Ultrafast lasers for THz generation using

nonlinear optical techniques
Part 1: ultrafast laser technology
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What you need to follow this lecture

* Be interested in latest advances in ultrafast laser : -
technology and Terahertz technology E
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« A running understanding of electromagnetics and
Fourier transformations

« A QR-code reader for interactive questions
« A pen and piece of paper
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Ultrafast laser driven Terahertz pulses
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few-cycle THz pulses
- phase-stable, field-resolved

« time-resolved
- ultra broadband
- commonly accepted: low average power
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THz E-field
reconstructed using
multiple time-
delayed probe pulses

—— Averaged time trace

Signal / a.u.
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THz E-field
reconstructed using
multiple time-
delayed probe pulses

—— Averaged time trace

Signal / a.u.
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ultrafast lasers

—ajpp—

« Laser light pulses with fs - ps durations
« Broadband spectra with hundreds of nm
« Peak powers MW - GW, intensities 1012 - 1015 W/cm?2
... and beyond
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ultrafast lasers

Example: commercial Ti:Sa amplifier
1ml]-1kHz > 1W @30 fs
Peak power: tens of GW

—ajpp—

« Laser light pulses with fs - ps durations — down to attoseconds

- Broadband spectra with hundreds of nm - up to several octaves Physics 2018

. . Mourou, Strickland
« Peak powers MW - GW, intensities 1012 - 1015 W/cm?2 - above 1018 W/cm?2 _
“for their method of

and beyond generating high-intensity,
" ultra-short optical pulses”
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some scaling

1 Gigawatt

1 000 000 OO0 W
T——— For a very short time, ultrafast

lasers generate peak powers
similar to the power of a
nuclear power plant

(some laser systems
generate TeraWatts)

1 femtosecond

= 0. 000 000 000 000 001 s Measuring 1 second with
femtosecond precision

is like measuring

the distance between
the earth and the sun
with the precision of a
hair thickness!

human hair distance earth sun
thickness = 104 m ~ 1011 m
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ultrashort timescales

access to ultrafast time-scales:
observe and use ultrafast dynamics
e understand atomic and molecular dynamics
e fast data communication

A. H. Zewail in 1994:
understand transition states
in chemical reactions

interconnects

Prize motivation: "for his studies of

. . |l | L 4 u
the transition states of chemical ol ¢ 0

reactions using femtosecond optical cIocking

spectroscopy”
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broad frequency combs

frequency comb:
ruler for unknown frequencies

e optical clocks

Roy J. Glauber,
John L. Hall,
Theodor W. Hansch, in 2005:

Prize motivation: "for their
contributions to the development of
laser-based precision spectroscopy,
including the optical frequency
comb technigue"
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access to high intensities /

achieve extremely high intensities:
nonlinear optics and material modification
« material processing: cold ablation
« multi-photon biomedical imaging
« nonlinear optics

“almost perfect micromachining of almost any material”
Bioresorbable polymer Polyimide Hole array drilling Ceramics

2000 um LIGHTMOTIF

Courtesy of Lightmotif

SE MAG: 35 x HV: 20.0 kV_ WD: 39

rtesy of Resonetics
Courtesy of Dr. Kurt Weingarten, Lumentum “ _and create functional surfaces”

Courtesy of Resonetics
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Important Parameters

Notatio | Everyday
n parameters

How are they linked
together?

Subtleties

Pulse energy (J)

Pulse duration (fs)

« Definition often FWHM - can be misleading
 RMS pulse duration better suited but rarely used

Py Peak power (W) Can be calculated from E, + Requires knowledge about pulse amplitude shape
and 1, + Simple for well-known pulse shapes (Gaussian,...)
« Usually fixed (wanted) for a given experiment
I Peak intensity Can be calculated from P, Requires knowledge on transverse beam profile

(W/m?)

and beam area A

Light Pulse Electric Field: superposition of monochromatic waves

E(t) = i [ E(0)é" do

E(t)= A(t)é™"  where A(t):zi [A(r0)e*dro
7T

Pulse envelope A(t): sufficient to describe pulse entirely
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Important Parameters

Notatio | Everyday How are they linked Subtleties
n parameters together?
E, Pulse energy (J)
T Pulse duration (fs) « Definition often FWHM - can be misleading
 RMS pulse duration better suited but rarely used
Py Peak power (W) Can be calculated from E, + Requires knowledge about pulse amplitude shape
and 1, + Simple for well-known pulse shapes (Gaussian,...)
« Usually fixed (wanted) for a given experiment
I Peak intensity Can be calculated from P, Requires knowledge on transverse beam profile
(W/m?2) and beam area A
Mo, Vo Central Wavelength For complex spectra the central frequency might become different to
(nm), frequency the center of mass of the spectrum
(Hz)
Ak, Av, Spectral bandwidth « Often defined by width of spectral intensity in nm.

(nm, Hz)

« Only relative bandwidths are the same in wavelength and frequency

Spectral domain: spectral amplitude and spectral phase

E‘(a)) = lE(a))lexp(iqo(a)))
- Spectral amplitude continuous function for one pulse
- “short pulse — broad amplitude spectrum”
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Important Parameters

Notatio | Everyday How are they linked Subtleties
n parameters together?
E, Pulse energy (J)
T Pulse duration (fs) « Definition often FWHM - can be misleading
 RMS pulse duration better suited but rarely used
Py Peak power (W) Can be calculated from E, + Requires knowledge about pulse amplitude shape
and 1, + Simple for well-known pulse shapes (Gaussian,...)
« Usually fixed (wanted) for a given experiment
I Peak intensity Can be calculated from P, Requires knowledge on transverse beam profile
(W/m?2) and beam area A
Mo, Vo Central Wavelength For complex spectra the central frequency might become different to
(nm), frequency the center of mass of the spectrum
(Hz)
Ak, Av, Spectral bandwidth « Often defined by width of spectral intensity in nm.
(nm, Hz) « Only relative bandwidths are the same in wavelength and frequency
TBP Time-bandwidth TBP = t,Av, + Defined with intensity FWHM

product (no unit)

+ Reaches a minimum that gives us information about the shortest
pulses reachable with a given spectral width
« Can be flawed for complex, very short pulses
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Full pulse information
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« Full pulse characterization needs amplitude and phase
« Requires sophisticated measurement techniques (FROG, SPIDER...)

~Atj-
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v
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ultrafast lasers = train of pulses = frequency comb

Etrcu'n (t) = A (t)exp(za)(l‘ + l(PO (t)) ®

S 5(t—mT,)

yn=—co

One pulse + linearly
time varying carrier-
envelope phase

Photonics and Ultrafast Laser Science
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ultrafast lasers = train of pulses = frequency comb

E,..(t1)=|A(t)exp(iwt +ip, (t))® i S(t—mT,)

One pulse + linearly Dirac comb
time varying carrier-
envelope phase
fm = mf;'z'/l Ly f('E()
Intensity 'fl:cp ﬁ
s 5y 5.
C‘D\ HHHIEHE “ E i (f)—A(f—ﬁ)- 2 (f_m-ﬁ'cp_fCEO)

Frequency comb with offset
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Important Parameters

Notatio | Everyday How are they linked Subtleties
n parameters together?
E, Pulse energy (J)
T Pulse duration (fs) « Definition often FWHM - can be misleading
 RMS pulse duration better suited but rarely used
feeo Carrier envelope + Difficult to measure
frequency
Py Peak power (W) Can be calculated from E, + Requires knowledge about pulse amplitude shape
and t,, « Simple for well-known pulse shapes (Gaussian,...)
« Usually fixed (wanted) for a given experiment
I Peak intensity Can be calculated from P, Requires knowledge on transverse beam profile
(W/m2) and beam area A
Mo, Vo Central Wavelength For complex spectra the central frequency might become different to
(nm), frequency the center of mass of the spectrum
(Hz)
Ahy Av, Spectral bandwidth + Often defined by width of spectral intensity in nm.
(nm, Hz) + Only relative bandwidths are the same in wavelength and frequency
TBP Time-bandwidth TBP = t,Av, + Defined with intensity FWHM

product (no unit)

Reaches a minimum that gives us information about the shortest
pulses reachable with a given spectral width
Can be flawed for complex, very short pulses

All applies to THz but definitions become flawed because single-cycle pulse
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Focus here: higher average power

“high” power

/’J\I\\th “low” power A/\/\A/\/

Pav = Ep ’ frep
Higher average power at a given pulse energy = more pulses / s
= Higher signal to noise ratio, shorter measurement times, higher speed,

= Challenges: thermal and other accumulation effects, ...
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Important Parameters

Notatio | Everyday How are they linked Subtleties
n parameters together?
E, Pulse energy (J)
T Pulse duration (fs) « Definition often FWHM - can be misleading
+ RMS pulse duration better suited but rarely used

feeo Carrier envelope « Difficult to measure

frequency
. Repetition rate (Hz)
P, Average power (W) g = elsn * Usually technology limited
Py Peak power (W) Can be calculated from E, « Requires knowledge about pulse amplitude shape

and T, « Simple for well-known pulse shapes (Gaussian,...)
« Usually fixed (wanted) for a given experiment

I Peak intensity Can be calculated from P, Requires knowledge on transverse beam profile

(W/m?2) and beam area A
Lo Vo Central Wavelength For complex spectra the central frequency might become different to

(nm), frequency the center of mass of the spectrum

(Hz)
Ak, Av, Spectral bandwidth « Often defined by width of spectral intensity in nm.

