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e Infroduction : the Ti:Sa limitations and its alternatives

EC http://www.lcf.institutoptique.fr/lcf-en 2



INSTITUT

d'OPTIQUE
GRADUATE

—

SCHOOL

Ti:sapphire as standard
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P. F. Moulton, "Spectroscopic and laser characteristics
of Ti:Al,05;," J. Opt. Soc. Am. B 3, 125 (1986)

Large gain bandwidth (680 nm — 1080 nm)
Emission cross-section: 41 1020 @ 780 nm
Excited state lifetime: 3 us

Thermal conductivity: 35 W.K-T.m-!
Pumped in the green

http://www.Icf.institutoptique.fr/icf-en 3
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Input

Stretcher

Compressor

]

Limitations in power:

- Pump laser technology
- Efficiency (few %)

- Cryogenic systems

http://www.Icf.institutoptique.fr/icf-en

Duration

20 -30fs, @ 800 nm
Energy

1to 10s mJ

Rep’ rate

1to 10 kHz

Pmoy max :

20 W (20 mJ, 1 kHz)
50 W (5 mJ, 10 kHz)
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INSTITUT Direct diode-pumping
Problem: No high power diodes for Ti:Sa

Solution : Use another gain material

mmmp AlGaAs diode @ 808 nm or 880 nm for Nd-doped materials

mmmp InGaAs diode @ 915 and 980 nm for Yb-doped materials

LIMO, DILAS, JENOPTIK, BWT, IPG...
Wavelength for Nd: 808 nm, 880 nm,
Yb: 915 nm, 940 nm
976-980 nm

High brightness diodes

>100 W, 100 ym, ON: 0.12
High power diodes

500 W 400 ym, ON : 0.22
High energy diodes

>J, >kW on few ms

E%g@{ﬁ http://www.Icf.institutoptique.fr/icf-en 3



INSTITUT !’

d'OPTIQUE
GRADUATE SCHOOL

High power fs amplifiers

To reach 0.1 to 1 kW Diode pumping is not enough

Additional requirements on the MATERIAL and its GEOMETRY

Heat Efficiency Beam quality AA, Gain Energy
removal At
Doping
MATERIAL K, n, dn/dT o(A) o(4) Thuo
Surf/Vol Overlap Guiding Lt Aeff
GEOMETRY Cooling Vol

Tradeoffs with material type, gain medium geometry, source
architecture and compatibility between these three

EC http://www.Icf.institutoptique.fr/icf-en 6
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Yb3* doping

« Main technology for fs high power. ... Nd3*

_ . T Y 3+
Yb-doped materials o b
ol o |
— low quantum defect e ] Fe
— diode pumping @ 980 nm N A 2
' ::.': ; 2 F
— Simple spectroscopy L } "
no quenching ¥
no exited state abs. 27 Fsn
098 111,03 um
pm _| |
—} 2]‘:?7/2

http://www.Icf.institutoptique. fr/Icf-en 7
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¥

[aNi) :

Glass Crystals with complex structures Crystals with simple structure
(amorphous) (complex cells) (e.g. cubic)

.. * Emission bandwidth
+ Thermal cof.ﬂtﬁik f— _,
* Cross section -

c
_‘.C_‘_) —Yb:verre
(&)
Glass @ YAG
(2]
Thermal S 1 Thermal
conductivity IS conductivity
¢ 054
R
0,8 i 11
950 970 990 1010 1030 1050 1070 1090
http:/www ictinstitu Yvavelength (nm) 8




INSTIVT —— Yb-doped materials: a choice to be done
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Large influence of host matrix on material properties
linked to the disorder of the matrix

G A)» Tﬂuo
104 m? W/m/K

» Most used crystal: Yb:YAG ..

* ...but limited gain bandwidth: Yb:KYW, Yb:CaF,, Yb:CALGO ...

* Fiber-guided technology requires Yb:glass

http://www.Icf.institutoptique. fr/icf-en 9
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e Yb-doped technologies
— Thin-disk, Slab, Fibers...

