


Motivation: Some applications

H i : : @
* Control of electron trajectory: HHG . R
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Chipperfield et al., PRL 102, 063003 (2009)
Hassler et al., PRX 4, 021028 (2014)
Putnam et al., UP2014, talk 08.Tue.B.3
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Requirements

* Broad spectral coverage: Visible to the IR

* High energy: “ml level

* CEP stability

* ,Beam line“: high stability and high
reproducibility
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How to realize it ?

Broad
spectru

Signal s
Pump p -
Nonlinear Idleri

crystal

OPA = optical parametric amplification




Key ingredients of coherent sub-cycle waveform synthesis

J High-energy multi-color pulses (ultrabroad spectrum for each pulse)

J Extremely precise dispersion control over the whole bandwidth

I
e,

(] Relative timing should be locked to sub-cycle precision
(J Each pulse should be CEP stable at the synthesis point
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How to realizeit?  Frequency synthesizer

Serial synthesis

Compression ———»

Front-end S&. OPAl E& OPA2 %& OPA3 g OPA4 g

T
I

=% Pump line

photon energy (eV)
1.5 1.0

(&) wavelangth ¢ um ib) 0 0.5
1210 08 07 08 0.5 045 04
. 0 .
Parallel synthesis | 0
2 -0 08
E o £
St 5 @ m
N level £ -20 . "ﬁ"‘,ﬂ"ri-' = 4.8fs 1 06 =
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Front-end 300 400 500 600 Faa -i0-15 0 15 30
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electric

Pump line
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Harth et al., OE 20 (3), 3076 (2012)
Huang ef al., Nat. Phot. 5, 475 (2011) 6

Manzoni et al., LPR 201400181 (2015)




And for the CEP stability ?

 Active

E.}_, * Passive
SFG Cbo

Pump Broade

b, b,

Feedback CEP

e Achieved:  Achieved:
— A®, = 0.320rad — A®,=0.235rad

Time (s)
PMTs kHz camera 0 2 4 6 8 10 12 14

a) Dazzler 6=330 mrad | b) Dazzler =450 mrad T [roes
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: o
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= ¢) EO crystal =320 mrad | d) EO crystal 5=560mrad 5 y
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®o

Feng et al., OE 21 (21), 25248 (2013)
Brida et al., JO 12, 013001 (2010)
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System overview

MLD
grating
Compr.

Cryo-
Yb:YAG
Amplifier

Cryo-
Yb:YAG
amplifier

Pump line

>100 m ~1J
0.6nm, 0.4 <10 ps
ns 0.8 ns
Yb Master CFBG OPCPA
Osc. Stretcher +Frequency
Synthesis
1n) 0.6 nJ ~ml,
200 fs 10 nm | 2x OPA TL: <3 fs
duration stretched IR
42.5 MHz (0.65 ns/nm) MLD CEP Stable
. 24 W
grating front-end
Compr. \
. ~10 nJ, ;’I‘RO PA
A 700 fs 570 nm-2.5 um /
Compression
Front-end . > Synthesis — 22 uJ
Amplification
Pumpoe | channels




Regenerative amplifier design

: < >
High pump power /
=» Thermal load / Stable

=» Thermal lensing cavity
=>» Pointing _\\

v
Symmetry Thermal
point lens

Stable \\// staple | oY

cavity /— cavity | Switching

A4 \4
Symmetry Thermal
point lens

Magni, JOSAA 4 (10), 1962 (1987)
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Yb:KYW Regenerative amplifier

10

Measurement

Laser energy [mJ]

Simulation

100

150 200 250 300
Pump power [W]
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Calendron et al., OE 22 (20), 24752 (2015)
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Yb:KYW Regenerative amplifier

10— ' ' ' \ 1 ‘ ]
Autocorrelation jt
= 8 2 0.8
g Measurementl Simulationd g
o) £ 0.6/
(0] ©
c
G N 0.4
3 :
A ;§ 0.2
0