(nm, Hz) « Only relative bandwidths are the same in wavelength and frequency
TBP Time-bandwidth TBP = 1 Av, « Defined with intensity FWHM

product (no unit)

Reaches a minimum that gives us information about the shortest
pulses reachable with a given spectral width
Can be flawed for complex, very short pulses
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Question 1

EI

A fs-pulse has an intensity FWHM duration of 100
fs an average power of 1 W and a repetition rate
of 1 kHz.

What is the peak power of the pulse?

https://arsnova.rub.de/mobile/ #1d/ 87676337
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Question 1
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https://arsnova.rub.de/mobile/ #1d/ 87676337

A fs-pulse has an intensity FWHM duration of 100
fs an average power of 1 W and a repetition rate
of 1 kHz.

What is the peak power of the pulse?

Knowledge and control of your lasers has
influence on nonlinear conversion!

1.0
2 |
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£ 0.6 —
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Question 2

H:'l' .
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OLE L2

https://arsnova.rub.de/mobile/ #1d/ 87676337

A fs-pulse centered at 1000 nm has a spectral
intensity full-width half maximum bandwidth of
100 nm, what bandwidth can we potentially
reach in the THz domain with optical rectification
(approximations are allowed)?

Optical rectification can be seen as
frequency mixing of spectral components
inside your bandwidth: but short pulses
are needed!
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Traditional front-end femtosecond laser for THz-TDS

Ti:Sapphire amplifiers/oscillators at 800 nm Erbium fiber laser at 1550 nm

= (typical)
y JIr”’nnml(lﬂlf”/f"/ |

P,,=100 mW
1,=100 fs
frep=100 MHz
E,=1n]

* large

* expensive

« scientific system
« high pulse energy

compact

cheap

fiber-based robust
low pulse energy

user community: mostly scientific user community: scientific and industrial

Low average power limited to few-watts
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the workhorse of ultrafast science

Femtoseco Ti:Sa oscillato

1.0 T I T T T T T T

0.8 = Pump Band Emission Band .

Intensity (Arbitrary Units)

Residual Absorption

Absorption Coefficient (cm")

400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Typical amplifiers: Typical oscillators:

* Pulse duration ~30 fs « Pulse duration ~20 fs

* Pulse energy ~mJ « Pulse energy ~n]J

- Rep Rate ~few kHz - Rep Rate ~ tens of MHz
* Peak power ~ GW - Peak power ~ 10s kW

- Average power limited to few watts
P, = Ep N i

rep

Photonics and Ultrafast Laser Science



the workhorse of ultrafast science

Femtoseco Ti:Sa oscillato Ti:sapphire laser:

ﬁ non-radiative  Non-
. » _ transition radiative
NSP(L)'Bnp l Laser transition transitions:
. il =800 nm Large heat
U § non-radiative load

transition

Photonics and Ultrafast Laser Science



the workhorse of ultrafast science

Femtoseco Ti:Sa oscillato Ti:sapphire laser:

3 - -
ﬁ non-radiative  Non-
. » _ transition radiative
NSP(L)'Bnp l Laser transition transitions:
. il =800 nm Large heat
U § non-radiative load
0 transition

+ other problems:
« small upper-state lifetime (few ps)
- high pump intensities needed to
saturate
« degradation of crystal quality when
increasing doping
Bulk geometry with large thermal load
- thermal aberrations

Photonics and Ultrafast Laser Science



CW power: material properties + advanced cooling geometrieg/ |

Yb:YAG laser:

i EFE_H SIab Q

Pump - Small heat thin disk w heat
940 nm load < 10% flow = T~ slab

. 1sonm ° LoOng thin disk

milser lifetime =~ 100 pm // //

nm (ms) cooling L laser beam
Y Y  High doping
Frn -+ heat
flow ) laser beam fiber

1090  OPTICSLETTERS / Vol. 16, No. 14 / July 15,1991

E E_lz‘w ‘ HR-mirror fiber
g oragf > W
% : ) % laser beam
Sl Advanced laser N
o - : b
E concepts for heat Vi A
8 Ll e DA high average power Tiow
= Fhele

Fig. 1. Absorption and fluorescence spectra of 6.5 at.%
Yh:YAG. The energy levels are from Ref. 13.
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ultrafast high-power lasers based on Yb-doped technology
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repetition rate / kHz

v Thin disk Additional difficulty for ultrafast operation:
nonlinearities need to be kept small
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Self-phase modulation (SPM)

Self-phase modulation

I(t) = self-phase modulation

n(l)=n+n,l I(x,y) > self-focusing

#(t)=—kn(1) L, =—k| nHn,I(t)]L,

Nonlinear phase [mrad]
Nonlinear refractive index [cm%/W]
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Self-phase modulation (SPM)

Self-phase modulation Self-focusing
_ I(t) > self-phase modulation T
”(I) =n+n,l I(x,y) - self-focusing X \ X
A A
e
#(t)=—kn(1) L, =—k| nHn,I(t)]L, .
1(t) Nonlinear phase
Refractive 5 Creates new
index
modulation frequency I (X) lou()
follows components
‘ PU|Se ) Ln::: ipr)]rgcl)file Sg:ir(-:;laterial gg;umsed
intensity
envelope _ .
H - Leads to beam degradation,
spatio-temporal couplings,
o | ¢ catastrophic damage if nonlinear

/ J\‘ -
phase is too large

Wavelength (nm)

Photonics and Ultrafast Laser Science




most commonly: chirped-pulse amplification /\ P

Initial short pulse A pair of gratings disperses

the spectrum and stretches

_/\ / - the pulse by a factor
/ of a thousand

Short-pulse oscillator

v Fiber l

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

.

/ High energy pulse after amplification ”

"o —— - —

Power amplifiers

-J L

Resulting high-energy,
ultrashort pulse

v' Thin disk A second pair of gratings {i’!' ™ , Physics 2018
reverses the dispersion of the : &.. -
first pair, and recompresses the pulse. it 07, - Mou rou, Strickland
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high power fiber CPAé\

S

Most commonly used: chirped pulse amplification (CPA)

/

Modelocked Pulse Pre- Power -
[ oscillator gledlng amplifier( s) amplifier (Cenmpresse) Application
Stretcher P P
pump pump pump pump pump
wveo!  Yh-doped @ o Single-stage
glass - 1 pm &% ultrafast fiber
e Ooet = amplifier @1pm
: Q;&;‘) o u g, 830 W, 640 fs,
: oSN & 78 MHz, 11 uJ
L I © N
o ¢ \>\*d
! T. Eidam, ... J. Limpert,
@ Continuous wave A. Tinnermann,
.. » B Uttrashort pulses Opt. Lett. 35, 94-96 (2010)

T T L]
1999 2004 2009

Year

1989 1994 2014

large -mode-area photonic crystal fiber

— Limit: high-order mode instabilities

Group of J. Limpert, Uni Jena

Photonics and Ultrafast Laser Science
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further scaling: coherent combination

Vol. 45, No. 11 /1 June 2020 / Optics Letters

3083 I

Optics Letters

10 4 kW coherently combined ultrafast fiber laser

MicHAEL MULLER,"* CHRISTOPHER ALESHIRE,' ARNO KLENKE,"? ©® ELISsA HADDAD,®
FRANGOIS LEGARE,” ANDREAS TUNNERMANN, "% aND JENS LIMPERT"?*
"Friedrich Schiller University Jena, Institute of Applied Physics, Albert-Einstein-StraBe 15, 07745 Jena, Germany

2Helmholtz-Institute Jena, Frébelstieg 3, 07743 Jena, Germany

3INRS, Centre Energie Matériaux et Télécommunications, 1650 Blvd. Lionel-Boulet, Varennes, J3X1S2, Canada
“Fraunhofer Institute for Applied Optics and Precision Engineering, Albert-Einstein-StraBBe 7, 07745 Jena, Germany

*Corresponding author: michael.mm.mueller@uni-jena.de

Received 17 March 2020; revised 24 April 2020; accepted 30 April 2020; posted 1 May 2020 (Doc. ID 392843); published 28 May 2020