EC http://www.Icf.institutoptique.fr/icf-en

Outlook
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INSTITUT — Geometries

Increase the surface / volume ratio for efficient heat removal

S o< hl+hl+ LI L—0 \T(L‘f\?Ad(i;Sk
V < Lih |

L : light propagation

v

Slab
Yb:YAG

V\_A‘
i
\

Fiber
h,l — (Q Ybglass 0 0

Crystal fiber

EC http://www.Icf.institutoptique.fr/lcf-en Yb:YAG 11
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INSTITUT High power fs thin-disk systems
S ——

« Advantage : peak power TTIT1T11 111

* Drawback : small gain Efficient cooling

and energy scalable

—g

pump recycling

beam quality at high power — e —
Diode Pumping Parabolic Mirrors
= /\
- / End Coupling
) - N,
t Thin- disk crystal , - coating
typ. 100-300pum /R
Reflciive Gplc . Solder or
ki HR- t
coating—__ glue
Reflection on parabolic mirror
aser c _—
Heat sink
 or mirror
- Back reflection on end mirror
Laser beam > 24pass 12

n



INSTITUT = Advantages and drawbacks of Thin Disk
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Advantages Drawbacks

* Optimized pump/ signal overlap, » Small longitudinal dimension

pump recycling . |
— Small gain/absorption per pass =>

— efficiency 40%-70 % numerous passes

* Large transverse dimensions (2D) — Complex systems for pump

— High energy (1 J) is possible recycling

* Free space propagation in gain
medium

« Small longitudinal dimension: efficient
cooling

— Large average power (kW) — Thermal effects modify the beam

- Crystal medium * Only truly validated with Yb:YAG

—> Choice of material — ps-amplifiers

http://www.Icf.institutoptique. fr/icf-en 13
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Thin disk fs oscillators

VERY-HIGH average power oscillators
270 W, 18 MHz 210 fs, 15 pd, Yb:YAG [1]

80 ud, 3 MHz, 242 W, 1.1 ps, Yb:YAG [2]

62 fs, 62 MHz, 5 W, 80 nJ, Yb:CALGO [3]
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0
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[1] Jonathan Bronset al., "Energy scaling of Kerr-lens mode-locked thin-disk oscillators," Opt. Lett. 39, 6442-6445 (2014)
[2] Clara J. et al.and Ursula Keller, "Ultrafast thin-disk laser with 80 uJ pulse energy and 242 W of average power," Opt. Lett. 39, 9-12 (2014)
[3] Andreas Dieboldet al. Ursula Keller, "SESAM mode-locked Yb:CaGdAIO4 thin disk laser with 62 fs pulse generation," Opt. Lett. 38, 3842-3845 (2013)

" 1000

1200
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High energy thin-disk amplifier

200 mJ, 200 W, ~100 GW peak, 1.3 ps, 1 kHz

» Regenerative amplifier Yb:YAG, beam size (around 2.6 mm diameter on

pump head
with thin-disk

1.0

pump light-

from fiber - 08
| | 2% - ::
| A% - S

5. amplified > 06
¥ - -output e

0.4

- SN T L 3 -:'=~,".rf1.010filed
................................... = - end-mirror

0.2+

0.0 4

1026 1027 1028 1029 1030 1031 1032 1033 1034 1035
Wavelength (nm)

TRUMPF

http://www.lcf.institutoptique.fr/lcf-en 15
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opmonE —— kW systems :Multipass amplifiers

End mirror ) id-waveplate Mirror
l ' IO array
-_— = E

Mirror T

e
: :-| z; High number of passes
B

TruMicre 5050 S ——
ruMi 5 p—

| Gt-madule
| with disk

Pump dicdes

1420 W

300 kHz

sub-8 ps

4.7 mJ
Efficiency 70 %

Jan-Philipp Negel, et al. and Thomas Graf, "Ultrafast thin-disk multipass laser amplifier
delivering 1.4 kW (4.7 mJ, 1030 nm) average power converted to 820 W at 515 nm and 234 W

at 343 nm," Opt. Express 23, 21064-21077 (2015)

16
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Future trends

Oscillators : Very high intra-cavity peak power oscillators

thin disk

-

output coupler IR

SESAM

>100 MW (intra)
10 MHz

output coupler UV
gas nozzle

l

Clara J. Saraceno, et al. Ursula KellerTowards oscillator driven strong-field experiments using high-energy modelocked thin-disk lasers
A. Amani Eilanlou et al. « Femtosecond laser pulses in a Kerr lens mode-locked thin-disk ring oscillator with an intra-cavity peak power
beyond 100 MW » Japanese Journal of Applied Physics Vol. 53, Issue 8 (2014)