IR
o
|
a
oL
(63}
-
o

100 150 200 250 300
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8 : : ‘ ‘ .
T ]
=
£ e
6 ]
) Mean = 6.5 mJ
0 5| Standard deviation = 53 nJ
4 . . ‘ ‘ .
0 10 20 30 40 50

Time [h]

Calendron et al., OE 22 (20), 24752 (2015)
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Cryogenic Yb:YAG amplifier

In-band seed energy: 100 uJ

100- Measured total gain: x10° / 7
%“
E
==
=
e

® 50+ .
=
=3
=
O

I/
0-!=.___!.-..|- v I ! L ' m
0 3 6 9 12

Pump intensity (kW/cm?)

Zapata et al., ASSL 2013, talk AF3A.10
Zapata et al., Opt. Lett. (submitted) 12
Reichert et al., submitted CLEO-Europe 2015
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System overview

CEP Stable
front-end

~10 nJ,
570 nm-2.5 pm

B cc @
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CEP stability

Pump

—_ 40
5 0.8 5 2
= S1 &30
2 Idler Signal N
o 0.6] | -
o S. =20
° 51 ¢
g 04 s @
= 5 10
o i (O]
C% 02 UQ)--l 0 \ | |
1500 2000 2500 ’ ’ " w 2
) 5 .
Wavelength [nm] ~__Time [h]
H UH
'!C_ F_El— it Cankaya et al., UP2014, poster 07.Mon.P1.58 14
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CEP stability

Pump

Pump WLGT WLG2

rms = 90 mrad

£
= 0.5
5 e

o 0
S £
% & _o05
= , | | |

0 2000 4000 6000 8000
Time [s]
1Time [h] 2
C_ F_El— Cankaya et al., UP2014, poster 07.Mon.P1.58 15
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System overview

2x OPA
IR

24 W

2x OPA
NIR
w

N N\

B cc @
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Amplification

* DOPA: IR (2 um) — 2 stages: 24 W
 NOPA: NIR (800 nm) — 2 stages: 22 uJ

Wavelength [um] '
062 0.83 1.25 2.49 " IR/NIR=2.5
R | 508
> S,
o 20.6
E g — ——AT=231s
(O]
E 0.5 £ 0.4
= <
[3) 0.2
()]
o
»w 0 . . ) 0 . . .
2 1.5 1 0.5 -40 =20 0 20 40
Photon energy [eV] i ——
CFEL b |
- L1 ™ Calendron et al., submitted CLEO Europe 2015 17
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Summary: towards a stable frequency synthesizer

80
g 5 +E e
1 =r = seed
o / . _ £60
2
h, ] 2 a0
e H Mean = 6.5 mJ o
Standard deviation = 53 pJ a
8 20
0 T
0 10 20 30 40 50 0 100 200 300 400 500

Time [h]

” - ; .

CFEL
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Summary: towards a stable frequency synthesizer

8 80
. | ; 7 E 60
Fs 2 =
F)Ler]F) Ine BRENI T semmeie——
! Z 6 240
e H Mean = 6.5 mJ o
& _| Standard deviation = 53 pJ a
5 320
(s]
4 0
0 10 20 30 40 50 W]

Time [h]

Broadband, CEP stable front-end

1 2
Time [h]
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Summary: towards a stable frequency synthesizer

8 80

|

Output energy [mJ]
B
o

n
o

Pump line

Mean = 6.5 mJ
Standard deviation = 53 pJ

& o
o
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o

Broadband, CEP stable front-end
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Summary: towards a stable frequency synthesizer

8

80
. 7 2 60
5 £
Pump line e
Z 6 240
H Mean = 6.5 mJ o
i Standard deviation = 53 puJ a
5 g0
4 0
0 10 20 30 40 50 W]

Time [h]

Broadband, CEP stable front-end

0

1 2
Time [h]