Performance:
- 10.4 kW

« 254 fs pulses
e 80 MHz

« 130 pJ

-fs Dscillatorl | Fiber stretcher Pulse shaper nll ﬁber prearnps
- | > ]
| B0 MHz, 1040nm ‘ |Am?' Sng Tikl, .ma. mmw 1w

o IS0W O

12« Yb 20/400
:_20_-'400 preamp

PA WPs e

| Diagnostics

[} Compressor |
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slab amplifiers
December 15, 2010 / Vol. 35, No. 24 / OPTICS LETTERS 4169
Compact diode-pumped 1.1 kW Yb:YAG

Innoslab femtosecond amplifier
« 1.1kW,

P. Russbueldt,"* T. Mans,” ]. Weitenberg,” H. D. Hoffmann,' and R. Poprawe'” 615 f
°
'Fraunhofer Institute for Laser Technology, Steinbachstrasse 15, 52074 Aachen, Germany S
?Chair for Laser Z’f:t:lmnfug_\' [.il'l TH Aachen, bitnnbnrrllstf.r;sg 15, 52074 Aachen, Germany 20 M HZ
Corresponding author: peter.russbueldt@ilt.fraunhofer.de
. 55pJ

Received July 20, 2010; revised November 8, 2010; accepted November 8, 2010;
posted November 10, 2010 (Doc. ID 131645); published December 13, 2010
We demonstrate a compact diode-pumped Yb:KGW femtosecond oscillator-Yb:YAG Innoslab amplifier master
oscillator power amplifier (MOPA) with nearly tmnwl'orm lmnlml 636 fs pulses at 620 W average output power,
20 MHz repetition rate, and beam quality of M,2 = 1.43 and M,? = 1.35. By cascading two dmpllhms we attain
an average output power of 1.1 kW, a peak power of 80 MW, and a 615 fs pulse width in a single linearly polarized
beam. The power-scalable MOPA is operated at room temperature, and no chirped-pulse dmphlu ation technique is

used. © 2010 Optical Society of America

_Seed-

radiation .
clever geometry: CPA avoided
for moderate pulse energies

Output

Pump-line f ate -
S o issues: pointing, beam quality
=S -2

S 2 w
Pump-radiation ./ Heatsink y
™ Dnchrmc mirrors” 10mm
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Y

thin-disk concept

1D
c_jdisk heatflow

R=1m
‘ Resonator M
Side ’

view:

Dlaser>> ddisk pu m p| ng
scheme

T=3%

— outstanding heat removal, extremely small thermal aberrations
— Yb3*-doped gain: diode pumped, accessible high-power diodes
— good pump absorption: many passes through gain required

— very small accumulated nonlinearities

— ideal for ultrafast + high power

A. Giesen, et al., Appl. Phys. B 58, 365 (1994)
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;@blende,- hin-disk laser

Animation courtesy -
M. Saraceno
martin@saraceno.info
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dt

Single-disk high-power CW operation

14 kW with n,,. >70%

TRUMPF

Courtesy of Dirk Sutter

4 kW TEM,, (2013)

—~ = Further scaling w/ multiple heads, no barriers for power scaling beyond
Z current Ievels

16000 80 5000 T T T T d T T
g —_ ° ® 0 ¢ 00 ¢ o b 460 -,8’_
o 14000 f = 4000 ©®°® @ . -50 g
12000 | 160 _ E . . 175
™ 10000 | S 8 3000} _ 4 kW 4« 2
© o> - Q
5 8000 T 140 5 % " " (M2<14),, 8
2 g | S &5 20001 - - KEra &
o = = u I3 £ 0.
D_ [4h] o) - ] 1-_| 20 [0
" o & >
5 4000 14 kW 20 5 1000 | ‘:@ N 10 2
S 2000 ¢ (M2 ~ 10) =3 - Fi. S
8 0 . | | 0 @) . | ! .“I 0 —
0 5000 10000 15000 20000 0 2000 4000 Boe0 S000
Ppump [W] Pump power at 969 nm (W)

B. Metzger et al. (TRUMPF, 2019)

Photonics and Ultrafast Laser Science

Gottwald et al.,

Security and Defense 2013




thin-disk ultrafast amplifiers

Most commonly used: chirped pulse amplification (CPA)

Pulse
Modelocked - .
illat picking, Pre Power (Compressor) Application
oscillator Stretcher amplifier(s) amplifier

pump pump pump pump pump

unique combination

of high energy and B
high average power: >
kilowatt powers :
100s mJ g
1-10s kHz a

10° 10t 102 162 104 10° 10°

repetition rate / kHz
Photonics and Ultrafast Laser Science 46



thin-disk amplifier geometries

— Thin-disk: low gain per pass (typical 10%)

Multi-pass amplifier Regenerative amplifier
} isolator rotator Pockels cell
seed > : : )r - -
‘ s
disk | ~ disk
seed } ———
— moderate amplification, — large amplification (main)
high extraction
(booster)

Photonics and Ultrafast Laser Science




state-of-the-art thin-disk regenerative amplifiers

Letter Vol. 42, No. 7 / April 1 2017 / Optics Letters 1381 I

OPt'CS Letters . 200 m1 RS

S 5 kHz

1m)

1 kW 200 mJ picosecond thin-disk laser system . 1.1 ps 5/10 kHz
THomas NusBeMmEYER,"* MaRTIN Kaumanns,! Moritz UErFING," MARTIN GoRrJAN,? AYMAN ALisMAIL,' Output 100 / 200 mJ ain
Hanien Fattani,™* JoNAaTHAN Brons,' OLec Pronin,' HELENA G. BaRRos,' Zsuzsanna Masor,™* pulse Compressor Amphfler
THomas MeTzaeRr,® DRk SuTTER,® AND FERenC KRrausz'™*
'Department fir Physik, Ludwig-Maximilians-Universitat Minchen, Am Coulombwall 1, D-85748 Garching, Germany DlSk 1 287’(
“Present address: Spectra-Physics, Feldgut 9, A-6830 Rankweil, Austria
SPhysics and Astronomy Department, King Saud University, Riyadh 11451, Saudi Arabia \
“Max-Planck Institut fur Quantenoptik, Hans-Kopfermann-Str. 1, D-85748 Garching, Germany X >
*TRUMPF Scientific Lasers GmbH + Co. KG, Feringastr. 10a, 85774 Minchen-Unterféhring, Germany \\ t=ﬁcav
STRUMPF Laser GmbH, Aichhalder Str. 39, 78713 Schramberg, Germany 969nm ~ A
*Corresponding author: Thomas. Nubbemeyer@physik.uni-muenchen.de s 1 A
VBG LD N —— / "
Received 22 December 2016; accepted 8 March 2017, posted 14 March 2017 (Doc. ID 283086); published 29 March 2017 1 i i
I )
. R e
Disk 2 vex| / Y
We report on a laser system based on thin-disk technology complications (cryogenic cooling and coherent multiplexing). £ ‘cav
and chirped pulse amplification, providing output pulse en- This capability comes without compromising the temporal and
ergies of 200 m] at a 5 kHz repetition rate. The amplifier spatial quality of the output beam, both being critical precon- v
contains a ring-type cavity and two thin Yb:YAG disks, each ditions for dri\'ing a broadband OPA chain L'ﬂ‘l(itlltl}'. Yb:YAG 969nm Seed: 1.3ns
pumped by diode laser systems providing up to 3.5 kW thin-disk picosecond pulse amplifiers have achieved average VBG LD ~0.5 mJ
power at a 969 nm wavelength. The average output power powers of more than 1 kW [12,13], as well as pulse energies —
of more than 1 kW is delivered in an excellent output beam of several hundreds of millihoules [14-16], but the combina- \ ‘._-*
characterized by M? =1.1. The output pulses are tion of these performances has not been demonstrated so far. 7 FP
; output pulses ar  basoebeenid HWP FR
compressed to 1.1 ps at full power with a pair of dielectric Here we report on the development of a pump laser for PC
gratings. © 2017 Optical Society of America OPCPA applications with an average output power of more “

. >
amplified output
100/200mlJ, 10/5 kHz
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state-of-the-art thin-disk multi-pass amplifiers