Amplifiers : Route to the Joule, soon Joule level @ 1 kHz

femtosecond seed oscillator
+ pulse stretcher

’
L4

’
¢

And even more

multiplex_ed |
ft r?mem::e ) ) % -in-dl— TN/ S
anef At s ng
ockels| 200 m n modules
Project : 2J, 10 kHz | "+ " ouuzin’ |« i
A compressor " " s
mu'ng\ g 20 rw
- grating 10 kHz |

h Fattahi, et al. and Ferenc Krausz, "Third-generation femtosecond technology," Optica 1, 45-63 (2014)

http://www.Icf.institutoptique.fr/icf-en
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INSTITUT — High power slab fs amplifiers
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* Advantages of slab: average power
* Drawback: complexity, difficult scalability

e State of the art

"o ot
Pump radiation \{*

18
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Advantages and drawbacks of slab

Advantages Drawbacks

* Large interaction length (several cm) . |arge interaction length, no guiding

— gain — Complex management of pump and

« Pump / signal overlap signal beams

— 50% efficiency — Thermal effects modify the beam

— Linked to a precise operating point :
difficult scalability

 Large surface/volume ratio
— heat removal

1 large transverse dimension

19
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State of the art: high power

55 uJ, 80 MW peak, 1.1 kW average, 615 fs, 20 MHz

 Pump 2.4 kW, no CPA, 2 stages, crystal size 10x10x1 mm, beam quality
M2 ~2.7 (thermal effects)

(@10 ; (b) 1.0 1=615fs (FWH‘
Faraday isolator , : — 0.8 sech’fit f
i diagnostics S | Oscillator Amplifier
pegliatr ' S 0.6]7=103050m |} |2=1029.90m =
spherical @~ spherlcal{ = |Ai=4.4nm AL=2.02nm
telescope ; spherical lens | telescope = 0.4 FWHM) (FWHM)
_ : | cylindrical §
spherical | telescope < 0.2.
lens spherical cylindrical ‘ k
telescope telescope : 0.0tz i P ) — i e
""""""""" ; 1020 1025 1030 1035 1040 -2 -1 0 1 2
i : Wavelength A[nm] Delay t[ps]
: (c) 1.2 (d) 2.0
7 passes 5 1 pass §. n =62% —
] 00 E
v\homogenizer/v %“ 0.9 £ 1.5
3 Z
g 0.6- 3 1.0
laser diode stacks o i
- -
3 0.3 g€ 0.5¢ | Y s
: 5 o S =R 7\ slow axis x
1. stage i 2. stage @) 0 /m 0.0 MZ=1.5 " O fast axis y
_____________________________________________ 0.0 05 10 15 20 25 400 600 800 1000 1200
Pump power PP[kW] Location z[mm]

[1] P. Russbueldt, T. Mans, J. Weitenberg, H. D. Hoffmann, and R. Poprawe, "Compact diode-pumped 1.1 kW Yb:YAG Innoslab femtosecond amplifier," Opt.
ett. 4169-4171 (2010)

E A%{X(Q http://www.Icf.institutoptique.fr/icf-en 20



INSTITUT — State of the art: high energy

20 mJ, 20 GW peak, 250 W, 1 ps, 12.5 kHz

Seeder  Stretcher Innoslab amplifier SHG
1.9mW P 5w max. 250W >
p— - -
2MHz N 12.5-100kHz 12.5-100kHz
Fiber amplifier Compressor

Wavelength (nm)

] 8024 1027 1030 1033 1036
. A RS —————

@

0.5

Intensity (a.u.)
—o
oo

0.5

0.0

Delay (ps)

M. Schulz, R. Riedel, A. Willner, T. Mans, C. Schnitzler, P. Russbueldt, J. Dolkemeyer, E. Seise, T. Gottschall, S. Hadrich, S. Duesterer, H. Schlarb, J. Feldhaus,
J. Limpert, B. Faatz, A. Tinnermann, J. Rossbach, M. Drescher, and F. Tavella, "Yb:YAG Innoslab amplifier: efficient high repetition rate subpicosecond pumping

system for optical parametric chirped pulse amplification,"” Opt. Lett. 36, 2456-2458 (2011)
E' C 21
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High power fs fiber amplifiers