First 2 amplification stages

0.62 0.83 1.25 2.49
ER|
@

Spectral intensity [a.u.]
o
o (%))
Intensity |
o o o o
M N o @

N

0
1.5 1 0.5 -40 -20

20 40
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Next steps

 Compression of the cryogenically cooled Yb:YAG
amplifier

 Amplification to higher energies of the different
channels

* Synthesis and compression of the amplified
channels
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Thank you for your attention

ooooo
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.0-.‘....&
*0 09

Established by the European Commission
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Back-up slides

* Regenerative amplifier * OPCPA

— Yb:KYW * Compression broadband

— Yb:CALGO pulses

— Yb:Lu,0;  Stretcher / Compressor
* Cryogenically cooled pump line

amplifier

 Laser materials
* Thermal lensing
* Front-end

 White-light study (Meas.,
Cherenkov, Disp.
YAG/Sap, ??)
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How

Intensity [arb. u.]
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Pump line: Amplifiers

Regenerative
amplifier

Single-pass
Double-pass

Multi-pass

| ﬁ

™

A

Stretcher — L

Amplifier Compressor

UH
i_ti
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Front-end: White-light generation

Pump

Photo WL

Spectral power density [a.u.]

500 1000 1500 2000 2500

%

Calendron et al., submitted CLEO 2015

28
Calendron et al., manuscript in preparation
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Front-end

Pump

SHG ign Idler
. 1 | * —Signal n
508  dlr SHG
>
@ 0.6}
%
< 0.4
(5
§§CL2 #}/ |
U U

o

1000 15 00 2500
Wayelength /nm]

il (1L
=

UH
— it Cankaya et al., submitted CLEO 2015
n
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Compressibility

FROG measurement: 1750 nm after OPA

-500 0 500 -500 0 500
Delay [fs] Delay [fs]
(@) (b)
1,0
1,0+  —retrieved [ T 1.0 — retrieved -3
] measured [ 05 Q' = TL L, T
] Y S 4 &
0,5 0,0 o 20,5 o
. 8 @ 197¢6s [0 &
] _ '—-0,5 o E -1 &
0.0 ""JI""I""-I-'-'_'-'-'1,0 0,0-"l""l"."l".‘..'l‘"‘_-2
1600 1700 1800 1900 2000 400 200 0 200 400
wavelength [nm] time [fs]
(© (d)

Calendron et al., submitted CLEO 2015
Calendron et al., manuscript in preparation
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Pump line

Pump chain as OPCPA driver

. 100 mJ to to pump the OPCPA’s, scalable to high energies

. Combination of different technologies, adapted to each stage
. A =1030nm

Seeder Stretcher Regen Compressor
42.5 MHz 42.5 MHz 1 kHz 1 kHz
210 fs, n 3.2ns, O. 650 fs, 4.5

] 6 nl
CFBG + fiber amplifiers Compressor
Home-made 1 kHZ
Amplitude System 650f5, 4.5
/
Home-made 31

(Development with Luis and Hua)



Pump line
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Stretcher and compressor

To cryo-
amp.
TFP

M¢

Regenerative I\/I7\

amp. M4PC TFP
el LY

)
|\/|4, M3 M2
L

7 |\ 0 I\

L DC XTAL XTAL DC L

/ /
N 1D |

B cc @

33



Simulations: Pulse stretching and compression

* With split-step Fourier: Propagation in a fiber to
simulate the stretcher

e Grating formula (Fork):

Grating equation
¢y _ Al AL : 2\—3/2
GVD dw? 7T02d2(1 o (7 o Sln’Y) > /
A . .
a3 d?>dq 6w 1+ 2L sin y—sin? v
TOD dw3g - = dw29 cL * 1_d(>‘_L
d

—siny)?

B cc @
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Pulse after compression

1. Compressor: 1740l/mm, 60°, Lg=1.15m

e zity [4.10.]