« 1.9 kW
* 400 kHz (now up to 2.3 kW)
- 1.1 ps
Ultrafast thin-disk multi-pass amplifier system « 1 No CPA
providing 1.9 kW of average output power and s single-pass
pulse energies in the 10 mJ range at 1 ps of * aﬂallfis
A = H = * application
pulse duration for glass-cleaving applications
THomAs DIETZ,"-2" ® MICHAEL JENNE,® DOMINIK BAUER,' ol lisers Mpc
MICHAEL SCHARUN,! DIRK SUTTER,’ ® AND ALEXANDER KiLLI’ TruMicro 2000 =
! TRUMPF Laser GmbH, Aichhalder Str. 39, 78126 Schramberg, Germany * 20W E double-pass
zDeparfmem of Physics and Center for Applied Photonics, University of Konstanz, 78457 Konstanz, = 1ps ) 1
Germany * flexible rep.-rate 20W - \
# Trumpf Laser und Systemtechnik GmbH, Johann-Maus-Str. 2, 71254 Ditzingen, Germany - ise bu
“thomas.dierz @ trumpf.com puise rsts
Abstract: An ultrafast Yb-doped thin-disk multi-pass laser amplifier system with flexible
parameters for material processing is reported. We can generate bursts consisting of four pulses Fig. 1. Schematic set-up of the amplifier system. The seed laser is a commercial TruMicro
at a distance of 20 ns and a total energy of 46.7 mJ at a repetition rate of 25 kHz. In single-pulse 2000. followed by two amplifier stages. Red lines indicate the laser beam. MPC: Multi-pass

operation, 1.5 kW of average output is achieved at 400 kHz when optimizing for a beam quality of cell.
M? = 1.5. Alignment for maximum output power provides 1.9 kW at the same repetition rate. All
results are obtained without chirped-pulse amplification in the multi-pass set-up. The application
potential of the system is demonstrated exploring its performance in materials processing of
dielectrics. Cleaving of 3.8-mm-thick SCHOTT borofloat glass with a velocity of 1200 mm/s is
demonstrated with 300 W of input power. Single-pass modification of 30 mm borosilicate glass
is enabled with a Bessel beam at | kW of average power delivered by four-pulse bursts of an
energy of 30 mJ.
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thin-disk regenerative amplifiers: state-of-the-art TRUMPF

-

- Courtesy of Thomas Metzager
seeun laser

stretcher, picker & preamp

pump diode OO Fiber Bragg
preamplifier

Grating

regenerative amplifier sacd input’

pump diodes

' “Flagship” Laser

Energy: 200 mJ
Power: >1.0 kW
§ Duration: 500 fs
Peak Power: 0.4 TW
compressor _ : —_— ~ T. Nubbemeyer et al. OL 42, 7
i phatak (2017)

New developments: 2 kW - 20 kHz - ps, etc...
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thin-disk ultrafast oscillators

High-power oscillators: one-box, MHz repetition rate

N )
High-power |
oscillator ;
C
. J
pump

Amplifier-free, one-box
modelocked oscillators:
hundreds of watts

3 -100 MHz

10 - 100 pJ

.... the ‘future’ ?

s \/ \/
) (C sor) Application
. /(h\
pump pump pump pump
10% 3= - ® disk
5 1 e, o fiber
19 = ® slab
] s,_“ . "‘s,‘
T B | R S 5 .
_ 10T ST i,
= —=r=e ! it pall High-power ultrafast
~ 100+ - 0‘“3-._&_ X il
& Ti:Sa amplifier B e
8 1 O -1 _=_____
U] ]
8 102
3 E
a 1
10_3'§
104 i
] JQJ/I,
]_0—5_E [T
10° 10! 102 103 104 10° 106
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DR —

)

Laser resonator

modelocked lasers

e Light circulates in resonator

e Losses compensated by gain in laser
medium (which is externally pumped)

e (Gain saturates to a level that it

compensates the losses

-

Output
coupler

Cavity length

e Light emission typically continuous
High
refgfector e Power: limited by thermal aberrations

and pump power
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modelocked lasers

e Short pulse circulates in cavity (fs-ps)

Laser resonator

i — N

High repetition rate pulse train at the output (MHz)

Pulse starting

e Semiconductor saturable absorbers

Galn Loss K | .
- e Kerr lensing
J LN ‘ Pulse formation
ol |

e Soliton modelocking

Output Cawty length High e Kerr lens modelocking

coupler reflector o Steady-state pulse parameters: interplay of gain,

(saturable) loss, dispersion, Kerr nonlinearity, etc.
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saturable absorbers

Example: Kerr lens modelocking

An=n.lrt)
Incident Nonlinear medium
beam Kerr lens Aperture
‘. 09090 0 - -.
[\ W /\ -
\ [ —y EE——

"|\ ,Ir \ JI
. /-’\ Intense pulse

Low intensity light

{ ‘Artificial’ Saturable Absorber

Saturation fluence
| + others

| - Semiconductor saturable absorber mirrors
- Nonlinear polarization rotation

I
I
I
I

——
I

Pulse fluence on absorber
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first modelocked

June 1,2000/ Vol. 25, No n/ OPTICS LETTERS B30

power from @ (liude-pumped

16.2-W average
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R=1.5m

GTI

16.2 W
Aus der ,Z‘:ngoezséllycr).6 MHz, 0.5 pJ
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the technology has come very far /

1. F.
2. C

SESAM Brewster plate

Ve

‘One-box’ oscillator
femtosecond soliton pulses

Specifications:

OC

Saltarelli et al., Opt. Express 27, 31465-31474 (2019)
J. Saraceno et al., Opt. Lett. 39, 9 (2014).

Emission wavelength around 1 pm
(typical 1030 nm)

Average power: up to 350 W [1]
Pulse energy: up to 80 pl [2]
Repetition rate: 3-70 MHz

Pulse duration: 30-1000 fs

— orders of magnitude higher levels than other oscillator laser technologies

Photonics and Ultrafast Laser Science




why have these (and other) Yb systems taken long to be adopted?

® Yb:(Sc,Y,Lu)203 ® Yb:Lu203 Yb:SSO
® Yb:CALGO ® Yb:LuO ® Yb:YAG
® Yb:KLuwW »  Yb:LuO3 / Yb:ScO3 ® Yb:YCOB
® Ybh:KYW ® Yb:LuScO3
Yb:YAG @ 1030 nm ©
‘:.—Arv_.ﬂ:_ o @ ®
; g _ :
-9 3 gl 100 | .
= \ = 7 ~ e o
~ = ’ R
~ @ @ 1] -
| - ®
0
Yb:YAG: narrow emission bandwidth % i ° .
AL~ 7 nm o * o
10 1 ® ® @
- @ ®
Strong compromise between e o ° 2
pulse duration and average o v
power/pulse energy
L
10 100 1000

Pulse width (fs)
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challenge: long pulses

1 THz 1 PHz 1 EHz
| l | | | | | |

102 1013 10™| 10% 10% 10'7 10% 1019

Teraher Infrare aviolet X-ray
Far IR Mid IR Extreme UV Soft X-ray Hard X-ray
ble whve (nm)
= (=] (=)
3 AR

high-power laser technology:
- limited spectral coverage
Yb:YAG - 1030 nm
- narrow bandwidths: long pulses

Photonics and Ultrafast Laser Science




SPM

Self-phase modulation

I(t) = self-phase modulation
I(x,y) = self-focusing

n(l)=n+n,l

e
o
!

- Creates new
frequency
components

#(t)=—kn(1) L, =—k| nHn,I(t)]L,

1) nonlinear phase

o
w

Power Spectrum [a.u.]

n,>0

01— — ;
1010 1020 1030 1040 1050
Wavelength [nm]

leading edge
SPM: red
trailing edge
SPM: blue > Spectral components not in
t phase, transform-limited input
pulse: “red before blue”
- Needs negative dispersion
(blue before red) to reach
! | . short pulses
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pulse compression using SPM

C. V. Shank et al., "Compression of femtosecond optical pulses”, Appl. Phys. Lett. 40, 761 (1982)

Hollow capillaries

input

polarizer

f=1.5m : l HCF Im, 250 pm, Neon

1.4mJ, 25fs

‘wedges

CM (Femto
+Layertec)

Nisoli et al, Appl. Phys. Lett. 68, 2793 (1996)

Fibers

Solid-core fibers

Hollow-core fibers

y-im

Photonics and Ultrafast Laser Science

« Grazing incidence reflections

« Losses increase at
moderate to small core sizes,
typical 70% transmission

« Suited only for very high energies
(mJ and above)

« Real guiding

« Solid-core: limited by self-focusing
(4 MW for linear polarization and
glass), damage threshold and
bending loss at large mode areas

« Hollow-core: limited by difficulties in
bending and damage

T. Sidmeyer et al,, “Nonlinear femtosecond pulse compression at high average
power levels by use of a large-mode-area holey fiber”, Opt. Lett. 28 (20), 1951 (2003)

K. F. Mak et al,, “Two techniques for temporal pulse compression in gas-filled
hollow-core kagomé photonic crystal fiber”, Opt. Lett. 38 (18), 3592 (2013)