« Advantages: average power, beam quality

* Drawbacks : peak power

e State of the art

O hstiit e Gradiak School

http://www.Icf.institutoptique.fr/icf-en 22
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Advantages and drawbacks of fibers

d'OPTIQUE
Advantages Drawbacks

* Guided signal and pump: « Beam is guided with diameter ~ 10s
large interaction length of um

— large gain, high efficiency (70 %) — High intensity (W/m?2)

* Integrated systems — Low damage threshold (~ mJ)

— Compact and robust laser sources — endcaps

« Small transverse dimensions — Nonlinear effects

— good heat removal

* Double clad geometry

* Double clad geometry

, — glass : the only option
— ngh pOWGI' Pum clad Pump core Doped signal core

— single mode signal

diode pumping

=5 s =

http://www.lcf.institutoptique.fr/lcf-en n 23
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Tradeoff on the design of fibers
Average power : reducing local thermal loads : long LMA fibers

Jauregui et al, Nature photonics 7, 261 (2013)

10000
. Long fiber: non-linearity issues
N
1000 . 1 kW, 55 pd, 69 MHz, , 800 fs [1]
= N .
3 ~. 30um 8-m-long fiber
> 100 B
> >
@) A
uC) 2013
o) 10 i—-
% ZT,?'O— 2010
] —O— High average power P 3 02005
_-~ " 2003
2002 &
0.1 ——rrrrr ——rrrrr ——rrrrr
1 10 100 1000

Average output power [W]

[1] Peng Wan, et al., "All fiber-based Yb-doped high energy, high power femtosecond fiber lasers," Opt. Express 21, 29854-29859 (2013)
[2] Tino Eidam, aet al. Limpert, and Andreas Tunnermann, "Fiber chirped-pulse amplification system emitting 3.8 GW peak power," Opt. Express 19, 255 (2011)
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Tradeoff on the design of fibers

Energy versus power

Average power : reducing local thermal loads : long LMA fibers
Peak power, energy : reducing B-integral: short ultra LMA rodtype fibers)

Jauregui et al, Nature photonics 7, 261 (2013)

10000 -
\Q
\n
2011 . ~
— -~ \
1000 2007V - \é\

= ~
3 2007
) ’ ‘\
> 100 .
> 2005V ° ’vzoo7 N
[0) v - N
= 2005 2006 . N
G_Vg 10 2007'<>'—'_.2010
2 .
2 e

] —O— High average power P . 02005

.~ 2003
2002 &~
0.1 ———r—r—rrrr————rrrr
1 10 100

Average output power [W]

Long fiber: non-linearity issues

1 kW, 55 pd, 69 MHz, , 800 fs [1]
30pum 8-m-long fiber

Large core : mode-instability issues

2.2 md, 3.8 GW peak,
11 W average,

500 fs, 5 kHz [2]
LMA 105 ym, length
1.3 m

[1] Peng Wan, et al., "All fiber-based Yb-doped high energy, high power femtosecond fiber lasers," Opt. Express 21, 29854-29859 (2013)
[2] Tino Eidam, aet al. Limpert, and Andreas Tunnermann, "Fiber chirped-pulse amplification system emitting 3.8 GW peak power," Opt. Express 19, 255 (2011)
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Long and thin rod

Signal NOT guided
diameter : 500um - 1 mm, Length : 40 mm - 60 mm

Pump confocal parameter < SCF length
Signal confocal parameter> SCF length

Single crystal fiber

Pump beam (high power laser diode)
Longitudinal pumping
M4>30

Laser beam
in free space propagation
M2=1

0O 85W ;700 fs;20 MHz - 4.3 W ; 6 MW

Seeder  polarization |
1030nm, 1.5W, SCF amplifier 1 SCF amplifier 2 ] rt SCF amplifier 3 or
350fs, 20MHz | converter ‘m

___________

100 W; 700 fs ; 20 MHz - 5 WJ ; 7 MW

http://www.lcf.institutoptique.fr/lcf-en 26
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Techno Power Rep'rate Energy Duration max peak
power