Goan

Comnpressarwith 2nd corpressor afterRegen: 10ps down bo best compression, with 12500 grating at 37

Beta? =-2223389s % -Betad=9717767fs 2 - PéHbt=696F5 -1g=0.14 2m
Cornp1: 176D ak 60°,

5000 —

4000 —

3000 —

2000 —

1000 —

I
K arnprirmiette Puls - Intensitast

CFEL

SCIENCE

-2 -1 I} 1

Titnie [3]

#1007
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Pump line: Regenerative amplifier

Stretcher
CFBG3mm—@)—mm CFBC

C3
FA2 A

CFBG2m—@C2

FA1A

CFBG1m—@ 1

CFEL
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Goals

* Energy: 10 mJ

 Wavelength: 1030 nm (for seeding of the
cryogenic Yb:YAG amplifier)

* Repetition rate: 100 Hz — 1 kHz
* Pulse duration: <1 ps after compression
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Simulations: Thermal lensing

* Insensitive cavity against thermal lens
— Simulations with Paraxia

— W, constant for f, between 280 mm and > 800mm
— Possibility of CW and QCW pumping

——— / Stable

= e cavity
\

v

Symmetry Thermal
point lens

K. Wentsch et al., Proc. SPIE 7193, Solid State Lasers XVIII, 719301
(2009).
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Yb-doped materials

* Doping: ytterbium ion to match the required
wavelength and bandwidth

* Comparison of hosts for ytterbium doping:

CALGO (12 420 979 1030
KYw ) 320 1.33 3 981 1030 15 3.6 0.4
YAG 4 950 0.8 2.1 940 1029 8.5 11 10
References:

1. J. Petit et al., Optics Letters, 30, 1345 (2005)

2. S. Ricaud et al., Optics Letters, 36, 4134 (2011)
3. Eksma Website: http://www.eksmaoptics.com/repository/catalogue/pdfai/NLOC/laser%20crystals/YBKGW.pdf

4. Roditi Website: http://www.roditi.com/Laser/Yb_Yag.html

41
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http://www.eksmaoptics.com/repository/catalogue/pdfai/NLOC/laser crystals/YBKGW.pdf
http://www.eksmaoptics.com/repository/catalogue/pdfai/NLOC/laser crystals/YBKGW.pdf
http://www.eksmaoptics.com/repository/catalogue/pdfai/NLOC/laser crystals/YBKGW.pdf
http://www.eksmaoptics.com/repository/catalogue/pdfai/NLOC/laser crystals/YBKGW.pdf
http://www.eksmaoptics.com/repository/catalogue/pdfai/NLOC/laser crystals/YBKGW.pdf
http://www.eksmaoptics.com/repository/catalogue/pdfai/NLOC/laser crystals/YBKGW.pdf

Simulations results: Franz-Nodvik

e (Calculated for Yb:CALGO

0.013 | | |
o2 N, —
0.000 3 — B =42%

0.006 ., —{ Maximum for ca. 20 RT

Energie out [mJ]

0003 o —

[ | |

Amount of Round-trips

42

0 20 A0 60 B0 10D
B crcL @
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Pump line: Regenerative amplifier

Crystals:

Yb:CALGO

l.=2mm M6
Doping =2 %

M2 BRF

/ OCA1
/) S A
/ —\ 2 [—
L DC XTAL XTAL DC L

4

LD

N2 PBS L

43
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KYW - Experimental results: CW

Tuning Curve - Dual-Crystal cavity - KYW - 8A OC=15% - 130813
20 20 T T T T v\ v T
+ 0C=10%, I=7.5A w -
- 0C=15%, I=8A ——> S|ope = 40 % NPL v v
— 1 57 15* v -
¢+ 0C=20%, I=8A = v
3 3 .
q, £
3 g v
810" 1 810 |
5 5
= g v
=2 =
(@)
© 5r 1 5r q
v
0 56 T 60 70 80 90 100 1820 1022 1024 1026 1028 1030 1032 1034
Incident pump power [W] Wavelength [nm]

