.0H | | l I \I/ | | 6 QW
0 2 4 6 8 10 12 14

Sample number

- Damage threshold F, scales with,/F, independently of the number of
QW
« Simple rule of thumb for SESAMs with increased damage threshold:
 minimal amount of GaAs layers
 multiple quantum wells and dielectric topcoatings

C. J. Saraceno et al., “SESAMSs for high-power oscillators: design guidelines and damage
thresholds”, IEEE JSTQE 18, 29, 2012 (online since Feb. 2010)



Towards higher energies

to diagnostics

vacuum chamber

10 MHz cavity with
two-passes through

TFP
ﬂ§g the disk:
v Higher output
coupling rate

v' Lower intracavity

I uﬁ] Yb:YAG power
thin disk

< 1.6 m oY
Disk (TRUMPF GmbH): Soliton modelocking:
- <100 pm thick, glued on water — vacuum chamber pressure: 0.5 mbar
cooled diamond — Thin film polarizer
Output coupling: 20.2% SESAM
Pump: - Lower saturation fluence: 85 pJ/cm?
— 4.7 mm diameter, 24 passes - Higher modulation depth: 1.5%
- Ao= 940 nm, 1.2 kW available
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Towards higher energies

to diagnostics

A

vacuum chamber 10 MHz cavity with

two-passes through

TFP
uﬁ the disk:
v Higher output
coupling rate

v Lower intracavity

= H;ﬂ Yb:YAG power
thin disk

Output power (W)

1.6 m oY
350 - 10
+ =

300} ++ 7 =t v' CW fundamental mode:
250} + T 130 § 330 W
200F o
150k * O Thiope=49% 420 § — Next step: energy
Look e z scaling with passive
% + o 110 ‘é multipass cell

0 a? - L - = |

0 200 400 600 800 |

Pump power (W)
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Conclusions & Outlook

Conclusion: new approach for power scaling of fs high power TDLs

300 3

- Record high P, from P, = 275W = YovAs _

modelocked oscillator = . 2 :

~ Short pulses T, = 983fs : :

Qf 100F=======-==a = - -

— High peak power Py = 26 MW
—_ H|gh pulse energy EP — 17 IJJ 20001200212004 200612008 20101201212014

year

Outlook: further power and energy scaling

- Extend cavity length (Herriott-type cell) .

— increase pulse energy —

— Dispersive mirrors with better thermal management

— higher power at better optical-to-optical efficiency
— Further pump spot scaling

— increase average power

— Pulse compression to sub-50 fs
) F. Emaury et al, We2.7 (12:00)

— increase peak power

]
''''''
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Applications

Industry

High-precision and high-speed micromachining

[ T —

Fuel injection nozzles

Stents Inkjet nozzles

Required
 High E; >10 pd
 High P, > 10 MW
Wanted

 Highf

rep

(MHz)

High average power

velength (nm)

15 2.5 35 4.5
laser peak intensity (10' W/cm?)

HHG

T. Auguste et al.,

PRA 80, 033817 (2009) Nat. Phot. 2, 599 (2008)

Attosecond
science
A. Pfeiffer et al.,

Spectroscopy

T. Sudmeyer et al.,

Profeta et al., Industrial ~ Nolte et al., Adv. Liu et al., Proc. SPIE, ‘ P =E-f
Laser Solutions, 2004 Eng. Mater. 2, 2000 Vol. 5713, 2005 av p ‘rep
Science
Required

* High I, > 10" W/cm?
 Short pulses 7, < 100 fs
Wanted

+ High ., (MHz)

Nat. Phys. 8, 76 (2012)

High average power
P,=E,f

rep

-
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