200W  |1kHz _200m] 100 GW

250 W 12 kHz 20 mJ 1,2 ps 20 GW

1TW 5 kHz 2,2mJ 500 fs 4 GW

Conclusions:
0 Thin disk & Slab & fibres : k\WW technologies

@ Energy issues especially for fibers
@ Duration issues especially for Yb:YAG

27
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* Energy scaling
— The coherent combining
— Simple Yb:YAG boosters

EC http://www.Icf.institutoptique.fr/icf-en

Outlook
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(| N amplified beams are recombined
_ | — Nxpower, Nxenergy, same spatial and temporal properties
% — Laser DPSSL CW 105 kW (7x15 kW) M?<3
© | _ fs Lasers Ampliers A
[Oscillator WStretcheﬁﬁ‘@ ] [Compressor ]—*

B - QD
D |

N beams are temporally recombined but amplified in 1 amplifier

— 1xpower, Nxenergy, same spatial and temporal properties

ANANNANNN @ : ﬁ

- A

— fs Lasers — Requires differential phase control of the beams

http://www.Icf.institutoptique.fr/icf-en

N
C
-8 High rep’ rate pulse train +
Q
@)

29
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Phase control in fs regime

Spectral phase must match:  A@=¢, +@w+ §02w2

Zero-order phase @, Group delay o, GVD o,

Use of interferometric techniques

Active or passive

http://www.Icf.institutoptique. fr/icf-en 30




INSTITUT — Active coherent combining

Mach-Zehnder type

\ ¢ —> @ T
Femtosecond
Front-End > @

(0] >

- i
(0] | @ T
A

Feedback
Loop

Spatial active combining

[4] Seise et al, Optics Letters 18, 27827 (2010).
[5] Daniault et al, Optics Letters 36, 621 (2011).

Photodiode Signal (V)
o - N w S w [}

. . . (I) 2'0 4'0 ) 6'0 8I0 1(')0 3 1
http://www.Icf.institutoptique.fr/lcf-en Time (s)
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Passive coherent combining

Sagnac type

N\
Femtosecond
Front-End %

A A

S %

Spatial passive combining

[7] Daniault et al, Optics Letters 36, 4023 (2011).

E%g@{ﬁ http://www.Icf.institutoptique.fr/icf-en 32



nstiTur == Divided pulse amplification : DPA
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Femtosecond Temporal < ) Faraday

GRADUATE SCHOOL
Front-End divisions mirror

S 4

Temporal combining
[6] Zhou et al, Optics Letters. 32, 871 (2007).

|8| Zaouter et al, Optics Letters 38, 106 (2013).
EC http://www.Icf.institutoptique.fr/lcf-en 33
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State of the art: active

4 fibers
\@ Mach-Zenhder

Oscillator Stretcher  AOM Pre-Ampl 57m J, 230 W 40 kHz

e Sy 200 fs 22 GW

Pre-Amp3 AOM Pre-Amp2 Phase-Shaper

1.3 md, 530 W, 400 kHz
670 fs, 1.8 GW

Sphttmg Main-Amps Combuung & HC Compressor

Arno Klenke, et al. , "22 GW peak-power fiber chirped-pulse-amplification system Opt. Lett. 39,
6875-6878 (2014)

"530 W, 1.3 mJ, four-channel coherently combined femtosecond fiber chirped-pulse amplification
system " Opt. Lett. 38, 2283-2285 (2013)
http://www.Icf.institutoptique.fr/lcf-en 34
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State of the art : passive

2 fibers : Sagnac + DPA

I HR 45° I] Polarizer
Compressor

T WP
Combined Q
Output Sagnac
Interferometer
HWP QWP| Qwp
\ / FR n n _%
U U
Uncombined Unpolarized
Output Output

|

1.1-mJ, 55 W, 50 kHz
300-fs, 3.1 GW

Florent Guichard, et al., "High-energy chirped- and divided-pulse Sagnac femtosecond fiber
amplifier," Opt. Lett. 40, 89-92 (2015)

E' C http://www.lcf.institutoptique.fr/lcf-en 35
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State of the art in bulk

Sagnac type:
130-m-long interferometer (12 passes)
Yb:CaF, 160 mJ, 20 Hz

180yr——— 71711111 1.00
|| —®— Eout-total
980 nm, 7 kW, 20 Hz, 160 4| —®— Eout
2.4ms, 2.4 J (48W) 12— Eout2 "
A2 T 1| —»— Comb. Efficiency " L 0.98
] Input 22 mJ, 20Hz 2?& ________ 1401 "

