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High rep. rate 2um with high peak power as potential candidates for
driving EUV sources

« Benefits of a Tm:YLF based laser systems linked to EUV 5 2Turln Tml:x’l HIO:IX I 19-6"'“Im .CC.)Z
generation : L

v’ CEtoin-band EUV photons using 2um laser driver on par 4 ’ ) 3.5% |
with 10pm CO2 laser driver’, better than 1Tpm i . -.-__-7:7;‘;_.;_,.;,_'3::_;'_.;;f_;f.*i;.;gg_-g_.,-;;f-;T

v EUV production by 2um laser produced plasma with I-(B-l 3 L *f-‘-:-v
5% eff. demonstrated™ < | } h -

v’ Wall-plug to EUV efficiency ~ 10% 2 2! B §

v Energy and power scalable 1 4

v' Arbitrary pulse shaping available for eff. optimization 1} ",. h

v' Viable drivers for High Harmonics Generation -
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* B. Reagan, et al., Photon Sources for Lithography and Metrology, HYDRA simulations, shown in previous EUV
Chapter 23 (2023), Workshops

"Y. Mostafa, et al., Appl. Phys. Lett. 123, 234101 (2023)
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Tm:YLF properties enabling high rep. rate architecture

Tm:YLF

+ Bandwidth supports short pulses (< 100 fs)

* Direct diode pumping available, strong
absorption

« 2 for 1 effect, still efficient

» Long lifetime (15 ms) supports efficient
operation while CW pumping

» Naturally support high power operation
(birefringent, negative dn/dT)
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Tm:YLF energy level diagram
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Warm Cryo (175 K) EUV-BAT: 1J, 100kHz, 100 kW Concept
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+ Wall-plug efficiency 20%

* power requirement 500 kW
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* B AT Big Aperture Thulium Laser Concept
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From Photon Sources for Lithography and Metrology, Chapter 23 (2023)
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We have conducted a series of experiments to demonstrate proof-
of-concept for the Tm:YLF-based BAT laser

* B AT Big Aperture Thulium Laser Concept

Tm:YLF emission cross sec tion
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High average power handling
High energy demonstration capability demonstration High peak power demonstration
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We have conducted a series of experiments to demonstrate proof-
of-concept for the Tm:YLF-based BAT laser

* B AT Big Aperture Thulium Laser Concept
Cl e

- 5
L]

High energy demonstration

Lawrence Livermore e
b National Laboratory /AF—I\ M n§‘-“9’é 6




Amplification of ns pulses from in-house built oscillator, showing
record breaking output energies from 2 um system

Diode-Pumped Tm:YLF Oscillator

Diode-Pumped Tm:YLF Multi-Pass Amplifier

4 )

* 4x50 Laser Diode
Arrays
e 793 nm, 20 kW each,
ulsed at 40 ms
N Y,
* 35 mm thickness,
pc—() .
LDS QWP — o 100 mm diameter
s

* 6% at. doping

[ . Tm:YLF oscillator — 4 mJ, 20 ns, @ 1880nm ]
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Amplification of ns pulses from in-house built oscillator, showing
record breaking output energies from 2 um system
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 Highest demonstrated energy from a 2 ym ns laser system

Demonstrated 21.7 J, 20ns, single shot
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* Demonstrated burst operation
e ~0.5)perpulse @ 6.8 kHz, 19% o0-0 efficiency
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We have conducted a series of experiments to demonstrate proof-
of-concept for the Tm:YLF-based BAT laser

* B AT Big Aperture Thulium Laser Concept
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Coolant Flow Vanes

High average power handling
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CW pumped gas cooled Tm:YLF slab experiment, aiming at heat
removal of > 20 W/cm?

He gas cooling

Tm:YLF slab
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CW pumped gas cooled Tm:YLF slab experiment, aiming at heat
removal of > 20 W/cm?

N
o
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o

Heat Load [W/cmz]
o

 Demonstrated gas-cooled heat extraction > 20 W/cm?

* Order of magnitude higher than state-of-the-art for PW-

0 1 2 3 4 5 class gas cooled laser systems
Input Power [kW]

Lawrence Livermore 0
t National Laboratory /A.?_T\ M M’S‘!‘.@é 11



We have conducted a series of experiments to demonstrate proof-
of-concept for the Tm:YLF-based BAT laser

* B AT Big Aperture Thulium Laser Concept

Tm:YLF emission cross sec tion
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Compact Chirped Pulse Amplification setup built to demonstrate
TW peak power

* 8-pass, near-field and polarization multiplexed CPA system
* Tm:YLF amplifier and compressor fits on 1.5 X 3.6 m table
* 1kHz, 1900nm, 50nm, 500ps front-end
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Compact Chirped Pulse Amplification setup built to demonstrate
TW peak power