Compression in multi-pass cell

spectral broadening in waveguide

zZ

Idea: can one have the advantage
of free-space propagation (for
average power handling), and the " spectral broadening in lens guide

large SPM provided by fibers - free b b Pu br b
of self-focusing? /{MM\/{M\\/
7
Y P py Uy

multi-pass cell (MPC)

radius of
curvature R

Figures courtesy J. Weitenberg
Fraunhofer ILT Aachen

First realization (ILT Aachen):
Schulte et al. "Nonlinear pulse
compression in a multi-pass cell,"

length L Opt. Lett. 41, 4511-4514 (2016)
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Example

+«— 60cm ——»

SESAM godelockedeb:YAG Multl-pas; celllcloznxressmn Pavg =112W frep = 13.4MHz E, = 8.4 )
Pag=123W =13.4MHz =
e avg t,=88fs P, =80MW A=1030nm
t, =534fs A =1030nm tp=88fs
“ 130 »
s mn == 10
= Retrieved = Retrieved = Measured
M U 1.0F~ 1 ';' 1.00+
thin disk Tosl = ? i
Yb:YAG & 3 50757 B
b 3 —] Sosfe. 88 fs £ ) o
2 i g 2050 2
i : £ % osr : 3 :
— 1| - 25 - .
U:H( ﬂl? "I": III 0.0 —, i P 2 ~10
nﬂ_(yﬂ Q Q9 "~ -300 -200 100 0 100 200 300 1010 1020 1030 1040 1050
*ﬂ 2 £ @ Time [fs] Wavelength [nm]
35 mbar 42 passes

- Herriott type multi-pass celll + fused silica + negative dispersive mirror pair
- Generated spectrum agrees well with 3D pulse propagation model
- M2<1.15

- Excellent efficiency: 91%

Tsai et al. "Efficient nonlinear compression of a mode-locked thin-disk
oscillator to 27 fs at 98 W average power," Opt. Lett. 44, 4115-4118 (2019)
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Works for an extremely large variety of parameters

Letter Vol. 43, No. 23 / 1 December 2018 / Optics Letters 5877 I

18.6 m|, 5 kHz, FL 1.3 ps

1 2 : " Input ""I
M : 3 |'I:II B Output I 2
Optics Letters ' B |
| 45 - -
pE—— | 43 Z 06 Ei
Multipass spectral broadening of 18 mJ pulses L e\ g ° 1
compressible from 1.3 ps to 41 fs NIE | e o £ £
a 78m),5kHz, FL39 s |
MarTin Kaumanns,™* Viabimir Pervak,! Dmirri Kormin,' VyacHESLAV LESHCHENKO, ' 02 2
ALexanDER KEesseL,? @ Morimz UerrING,! Yu CHEN,? AND THomas NUBBEMEYER'

"Ludwig-Maximilians-Universitat Minchen, Am Coulombwall 1, 85748 Garching, Germany H i g h e n e rg i e S - g a S fi | I e d Ce I | uggg

1000 1020 1040 1060
*Max-Planck-Institut fir Quantenoptik, Hans-Kopfermann-Str. 1, 85748 Garching, Germany
“Corresponding author: martin.kaumanns@physik.uni-muenchen.de W’.!\'t‘]en):lh (nm)

Received 5 October 2018; revised 2 November 2018; accepted 3 November 2018; posted 5 November 2018 (Doc. ID 347510);
published 30 November 2018

| 6250 Vol 45, No. 22/ 15 November 2020 / Optics Letters 1 mJ, 31 fS pulses
&

Optics Letters chirped-mirror

compressor

Kilowatt-average-power compression of millijoule
pulses in a gas-filled multi-pass cell /

CHRISTIAN GREBING,">* MicHAEL MULLER,' JoacHIM BuLpT,' ® HENNING STARK,' AND — B
JENS LIMPERT'-%? o ..

! Institute of Applied Physics, Abbe Center of Photonics, Friedrich Schiller University Jena, Albert-Einstein-Str. 6, 07745 Jena, Germany

2Fraunhofer Institute for Applied Optics and Precision Engineering, Albert-Einstein-Str. 7, 07745 Jena, Germany co h'E' fent Iy com b 1 ned
*Helmholtz-Institute Jena, Frébelstieg 3, 07743 Jena, Germany

*Corresponding author: christian.grebing@uni-jena.de 4 E Yb:ﬁber CPA‘

Received 1 September 2020; revised 7 October 2020; accepted 11 October 2020; posted 12 October 2020 (Doc. ID 408998);
published 12 November 2020 o Ll ey
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Ultrafast lasers for THz generation using

nonlinear optical techniques
Part 2: Terahertz generation at high-power

Clara J. Saraceno

ICTP Winter School on Terahertz Optics and Photonics - February 2023
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spectral coverage

We have kilowatt, fs lasers, so now what?

1 THz 1 PHz 1 EHz
| | | | | ] |

1012 10713 1074 1075 10'% 1017 10718 1(;19

Terah- Infra vuolet X-ray
Far IR Mid IR Extreme UV Soft X-ray Hard X-ray
le wave (nm)
:7 w0 (=] o
SR E S 3

Trend: high-power from THz to XUV
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ole wave (nm)
High power THz radiation N S 5§

P@ Photonics and

Ultrafast Laser Science

puls /'

spectral coverage

We have kilowatt, fs lasers, so now what?

1 THz 1 PHz 1 EHz
| | | | | ] |

\“,,‘ i‘-L:;H ] -\/L
il

1012 10713 1074 1075 10'% 1017 10718 1(;19

Terah- Infra vuolet X-ray
Far IR Mid IR Extreme UV Soft X-ray Hard X-ray
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THz lab-sources: low average power

frequency
conversion @ Optical Rectification
<<1% @® Photoconductive antenna
\ Two-color ionized gas plasma
i
1mJ ¢ =SS
AL THz pulses e S~y
‘ B <
s<rmw \"\.‘ ¢ | targeted area
> [~ e o So '
near infrared 20 1u] & \“9 7 a~al
<. B —
pulses Qﬂ) H s\‘. ‘\“s Ibh/ \s*"'-.
<< 10 W & = T~ 8 ‘ .
) N } @ S
'2‘3 - \.t '-.\ L
3 "'-.,‘ Q\ *
state-of-the-art THz power: mW level ~ 1nJ} T ;JIHDV. N
ey S o ~
repetition rate or pulse strength: - - : = "Q’\ ™
compromise necessary - typical operation — e * >~
- . . . .. 1 | | ..."':j | A
origin of limitations: low drivin 1 I]
9 E N1 1 kHz 1 MHz

power and efficiency

power-hungry applications: Repetition rate

traditionally accelerators
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THz E-field
reconstructed using
multiple time-delayed
probe pulses

—— Averaged time trace

Signal / a.u.
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why do we care?

Same measurement time (approx 1 min)

= —— 40 kHz . —— 40 kHz
g O B o — - Same measurement time -- more
z : samples per second, higher
g ° B0 dynamic range (and bandwidth!)
B . g
ﬁ' ’ §—60' OR
£ s & —— e - same dynamic range at 10 times

-10 ~80 shorter measurement time

-4 -2 0 2 4 0 1 2 3 4
Time [ps] Frequency [THz]
Performance of a TDS?
SRR — e magnitude of amplitude > Stability from trace to trace
standard deviation of amplitude
DR maximum magnitude of amplitude - Fluctuations within one EOS trace
rms Of nOise ﬂOOI' M. Naftaly and R. Dudley, “Methodologies for determining the dynamic ranges and signal-to noise

ratios of terahertz time-domain spectrometers,” Optics Letters, vol. 34, p. 1213, Apr. 2009.
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Amplitude [kV/cm]

why do we care?

Same measurement time (approx 1 min)

—— 40 kHz

+ —— 400 kHz

Time [ps]

0

Spectrum power [dB]
'y
o

—— 40 kHz
—— 400 kHz

- Same measurement time -- more
samples per second, higher DR
(and bandwidth!)

OR

- same DR at 10 times shorter
measurement time

1 2 3 4
Frequency [THz]

Average power advantage strongly depends on the
experiments specifics and detection setup
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our THz research in a nutshell

High average power High average
ultrafast lasers power THz-TDS
mple: modelocked thin-disk oscillators ‘ Example: opt. rectification

SESAM Brewster plate
( "7 o disk i\ A
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our THz research in a nutshell /

High average power High average /

ultrafast lasers power THz-TDS
le: modelocked thin-disk oscillato Example: opt. rectification
SESAM Brewster plate

Power-hungry

applications

CLUSTER OF EXCELLENCE - EXC 2033

Imaging & sensing
High-power Low-power

RIIe

SFB./ TRR 196

distance (mm)

“mobile material

: characterization and

: oA ave identification in the

. o -20 =10 0 10 20 -20 -10 0 10 20 THz range...”
understand solvents at distance (mm) distance (mm)

a molecular level...”