N = RRSRI ‘ i l 1 ./ I —
[ ' 1209 >, e <
:, ; I = S ' .  [096 >
A , R ; ! S 100 4 T~y " c
ROC=3m Yb:CaF,, 2.5%, [ ! = / —» R &
N : 5mm, 14°C ; l — 80 u ‘/A/o S
! : -— A _—— E
[ ; }I {lock 3 / /‘;o/. -0.94 W
r | oo L " AT '
: E 60 I/ /A/:/. -g
TS 1 7 o ' Q
% I / Thermal lens 40 4 /' %/ o

compensation ] u ‘;‘ - 0.92

[ ] 20 T I/‘;‘/
Conclusions: ¢
o771 1T 1T 1 0.90

@ Itis possible even at hlgh energy 0 2 4 6 8 10Eir112(m1J4) 16 18 20 22 24
and complex systems

D.N. Papadopoulos, et al., "High Repetition Rate Yb:CaF2 Multipass Amplifiers Operating in the

00-mJ Range » Selected Topics in Quantum Electronics, IEEE Journal Issue: 1) (2015)
EAC

http://www.Icf.institutoptique.fr/icf-en 36
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Hybrid fiber system - Yb:YAG booster

2 Single crystal fibers combined

I\

one 10mm long crystal + DPA

6 kHz, 18 W
695 fs and an energy of 3 mJ, 3.7 GW ;gok:lszai3GV\\//\’/2-3 mJ
ﬁ\ Compressor J - O , -
\’Vi11d0“_". u 40 W’ 100 kHZ, 400 lJJ

Oscillator = Stretcher l— Preamps

360 fs, 1.1 GW

Mirrors . QWP

.................
4

Lens (L.2)

Dichroic
filter

=
e <l

(L2) QWP

Lens (L1)

................

................

Pump
_ blocker

(L1

Laser diode
“ A=969nm

Afocal X5

..........

Yb:YAG rod

----------

. . Compressor
Piezo-driven

mirror stag.e-- I
F . LB conrer T
Marco Kienel, et al., "Coherent Julien Pouysegur et al. “Simple Yb:YAG
beam combination of Yb:YAG femtosecond booster amplifier using divided-pulse
single-crystal rod amplifiers," Opt. amplification” submitted

Lett. 39, 3278-3281 (2014)

Eﬁgﬁ(& http://www.Icf.institutoptique.fr/icf-en 37
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Conclusion on these add-ons

Conclusion:
& The solutions for high energy fiber based systems

% Coherent combining with fibers

X:Z» + booster Yb:YAG straightforward amplifiers

10000 -
N ﬁ . .
N Gain in energy
1000 '~§\.\ w
3 Yy Few mJ, few GW
> 100 \v I N .
g B it v \\‘
5 0 P
5 /'
o 5
ol
1 el
2
0.1 —rrry ———rrrr ——rrrry
1 10 100 1000

P Average output power [W] 38
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Prospects in coherent combining

Coherent beam combining in An unique fiber for less

Multicore fibers perturbations

Far field
Near field Non coherent coherent

L O A @)
" Seeseesees: : | 00
ey 000
$@: -O- <O | o0
:'A O O (o)

Lourdes Patricia Ramirez, et al., "Coherent beam combining with an ultrafast
multicore Yb-doped fiber amplifier," Opt. Express 23, 5406-5416 (2015)
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Project : 1J, 15 kHz, with fibers

I\

« Stack and dump » technique

a b 600
Input pulse train Enhancement cavity  Output pulse train { |--- Nodumpingf L Lee==" v
500 (=——SnD T '
W A Steady state’
g 400 - s - - - Dumping
> 4
2
2 300 -
A A A A -
f 3200_ } """" ."“?"{
rep IC HR S One stacking period
26 kW n Stacking Tstack= Wfwiten
2.6 mJ A 100 -

10 MHz G~y . | 3%
i HR HR 0 M L\l » L) - T - 1 v 1 v T ¥ T
Fll?er system 19 kW 0 200 400 600 800 1000 1200 1400

With 16 coh-co 1.3J Pulse number
amplifiers : :
P 15 kHz wnwe  Last rotating mirror
666th pulse Rmﬁa‘f’"‘.afs
In and Fabry-Perrot cavity 666 repetition

rate divider

Science & Applications (2014) 3, Published online 10 October 2014
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Cascaded Gires Tournois

Demonstrated with on GTI

/' >=§Ei

N\ M (R<1) M1 (R=1)
An_k_’ .