1 crystal, with 7.5% OC-P_ .= 10.1W with M2=1.1
2 crystals, with 15% OC—P,__ = 20.4 W with M2=1.1

CFEL |l

SCIENCE n
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Experimental results: CW KYW

Current Units
—Quantitative—4 Sigma
Total 1.983.842
FPeak 2.436e+03
Min -1.088e+01
Width X 1.985e+02 um
Width v 2.028e+02 um
£ Location 41250 mm
—Laser Automated Stepping
Waist Width X 5.344e+02 um
Waist WidthY 5.762e+02 um
Divergence ®* 2.684e+00 mrad
Divergence ¥* 2.543e+00 mrad
Waist Loc X 1107.95 mm

<._.. : prerir mnrad

BFF Y 3 663e-01 mm mrad
Rayleigh X 199.09 mm
Rayleigh 226.63 mm
Astigmatism 015
Asymmetry 1.08
—After Lens
Number in Run 15
Waist Width X 1.949e+02 um
Waist WidthY 2.010e+02 um
Divergence ¥ 7.361e+00 mrad
Divergence Y 7.289e+00 mrad
Waist Loc X 409.68 mm
Waist LocY 404.43 mm
Rayleigh X Z26.48 mm
Rayleigh ¥ 27.58 mm
Astigmatism  0.19
Asymmetry 1.03

R ..

CW: 2 Crystals,

0C = 15%
P .=222W
A=1031 nm

e

653e+03 E| l2.417e+03 A4 Bls ND2 30 |Frame|10 . Rate|7 |



Yb:KYW - Thermal lensing

* For cavity design: 300 mm
* From experiment:

According to:

Dipp = APyps(1 — Npny 2L 5L 2) before threshold
Do = APys(1 —np((1 — m)n,2 52+ st )) after threshold, lasing
Ding = APuys(1 — T (”\P + Oem, PR 1L° )) after threshold, lasing

A ra
Oem,L h_anTTrad+1 AF he

800

Under lasing conditions

700"

D
[=
(=]

Thermal lens [mm]

1 0 1 L 1 1
30 30 40 50 60 70 80 20 100

E, 40, 1217 (2004)

- Pump power [W]
Chefiaiy
CFEL
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Experimental results: Cavity-dumped

» o
2 o b
<

<
e A

Output energy at 1kHz [mJ]
w
n
<
<

§o 90 100 110 120 130 140
Incident pump power [W]

Cavity dumped cavity
A=1025nm; AA=2.3nm
GateF>umloe =450 ps

‘1K

CffEL

SCENCE
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Spectra and autocorrelation

Intensity [A.U.]
o o
CH

e
Y
T

o
N
T

--Seeder
7 -=Cavity dumped
—Regenerative amp.

.......

0
1020

1030
Wavelength [nm]

1035 1040

—Measurement
--Gaussian fit

0.8 .
oy
n
[ o

806 i
£
T
Q
N

® 0.4 .
E
)
pd

0.2 .

0 L 1 fl I ol pron
-8 -6 -4 -2 0 2 4 6 8
Time [ps]
E Ped
= 16%
E T ot

TGauss, FWHM — 700 fS

C FAEEal SAAIR: . UP 2014 (submitted).
s == iti
SCIENCE n
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Beam profile

* After regen: M?>< 1.1, circular
* After compressor: Ellintic

Current Units

g/
311,878
2.6790+03
-9.250e+00
7.792e+01 um
8310e+01 um
Z Location 307.50 mm

4 Step

Waist Width X 4.437e+03  um 1
Waist Width Y 5131e+03  um
Divergence X 3.275e-01 mrad
Divergence Y 3917e-01 mrad
WaistLocX 1344486  mm
Whaist LocY 1907918 mm