Photonics and Ultrafast Laser Science




how we started looking into this

electronics THz region photonics
1 T
1071

wavenumber / cm™

javele ;':-;y]'if"_ Lm '

water absorption / (1/cm)

energy / meV =
frequency / THz _ [ 5
10
il — M. Heyden, J. Sun, S. Funkner, H.
single cycle duration / ps 103 Forbert, G. Mathias, M. Havenith and

D. Marx, Proc. Natl. Acad. Sci.
USA 107, 2010

source ‘dream”

short, phase-stable THz pulses covering [1-10 THz] or more @ RESOLV
L/
high repetition rate (MHz): high signal-to-noise ratio, short )ASRU?&EL"PLORESSft"”'?“

measurement times
- 200 scientists in the Ruhr area

high energy (uJ): nonlinear spectroscopies - solvent molecular details in the focus
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selection of THz generation methods /

/

photocurrent in : : . _ _ two-color ionized
. spintronic emitters (2) -
semiconductor P (%) in non-centrosymmetric crystals gas plasma

== _ 5=

nJ mJ

1. Burford, N. M. & ElI-Shenawee, M. O. Opt. Eng. 56, 010901 (2017).
2. Seifert, T., Jaiswal, S., Martens, U. et al. Nature Photon 10, 483-488 (2016).
3. Matsubara, E., Nagai, M. & Ashida, M. Appl. Phys. Lett. 101, (2012).
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selection of THz generation methods /

/

photocurrent in : : . _ _ Two-color ionized
. spintronic emitters (2) -
semiconductor P (%) in non-centrosymmetric crystals gas plasma

D= A =

nJ mJ
All generation methods have
1. Burford, N. M. & ElI-Shenawee, M. O. Opt. Eng. 56, 010901 (2017). IntereStlng and unexplored hlgh
2. Seifert, T., Jaiswal, S., Martens, U. et al. Nature Photon 10, 483-488 (2016). average power regimes of operation!

3. Matsubara, E., Nagai, M. & Ashida, M. Appl. Phys. Lett. 101, (2012).
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selection of THz generation methods

V4

MHz repetition rates
thin-disk oscillators

photocurrent in
semiconductor

spintronic emitters v(2) in non-centrosymmetric crystals

D= =

nJ

1. Burford, N. M. & ElI-Shenawee, M. O. Opt. Eng. 56, 010901 (2017).
2. Seifert, T., Jaiswal, S., Martens, U. et al. Nature Photon 10, 483-488 (2016).
3. Matsubara, E., Nagai, M. & Ashida, M. Appl. Phys. Lett. 101, (2012).
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Two-color ionized
gas plasma

mJ




Workhorse thin-disk oscillator

.Or— measured
-- sech? fit

o
co

==
O !
(@I
\J
5

Autocorrelation [a.u.]
o
o

Thin-disk éf
Yb:LUAG
= .

—]
L

| 1,= 580fs

I

GDD = -6000 fs? \ =2 -1 0 1 2
47 mbar SESAM Delay [ps]

Png = 125W

fep = 13.4 MHz

E, = 93w

T, = 580 fs

A = 1030 nm
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Power [W]

----- »
Thin-disk : n\ﬂ [IOC ﬁ1.0'— meisurrted
5 -- sech?fi
Yb:LUAG % W Zosl
l—u-: m :—Hﬂ §°-6’ T, = 580fs
& }W g 0.4}
% <
GDD = -6000 fs? 025 0 i 2
47 mbar SESAM Delay [ps]
112
110 P, = 125W
108 __ frep = 13.4 MHz
106 E, = 93
104 P,,=107.5W . _ 580 fs
102 RMS: 0.15% P
100 A = 1030 nm
2 ;1 6 8 lIO ll2 lld 1I6

Workhorse thin-disk oscillator
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Flexible pulse compression

60 cm

SESAM modelocked Yb:LUAG Multi-pass cell compression
Pag=123W  f,, =13.4MHz Pavg =112 W
t, =534fs A =1030nm t,=88fs
< 130 cm >
n ’k > — Retrieved — Measured — Simulated -- TDL
u h‘!’ 1of~ ™ , o *
thin disk T fﬁ\} : 310
Yb:LUAG % _:_W G BB 5 0.8} ? 2 - g
>06 L1 = E
:% & £~ @ o % 2
ﬁ NXW £ E 5 204 \ = Dos
%{u § § $ - "il i %
nn—gﬁ(_;_ﬂ ] i g 0.2 \\ =
-4
o S o -
o e H 0.0 s Vi ; \ )
35 mbar i 42 passes tinasy 001010 1020 1030 1040 1050

Wavelength [nm]
= Herriott type multi-pass cell# + fused silica + dispersive mirror pair

= Generated spectrum agrees well with 3D pulse propagation model

= M2< 1.15

= Excellent efficiency: 91%

P,,=112W f_=134MHz E,=8.4p) t,=88fs P, =80MW A=1030nm

avg

1. J. Schulte et al., "Nonlinear pulse compression in a multi-pass cell," Opt. Lett. 41, 4511-4514 (2016)
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Collinear optical rectification

SESAM modelocked Yb:LUAG Multi-pass cell compression Optical rectification
Pog=123W f,, =13.4MHz Pog=112W
t, =534fs A =1030nm t,=88fs
< 130 cm >

“ &\ﬂﬂ ] 7 >

Yb:LUAG % _:—W 24x -550fs?
ﬂ E(w)

FPY(1)
dZ

E,,. (t,Q)~

I

300mm

300mm
GDD = -350fs?

"

Rl
P (Q) = 7P (Q0,Q — 0) E(w)E(w)

ROC

42 passes

35 mbar

= Herriott type multi-pass cell# + fused silica + dispersive mirror pair
= Generated spectrum agrees well with 3D pulse propagation model
= M2< 1.15

= Excellent efficiency: 91%

P

=112W f_=13.4MHz E,=8.4p) t,=88fs P, ,=80MW \=1030nm

avg
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Choice of nonlinear crystal?

+ velocity matching

= (GaSe m— GaP DAST
Coherence length = measure of walk-off between — ZnTe  —- HMOTMS
pump pulses and the generated THz pulses 3 ,
1
lc = 'g‘ 2
1 1
2fr - é
< 1
- strength of nonlinear coefficient 0 0E8 1'0 % o
improves conversion efficiency ' ' ' '
Pump wavelength A, [pm]
« THz absorption
strongly affects bandwidth, typically Maedal B W] delpmi¥]l ™=  wr  swhion] FOMfperon’/V]
I
. . GaS 2.02 28.0 2.96 [105] 3.27 0.5 1.1
phonon absorption lines Cap 2.48 248 333h0e] 334 0.2 0.8
ZnTe 2.26 68.5 2.98 [107] 3.17 1.3 4.5
LN 3.8 168.0 2.22[108] 4.96 17.0 16.9
- damage threshold LN 100K 168.0 222[108] 496 48 488
. . . . DAST 615.0 2.59[109] ~2.25[101] ~30.0[101] 151.6
nor_\“near prOC?SS scales with mtenS'ty,_ HMQ-TMS >190.0[110] 2.14[111] ~217[111] ~50.0[111] >5.8
limited by detrimental processes (multi-
photon absorption, free-carrier absorption, ‘
damage, etc.) etC......
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Broadband THz generation in GaP

a)
— 10 1.20mW
= w 135 mW -+ 1.35 mW for OR in GaP and broadband THz
= 05
= 042mW spectra (up to 6 THz)
0.0
\[\' 1 1 L 1
=1 0 . 2 3 4 « Limitations at high power level remained
b) E—— unknown
'_:7 1.0 i i:ﬂ mm
= iaween « Resistance to high-average power and
s 05F _
£ broad bandwidth prompted further study
0.0 :
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
Frequency [THz] PTHz 1.35 mW
(& - =
9o f/» . | Epea |~ 7.5 kV/cm
_,'33 -20 | ~
E —40 L 5(_) averages E Ppeak 300 W
E e | 15 traces/s ‘f"’;-’\\,,\ ‘ n 1.2. 10-5
(a9 % |.\ N a A \ :
—80 b 1 1 1 1 1 nl fi‘m frep 13.3 MHZ
0 1 2 3 4 5 6 7 8

Frequency [THz]

F. Meyer et al., "Milliwatt-class broadband THz source driven by a 112 W, sub-100 fs thin-disk laser," Opt. Express 27, 30340-30349 (2019)
N. Hekmat, et al. “Cryogenically cooled GaP for optical rectification at high excitation average powers,” Opt. Mat. Express, vol. 10, (2020)
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GaP at Cryogenic Temperatures

a) ® 7K @ 250K 150K —-— 88f5,77K —-— 88f5,77K == 580fs, 77K
I don -
® 150K @ 350K S00 K —— 88f5,200K —— 88fs,290K —— 580fs,290K