AN /t Extendable to 2m pulses

“Ha}aaaaieeea}aHe{eaea}aaaﬂ "‘Zmpulseburstinput
—— Input N
—_— -~
200_: Stacked Output __ , Sta CkEd

ulse
\P

k=2 y
k=m-1 il k=m
—

(a) m-GTI cascade

100

Intensity [a.u.]

Delay [ns]

Tong Zhou; et al.; Almantas Galvanauskas "Coherent pulse stacking amplification using
lowfinesse Gires-Tournois interferometers” Optics Express. 2015;23(6):7442-7462.
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e Duration issues
— Non-linear techniques

EC http://www.Icf.institutoptique.fr/icf-en
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Direct compression

SPM in gas-filled hollow core fibers

chirped mirrors
210fs = &
: 1ml ar argon
High power |L ] ﬂ: . 14 i/
fibre system | from FCPA . ==
6 bar neon 550
78fs | ik ™ N m—‘-
50 | | N, Y
L | ultra-broadband

uJ' chirped mirrors
5.3 mm SiO,

53 W 150 kHz
7.8 fs, 353 pJ 25 GW

Jan Rothhardt, et al., "53 W average power few-cycle fiber laser system generating soft x rays up to
the water window," Opt. Lett. 39, 5224-5227 (2014)
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fiber system pumping

22 W, 1 MHz
5fs 22 ud, 2 GW

Jan Rothhardt, et al;"Octave-spanning OPCPA system delivering CEP-stable few-cycle pulses and
22 W of average power at 1 MHz repetition rate," Opt. Express 20, 10870-10878 (2012)
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Slab or Thin-disk OPCPA pumping
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Michele Puppin, et al."500 kHz OPCPA Stephan Prinz, "CEP-stable, sub-6 fs, 300-
delivering tunable sub-20 fs pulses with 15 W kHz OPCPA system with more than 15 W of
average power based on an all-ytterbium laser," average power," Opt. Express 23,

Express 23, 1491-1497 (2015) 1388-1394 (2015)

http://www.Icf.institutoptique.fr/icf-en 45




/ ° Y
A= Pulse synthesis amplifier

GRADUATE SCHOOL

Pulse synthesis 4 ° Dichroic
Spectrum & Transmission
Gain
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[4] T.W. Hansch, Optics Communications 80, 71 (1990). 0.0 0.0+—== . : ; :
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e Conclusion
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Conclusion

* Yb:doped technology
— kW, high repetition rate

e Advanced architectures
— Thin disk, Slab, Fibers
— Different peak powers : 100, 20 and 5 GW
different optimal rep’ rates : 10 kHz to MHz

* Energy issues
— Coherent combining is an efficient answer

e Duration issues
— SPM or OPCPA: 100 kHz 53 W 8 fs or =20 W 6 fs

EC http://www.lcf.institutoptique.fr/lcf-en 48
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Prospects

Fibers or thin disks
>1J
~20 kW
>10 kHz

Demonstrator: : single-channel out put

Output
f=15kHz
mpressor  E=12J
N=09 Pag=17.5kW
- e =300 fs
oeak = 3 TW

Output
f=15kHz
pressor E=32J
.9 Py =480 kW
. =300 fs

Ppeak = 100 TW

Grazie mille !
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Question

e What about a high power Ti:Sa systemy?e

Current project : 200 W sub-100-fs Ti:Sa pumped with 600 W

Se : :
ed Oscillator, first amplifier st5
& pulse Stretcher =

-
. multipass section ;} 5

Folding
optics

Gain module
(pump optics not shown)

Folding
mirrors
Output power: =200 W av.
Pulse duration: <100 fs The multipass amplifier will be pumped using two frequency-doubled nano-second
Pulse energy: 210 m) pulsed lasers with an average output power of 300 W each at 532 nm

, http://www.tisa-td.eu/project/index.html
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