@ 1600 X 1200X 1 - <Frame 11>

1.108 x
MY 1533 T
BPP X 3.632e-01  mm mrad
BPPY 5.025e-01  mm mrad

RayleighX 1354967 mm
RayleighY 1308923 mm
Astigmatism  0.42

Asymmety 1.6

—After L
Number in Run 14

Waist Width X 7.107e+01  um
Waist Width ¥ 6.815e+01  um
Divergence X 2.044e+01 mrad
Divergence ¥ 2.949e+01 mrad

WaistLocX  305.83 mm
Waist Loc Y 305.77 mm
RayleighX 3.8 mm
Rayleigh ¥ 231 mm 1

Astigmatism ~ 0.02
Asymmetry  1.04

=> Cylindric lenses to compensate

CFEL
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Stability of the regen.

Long term measurement of the seeded regen @ 1kHz -

. . Pointi tability - Pointi tability - Seeded tion - 1 kHz - f = 500 - =500
Interruption for several hours then change of the attenuation o ng STRTTY - TolnTing STabTTY - Seeded operdTon - 1 KT m m

;: 1000 Peak counts ! T ! — Peak ¢
7 : : : : g mean = 1927.1538 std = 24.486 eak counts
. ®
K £ 1
6 1 E£3
B
= |
2
5 Mean=65mJ Mean =6.3mJ . ® f
— | Standard deviation = 53 . J Standard deviation = 139 u J 5 x10
5 2 - — -
£ al _ | o 5 200 Centroid X
= Interruption of the measurement ' —Centroid ¥
= for several hours Eg5 o0 : —Peak location X
o 3 (not represented here) | & B o X7 10-1402 prad;Y = 151402 u rad —Peak location Y
g g I I I
Ll 0 1 2 3 4 5 6
ol ] x10°
T
5 = 200
1| T
Es O
= &
O £ 2001 aan = 4898.1968 1 m std = 19.9194 pm 7
0 | | | | g # #
> | | | | | |
0 20 40 60 80 100 40913 15 2 2.5 3 |3.5 4 45 o 1a
-09. ) 5 .09,
Time [h] 15h01 Counts[I  Beam interrupted X107 o
CFEL 51
. - -

SCIENCE



Cryo multi-pass amplifier




Extracted power

80 w 80
~+0C =7.5% -1 =49.9%

70" |+0C =15% - n = 46.5% 70 ]

60- +-0C=10% -1 =52.1% i
Ei EEGO* 1
520 | o
3 3
o 40~ ] a 50- ]
230 1 2
= S 40- q
o o

20 ]

30 ]
10- ]
QJ 50 100 150 2%0 90 100 110 120 130 140 150 160
Pump power [W] Crystal temperature [K]

: t al., Hilas 2014. 53

C FﬁElsal
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MIT Results

Cryo-CTD results vs calculations

oulse 190 4 Gain-narrowing
ENERGY '
(mJ) 80 | —e— "12-pass extraction result" / —— 88 Watt pump
,f 0.75 =240 Watt pump
60 - Franz-Nodvik calculation / 500 Watt pump

0.5 -

40 -

0.25

20 -
0 3
.—_"(‘/ dama ge 1027 1028 1029 1030 1031
0@ | wavelength (nm)

0 100 200 300 400 500

Diode power (W)

Beam quality at 60 mJ, 200 Hz =

 Damage sustained ~45 mJ
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Front end: General layout
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3'd stage

photon energy (eV)

210 8- 1.0 0.5
= | N.IR DOPI;\ | | |
_ VIS NOPA 200 1 T
= TRy 1.7 mJ
C i
3 05
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wavelength (nm)

0.17 mJ signal 0.20-0.25 mJ signal
20% (0.8 mJ pump) 12-15% (1.7 mJ pump) 22% (7.7 mJ pump)
pump-signal conversion pump-signal conversion pump-signal conversion
efficiency efficiency efficiency
TL 5.6 fs TL 5.2 fs

B 2.9 optical cycles @ 2.1 optical cycles @ 1.1
I Ac=973nm A=750nm
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