75 | B4 290K HH 290K ew
| 77K 77K cw

Refractive index

1 2 3 4
Frequency [THz]

Generated heat [W]

0 20 40 60 80 100 120
Frequency [THz] Pump power [W]

« Only small decrease of refractive index and velocity matching

conditions, minor increase in conversion efficiency, broader bandwidth

« Multi-photon absorption (MPA) still the main limiting factor for

b) 112W 290K c)112W 77K

efficiency in our excitation regime

N. Hekmat, et al. “Cryogenically cooled GaP for optical rectification at high excitation average powers,” Opt. Mat. Express, vol. 10, (2020)
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tilted pulse front in Lithium Niobate

100 W -

Lithium Niobate (LN): high nonlinearity and 13 MHz : ﬂ
pump ;

little multi-photon absorption

But: phase matching requires tilting the

pulse Uiir €0S ¥=vrg,

Increased experimental complexity, more T 102
: : 2 il
complex generation process due to spatio- = 10°F " —
. . = -~ Plad
temporal couplings and less bandwidth po e - 10-3
g Ll Le Rl g
o 107° [ I =
. . . . g A3y g
Conversion efficiencies on the 1% 2 \:“ /', . ] Az
o ,’, ”” —4 E
level demonstrated (at lower & 04 b ket @ _fer o
3 -~ ol
—_ a3 ’,’
repetition rate) \N“;"" %
—6 L ......J_hhml._u_.....m\ 7 M | . =5
10 10

AT |
02 10t 1P 10! 10? 10°
Pump average power [W]
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tilted pulse front in Lithium Niobate

— Y7 fs 236 fs

550 fs

a) [ « Higher conversion efficiency at the expense
— 41 mW
= /\/_h of bandwidth
] o .. a— 66 mW
5 0_//\/\f \/ 15mW « Record-high average powers
(UN]
: : : : « Limitations identified: combination of

thermal effects and walk-off/depletion due

to small spot sizes

« Scaling to watt-level: technically possible

Pruz 66 mW
N Epeak | ~16.7 kV/cm
E Ppeak N18 kW
n 6-10-4
—80k . ,
0.0 05 10 15 20 25 30 35 40 frep 13.3 MHz

Frequency [THz]

F. Meyer et al., "Single-cycle, MHz repetition rate THz source with 66 mW of average power," Opt. Lett. 45, 2494-2497 (2020)
F. Wulf, et al., "Analysis of THz generation using the tilted pulse front geometry in the limit of small pulse energies and beam sizes" Opt. Express 29(12), 18889-18904 (2021)
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Benchmarking

— T fs - 236fs 550fs
a
) 4F ..

=
= 2 N\ " 66 mW
- & e —— \ _‘,' e —— = —

E \

ic 15mW
L

—500

0
Time [fs]

|
o)
o

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Frequency [THz]

A “mini-accelerator”

High-Field High-Repetition-Rate Terahertz facility @ ELBE (TELBE)

single-cycle @100 kHz, 0.25 pJ 2> 25 mW
(target): single-cycle @ 1 MHz - 0.2 mW
Our oscillator-driven source @13 MHz - 66 mW

Pruz 66 mW

Epeak | ~16.7 kV/cm
Poeak | ~18 kW

n 6-10-4

frep 13.3 MHz

THz

F. Meyer et al., "Single-cycle, MHz repetition rate THz source with 66 mW of average power," Opt. Lett. 45, 2494-2497 (2020)
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THz imaging

In collaboration with Prof. Jan Balzer, University of Duisburg Essen
kg‘,arle Lensless THz imaging of 3D printed sample

SFB.~ TRR 196

“mobile material shaker delay line

characterization and OSC”IOSCODe
identification in the L
THz range...” Ol0l0
Sample 9060 Laser oscilator
T=540fs
beam dump frep= 13.4 MHz

'\LNX'/ . 25 mbar
| [ —

A THz m\ﬂ ﬂ
Antenng . Pavg = 10 mW M
—— D thin disk
sample rotation stage { {

ﬁbeiJWW i / Pavg = 90 W

S. Mansourzadeh, D. Damyanov, T. Vogel, F. Wulf, R. Kohlhaas, B. Globisch, T. Schultze, M. Hoffmann, J. C. Balzer, and C. J. Saraceno "High-power Lensless THz Imaging of
Hidden Objects," in IEEE Access, doi: 10.1109/ACCESS.2020.3048781 (2021)
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distance (mm)

THz imaging with LN source

distance (mm)

Power 200 pWwW 20 mW
Pulse duration 100 fs 580 fs
20 20 — Lo Wavelength Laser 1550 nm (receiver 1030 nm
- \ " | optimized for this 1)
£ 101 N 1EiaZ s N Sl =
E Ao g Ty | 0.6 £ Repetition rate 100 MHz 13.4 MHz
5 i - i 0.4
s -lo et A 02 E
! SEAT e s} = = .
: _o [N, © Potential for improvement very large:
10 20 -20 =10 O 10 20

- Measurement acceleration
- 3D images

« Same detector and acquisition time
« Contrast enhancement
« Difference in material recognizable

- Concealed objects

S. Mansourzadeh, D. Damyanov, T. Vogel, F. Wulf, R. Kohlhaas, B. Globisch, T. Schultze, M. Hoffmann, J. C. Balzer, and C. J. Saraceno "High-power Lensless THz Imaging of
Hidden Objects," in IEEE Access, doi: 10.1109/ACCESS.2020.3048781 (2021)
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broader bandwidths: organic crystals

« Combine high conversion efficiency and broad THz bandwidth in collinear scheme
« Most results limited to low repetition rate due to poor thermal properties
 BNA (N-benzyl-2-methyl-4-nitroaniline): collinear phase-matching for 1030 nm

d
<"-n L beam

[ i B > 99% J TFPT_. block

I’ ! -« A2
s 1% f— 100 mm .
D"\ ! < \ N Burst-mode

> ' chopper
- equivalent
Pﬂ shaker delay line f =300 mm q
15 mbar §§ /

‘f,‘ Di
pyroelectric detector

lock-in + DAQ

wollaston prism A/4 P\ Gap beam block
@/ ‘ L'
2y | 4

balanced photodetector

=300 mm
=-350 fs?

ROC

ROC =300 m:

GDD

S. Mansourzadeh, T. Vogel, M. Shalaby, F. Wulf, and C. J. Saraceno “Milliwatt average power, MHz-repetition rate, broadband
THz generation in organic crystal BNA with diamond substrate” Optics Express Vol. 29, Issue 24, pp. 38946-38957 (2021)
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broader bandwidths: organic crystals

« Combine high conversion efficiency and broad THz bandwidth in collinear scheme
« Most results limited to low repetition rate due to poor thermal properties
 BNA (N-benzyl-2-methyl-4-nitroaniline): collinear phase-matching for 1030 nm

d
= 0
%8s |
0.8 - - 60 0.02 1 — -10
L]
g .... 55 g-) 2 E
£ 061 KL Lsie & DOl E 20
5 i 5 S E
g o’ 458 2 9 -30
[ ] — —.
204 .-‘:c g g- o‘oo-ﬁw ?
T of o L40E ®© o —40
® ) Q g
= ° . o = ‘
B oo o0° - 35 —0.01 1 Q _g50- measurment
.'.." ‘— simulation
00 N ... i 30 T T T T —60 T T T
05 10 15 20 25 -2ps Os 2ps 4ps 6ps 8ps OHz 2THz 4THz 6THz

pump power /W
« Laser power 24 W (10% duty cycle - 2.4 W on crystal)
« 0.95 mW THz power using diamond-heatsinked BNA
« Broad flat spectrum - limited by detection in 0.2 mm GaP

S. Mansourzadeh, T. Vogel, M. Shalaby, F. Wulf, and C. J. Saraceno “Milliwatt average power, MHz-repetition rate, broadband
THz generation in organic crystal BNA with diamond substrate” Optics Express Vol. 29, Issue 24, pp. 38946-38957 (2021)
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Pulse energy

Back to the state-of-the-art

@ Optical Rectification
@ TPhotoconductive antenna

Two-color ionized gas plasma

{‘h
1 mJ ."\.\‘ \\\."\ { PV
9.‘\"‘& ¢ \“u.._\ targeted area
1] -4 4 "'s& 7 [ TN
s‘.\ E “..\ : \: )
S \Q;\ w
~ s ~
1n] T ]”PV. ® -.\\*
3 1 "'--,‘. <o .
typical operation Bl o
1 D 1 I 1 s ) |
IIHZ 1 kHz 1 MHz

