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Pulsed laser
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Ultrafast oscillators
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History of short pulse lasers
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Single-cycle pulse generation
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Outline

» The femtosecond laser oscillator
» gain medium
» dispersion compensation
» mode-locking

> Power oscillators
> Laser amplifiers down to single-cycle generation

» hollow capillary

» filamentation
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the gain medium

Solid state gain materials
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mode-locking

15 years ago: say bye to dye! m
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Excltation

Octave-spanning Ti:sapphire Oscillator
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Octave-spanning Ti:sapphire Dscﬁllam Shortest pulses from an oscillator: 4m

Technical Data Electric Field Characteristics of Few-cycle Pulses
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S. Rausch et al. OE 16, 17410 (2008) S. Rausch et al., OE 17, 20282 (2009)

Section V m Dispersion compensation m
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High-order dispersion compensation - chirped mirrors




Limitations to Few Cycle Pulse Gen&mﬂm
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Improved ultra-broadband mirrors

.

- Backside coated DCMs
Matuschek, et al., APB 71, 509 (2000)

- Wedged surface
Tempea, et al., JOSA B 18, 1747 (2001)

- Brewster DCM
Steinmeyer, OE (2003)

- DCM Pairs
Kirtner, et al., JOSA B 18, 882 (2001)
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Double-chirped mirror pairs
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Kartner et al. , JOSA B 18 (2001)

Pervak et al. , APB 87 (2007)

Dispersion compensation with double-chirped m

2

Bragg-Mirror:

Substrate

Chirped Mirror:

Ti0,/§i0,

¥
— B |
ﬁ \ ) ayers

d

Bragg-Wavelength chhirped

" A Negative
S0, ' ' Dispersion:
Substrate B2 25 > a4

Double-Chirped Mirror: Bragg-wavelength and coupling chirped
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Szipocs & Krausz, OL 19, 201 (1994)
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Section V

__10

mode-locking




Modulation intra-cavity
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Mode-locking via Kerr-lens = fast

Kerr effect:
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» The few-cycle laser oscillator
» gain medium
» dispersion compensation
» mode-locking

» Power oscillators

> Laser amplifiers for single-cycle generation
» hollow capillary

» filamentation
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Fast vs. slow saturable absorber m
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High power / high brightness pump dﬁnm
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SESAM = slow absorber

SESAM: semiconductor
saturable absorber mirror

High reflective mirror
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Solitary passive mode-locking m
Gain medium

Saturable absorber mirror

chirped mirrors
(SESAM / SBR)
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Fast vs. slow saturable absorber
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Operating modes of a lasers m
characteristic :
Constant output power

Continuous wave |:>
Continuous mode-locked

Pulse duration t < Tr
Pulses with constant energy

|:> Pulse duration t > Tg
Q-switching

QSML mode
highest achievable peak power

Ultrafast bulk oscillators m

Mode-locked operation of a bulk Yb:KGW oscillator

«10 W at 1039 nm with a 290 fs pulse width
«rep. rate of 45 MHz - pulse energy > 200 n)
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G. R. Holtom, OL 31, 2719 (2006)



Thermal lens Section Il

Problem: high pumppower == high temperature gradient inside the crystal

I> the thin-disk oscilllator

Bulk vs. thin-disk m Thin-disk

‘end-pumped bulk set-up: thin-disk set-up:
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Mode-locked thin disk oscillator
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The active multipass cell
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145 W output power,
1 ps pulse duration

41 y) @ 3.5 MHz: highest pulse energy from thin-disk oscillator

Bauer et al, OE 2012

Thin disk record values

Yb:YAG vs. Yb doped sesquioxides

« better thermal conductivity
« lower quantum defect
« broader emission spectrum

™

S

8
T

avg. power [W]
g
T

100
s0f e
L]

°
L L @ e @ L

0
2000 2002 2004 2006 2008 2010 2012
r

Yb:YAG Yb:Lu,0; Yb:Lu,0;