Repetition rate

10 MHz - 100 MHz

Moderate pulse energies (10s nl)
Promising for linear spectroscopy,
imaging, etc.
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Pulse energy
—
E

—
2,

Back to the state-of-the-art

@ Optical Rectification
@ TPhotoconductive antenna

Two-color ionized gas plasma

{'\
‘."*-.\ \\."s\ { PV
N !”‘*-.,‘ ® \"“s.\’ targeted area
- ~~. B o
‘\. - . E ol ] \"'-"\,
T s R $ / Svei | 100 khz - 1 MHz
k S N ~~<J] High pulse energies (pJ THz energies)
"'*--.._ ‘L\ * Promising for nonlinear spectroscopy
- \." ] m*\ .
| typical operation A * g
1 pII | ] | I \\",J | " |
Hz 1 kHz 1 MHz

Repetition rate
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Lithium niobate - slab amplifier

100 kHz Yb:YAG amplifier

Osc~]>

EO-sampling

6W fiber amp. PD2 8 %
\ 4
400W Yb:YAG-Inno PD1 QWP

WP GaP
KW booster —p| G PM2 - 144 mW (344 W input)

084 KW 700 & ’T*ﬂ:?'mw PM3 — 100 kHz repetition rate
................... — Lithium Niobate: up to 2 THz
er}’eﬁ’_’ _ m A et SO ~ 150 kV/cm estimated peak
@ E e E-field

Multi-Pass Cell 1

———————————————————

P. Kramer, M. Windeler, K. Mecseki, E. G. Champenois,
M. C. Hoffmann, and F. Tavella, "Enabling high
repetition rate nonlinear THz science with a kilowatt-

0 class sub-100 fs laser source,"

Opt. Express 28, 16951-16967 (2020)

S(u)THZ (a.u.)

0 5 10
Time (ps)
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Plasma source — multi-channel rod amplifier

IAP, University of Jena, Germany

16 Channel Coherently Combined Multipass-Cell Compression [27]
Yb:Fiber CPA-System [26]

Fiber-integrated frontend / stretcher

Oscillator

Pre-Amplifiers 08
16 ¢.c. Main Amplifiers £ o6t
Chirped Mirrors é ‘
=l 2wl
—_— =
/ 2 0z}
e — 640 mW (633 W input)
500 kHz - Gas-Jet
633 W, 1.3 mJ Generation 1 mm OAP 1 e

376 | shar 1 Dip — 500 kHz repetition rate
BS 90:10 : | ™" - Very broadband up to 30

200 mm 100 um BBO 1O F ..
. g \ o THz - performance limited
HRFZ-Si iy i
300 mm / % by detectlon
onr? / $" — Estimated peak E-field
Camera 300 mm CM "E: 1 MV/Cm
[ v [ <h l / , M
HRFZ-Si oWt 1‘0 3.0 EI(] 4I0 50

Delay

Frequency / THz

. ,/ Dichroic Mirror
Characterization

Photodiode . Dump

Joachim Buldt, Henning Stark, Michael Miller, Christian Grebing, César Jauregui, and Jens Limpert, "Gas-plasma-
based generation of broadband terahertz radiation with 640 mW average power," Opt. Lett. 46, 5256-5259 (2021)
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TruMicro 2000

PHng 19W

A =1030 nm

tp=310fs

rrcp =400 kHz

Amplitude [kV/cm]

20

15

10

°

-10

Step scan line

| %

—— 40 kHz
—— 400 kHz

—4

-2

0
Time [ps]

beam dump
TFP je—s, Transmission grating
A2 '

Lithium niobate — commercial Yb laser

-\Zl,

559 1 109 humaaadits
Yy AC lens
A2 ] beam dump
pulse front | LN
Chopper e Pl i o
lens é E
L5 § b -
Fast dclnf line
é ! GaP 0.5 mm
i - 4 _
i wollaston prism |
S : lock-in +
re hia"md"*_dala acquisition
photodetector
0
—— 40 kHz
——— 400 kHz

Spectrum power [dB]
A
(=]

Frequency [THz]

Photonics and Ultrafast Laser Science

400 kHz

25 mW of average power (19 W input)
Simple turn-key commercial laser
Repetition rate variable, allows to study
accumulation effects

Estimated peak E-field 60 kV/cm

C. Millon, et al. Optics Express, accepted
for publication (2023)




Organic crystals — commercial Yb laser

powermeter THz camera

T O
1% shaker delay line ‘ E . 8’;—’
2 N - OAP \. / Wwollastonprism =5
99% < \ > _ 152
Carbide laser A f =300 mm GaP V7 §
Pavg =50 W N2 N\ # chopper A
A=1030 nm & ;E
frep = 0.1 - 1 MHz TFP Ean ‘ Idock-in +
tp = 240 fs 26 passes f=300 mm orp beam block |L9ata acquisition
100 mV S 0- - 540 kHz rep rate
Y E 251 ~0s - 5.6 mW THz power (6 W input)
T 9@ —50 - - Very broad bandwidth up to 7.8 THz
7]
g —75 - - Conversion efficiency similar to low
—200 mV A , , , 5 | | | repetition rate
5ps 10ps 15ps 20ps 25ps 0 Hz 5 THz 10 THz

- Estimated peak E-field 29 kV/cm

S. Mansourzadeh et al, APL Photonics, accepted (2023)
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Pulse energy
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Back to the state-of-the-art

@ Optical Rectification
@ TPhotoconductive antenna

Two-color ionized gas plasma

R 100 kHz - 1 MHz
‘-...\‘ \'m‘\] W Very high pulse energies
m ~eo @ “~/ : g (mJ THz energies)
B c "\ @ T=< ALRTILG arcd Promising for nonlinear spectroscopy
- - . = -~ - a \\'&-\
"s.‘ """----,.~ Ibh/ "s.‘
|_=_A..~_:._7_ ™ - _ui.._\ —
- - ﬁ.s"‘h i .“.\. : *\:'13.
£ "'s.‘t —1r Sso
~o Vo . "'s.“
B T PV | *\- A
| typical operation A * g
1 pII | ] | i \\",J | " |
Hz 1 kHz 1 MHz

Repetition rate

Photonics and Ultrafast Laser Science




THz power

Higher THz energies

Next step: Thin-disk amplifier
500 W @ 10 kHz > 50 mJ, 700 fs

Laser Dira500 Output coupler
A=1030nm f=40kHz » £ »
P=500W  t=797fs
i\ v
y - Oscillating HDP [
M2-waveplate delay i\ 7 O4P 1 £
TFP \ line  Translation — r
Beam dump g stage  Cryostat / //// \‘OAP’
incl. sSLN at 80 K \ -
= - /\ - First step: 40 kHz rep rate
Transmission grating Power
 300mm -  meter - 643 mW THz power
h Beam dumn
a) le—3 b) - peak E-field --- not measured yet!
— 400
~ ) should approach MV/cm
600 mW - l15 B 60+ . PP /
> e 40 - 300 -
400 mW - g £ 2
n
1.0 ; é 20 - 200 2
| | E @ o
200 mW _+_ Pmax — 643 mW (NN 5 0 i 100 g
—= Nmax=1.6-10"3F 0.5 2 o
oOw L T - a =20 % I
200 W 400 W 0 Hz 2 THz
Pump power Frequency T. Vogel — in preparation
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Conclusion

- SESAM modelocked Yb:LUAG Multi-pass cell compression
Conclusion: Pog=123W f., = 13.4MHz Pog=112W
t, =534fs A =1030nm t,=88fs
« Few-cycle THz broadband sources with average powers in 5“\“ = e
2
thin disk |}
the tens to hundreds of mW can be generated using new U/m
. . 2 I [ £y
high-power laser technology with hundreds of watts mg ——— I £5
vl n =S B non
ﬂﬁ\“ﬂ ' g8
+ Watt-level and beyond seems to be near future goals 42 passes
Outlook: High power Low power
20 20 = 1.0
« Keep improving the sources, both driving lasers and THz [ D 10 180N R Y °'“-<—‘§
= s s " |[Fo6
. . 3 ot o °
generation techniques g 0.4 &
3 ~10 {8 45
- Work on suitable detectors o HRRATENY oo PR ©
=20 -10 O 10 20 -20 =10 O 10 20
. . . . distance (mm) distance (mm)
« Find other areas of application where the sources can shine
" o A Unterstiitzt von / Supported by j o D
@ RESOLV Y { oo Mq rle : . MERCUR
RUHREXPLORESSOLVATION T Alexander von Humboldt D | Mercator Research
(CELLENCE - EXC 2033 u R Stiftung/Foundation Center Ruhr
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