275 W 141w 25w
738 fs 185 fs
60 MHz

— highest output power
from a thin-disk oscillator

— shortest pulse duration
from a thin-disk oscillator

201

Thin disk ultrafast oscillators
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Oscillator hero results
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Stidmeyer et al, Nat. Photon. 2, 2008

Intensity = power per unit area

» Direct sunlight 1000 W/m2 = 0.1 W/cm?
» Hot plate 3 W/cm?
» Sun + lens (burning glas) 1000 W/cm?
> Laserpointer on the retina: 1000 W/cm?
» Welding apparatus 200000 W/cm?

v

Laser (cw 10W) + lens: 1000000000 W/cm?

=109W/cm?

v

Laser (pulsed) + lens: 1000000000000000000 W/cm?

=10'8 W/cm?

Siidmeyer et al, ASSP 2011

Baer et al, OL 35, 2010 Baer et al, OE 17, 2009



Laser pulse intensities
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relativistic optics

Laser intensity (W/cm?)
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Chirped Pulse Amplification m
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Regenerative Yb:KYW amplifier

Wi # er Crecuior. Fiver Simdctwr r GF M Comprosecr |
ard et Arpiber | - & Fxir
N &
004 rm ’rd M= | Ischasy
" m F
§—_ 8 i
= ’ —4H
Iq—.z —_—— - -
— = __u D o
2 g Crasroe g - - |
24 Poias B l | 2

Porvp Liset Dot
s I8 WY ol 260 el

U. Biinting, OE 17, 8046 (2009)
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» The few-cycle laser oscillator
» gain medium
» dispersion compensation
» mode-locking

» Power oscillators

» Laser amplifiers down to single-cycle generation

» hollow capillary

» filamentation
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Dynamic output coupling
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Thin disk regenerative amplifiers
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Multipass amplifier Typical commercial CPA laser system
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Gain narrowing E - Attoscience

o Singlce-cycle IR pulse
- Single attosecond pulse

Courtesy of Robert Moshammer




Few-cycle pulse generation m Nonlinear pulse propagation |

» Spectral broadening (hollow core fiber!, filamentation?) > Self-phase modulation
» Recompression e ™ . 4 i
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[1] M. Nisoli, et al., Opt. Lett. 22, 522 (1997) [2] C. P. Hauri et al., Appl. Phys. B 79, 673 (2004)
Hollow fiber technique Results
Stretched flexible hollow fiber Gas: 500 mbar Ar
ID: 320 pm Ein: 1.1 m) Tin: 71 fs
length: 3 m Eout: 0.53 m)

D) We MO
NWrwhor e (1)

Stretched flexible capillary

Nisoli et al., APL 68, 2793 (1996), OL 22, 522 (1997) T. Nagy et al., Appl. Opt. 47, 3264 (2008)

Nonlinear pulse propagation Il

» Self-focusing
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T. Nagy et al.: Opt. Lett. 36, 4422 (2011)



Filamentation - Self-guiding model
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Few-cycle pulses from filamentation

Spectrum
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» For few-cycle pulses from the oscillator:
» Take the Ti:sapphire oscillator
» For high energies (up to 40p)) from the oscillators:
» Take the Yb:YAG thin-disk oscillator
» For high average powers from the oscillator:
» Take the Yb:YAG thin-disk oscillator
» For high energies:
» Take multipass or regenerative post-amplification
» For high energy few-cycle pulses:
» Take amplifier plus hollow fiber or filament
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Book chapter

__10

LUltrafast laser oscillators and amplifiers - a quick overview “

Feel free to download a recent book chapter

with >100 topical references:

http://uwe.morgner.info/bookchapter.pdf
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D. S. Steingrube et al., OE 17, 16177 (2009

Conclusion

» Adapted Moore's law:
Every five years the pulse
energy directly from the laser
oscillator is increased by an
order of magnitude oo} e

pulse energy [w]

1990 2000 2010

» There’s plenty of uncharted
territory - the quest goes on!
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