8-pass, near-field and polarization multiplexed CPA system

Tm:YLF amplifier and compressor fits on 1.5 x 3.6 m table

1 kHz, 1900nm, 50nm, 500ps front-e
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1.59 J reached after 8 passes, 270 fs with J-level pulses
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* Demonstrated 1.59 J at 35.3 kW pumping, single shot

* Joule level broadband pulses for the first time in

Tm:YLF CPA

(2
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Demonstrated 270 fs compressed at full energy

Single shot measurement, compressor eff. 42 %

1.7 TW peak power

J
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Broadband, single shot burst operation - 10 J reached with 10 pulses
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* Demonstrated 10 J with 10 pulses at 38.2 kW pumping

* Joule level broadband burst
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Demonstrated results compared to other 2 um laser systems

Op RESS

100J g A
F 1 GW peak power and 100 J pulsed operation of
a diode-pumped Tm:YLF laser

/ g IssA TAMER,” BRENDAN A. REAGAN, THOMAS GALVIN, FRANTISEK
BATYSTA, © EMILY SISTRUNK, DREW WILLARD, ANDREW CHURCH,
§ HANSEL NEURATH, JUSTIN GALBRAITH, GLENN HUETE, AND
THOMAS SPINKA

10J

2 100mJ | . . o pd
2 5 21.7 J, 20 ns with 28.4 kW, 40 ms pumping
L:) [ I. Tamer, et al., OE 30, 46336-46343 (2022)
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B. A. Reagan, et al., Chapter 23 in Photon Sources for Lithography and Metrology, SPIE Press, pp. 999-1025 (2023).
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Demonstrated results compared to other 2 um laser systems

Vol. 49, No. 6/15 March 2024/ Optics Letfers 1583 |
Summary of 2um Laser Systems: Peak Power Sum er

Optics Letters | 1004

Demonstration of a 1 TW peak power, joule-level
ultrashort Tm:YLF laser 104
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(@]
— 1 0 O m J E . T m We report on the demonstration of a diode-pumped, spectral pre-shaping, as well as CW laser operation with a tun- 1 O O m J
(O] E Tm:VLF-based, chirped pulse amplification laser system ing  range of nearly 400 nm [22]. Additionally, due o a strong
C o operating at A ~ 1.9 um that produces amplified pulse ener- tion mechanism, two Tm’* ions can be promoted to

. Ho gies exceeding 1.5 J using a single 8- s poweramplifier. The e upper lasing level for cach pump photon absorbed, resulting
LIJ L i pulses are to sub-300fs in a reduced effective quantum defect of ~16% [21]. despite the

. C durations by a diffraction gmlmg pair, producing record large difference in pump and seed photon energies. Finally, the
()] 1 0 J r >1TW peak power pulses. To the best of our knowledge, this long upper-level lifetime of 15ms 23] allows for continuous 1 O J
) mdJ E is the highest peak power for any solid-state, high-energy density storage when pumped with low brightness m
— - . O PA near-2pm laser architecture and illustrates the potential laser diodes, as well as efficient high repetition rate operation in
3 o of Tm:YLF for the next generation of high-power, diode- the multi-pulse extraction (MPE) regime [24]. In this mode of
D— pumped ultrashort lasers. © 2024 Optica Publishing Group operation, the material is continuously pumped and maintains

1f o~ —— <

TmJ  1.59], 270 fs with 35.3 kW, 40 ms pumping

|. Tamer, et al., OL 49, 1583-1586 (2024) |
M
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B. A. Reagan, et al., Chapter 23 in Photon Sources for Lithography and Metrology, SPIE Press, pp. 999-1025 (2023).
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Demonstrated burst mode results at low duty cycle

Summary of 2um Laser Systems: Peak Power Summary of 2um Laser Systems Average Power
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B. A. Reagan, et al., Chapter 23 in Photon Sources for Lithography and Metrology, SPIE Press, pp. 999-1025 (2023).
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Summary and Outlook

e Tm:YLF tabletop system:
v" Narrowband results: 21.7 Jin 20 ns, burst mode 3.6 kW, 19% 0-0 eff.
v' Gas cooling experiments:
Record breaking heat removal of >20 W/cm?
(~10x higher than state-of-the-art lasers), avg. power scaling viable
v' Broadband CPA results:
amplified pulse energies up to 1.59J
pulses at Joule-level compressed to 270 fs FWHM
demonstrating > 1 TW peak power at 2 ym
v' 10 J with 10 pulses in 1 kHz burst mode (broadband)

* Future - Scaling peak and average power
* Generation of higher energy, shorter duration pulses

* (Gas-cooled, multi-slab amplifier for high rep rate operation

Prepared by LLNL under Contract DE-AC52-07NA27344, supported by programs 20-ERD-006 and 21-ERD-016 (LLNL-LDRD), SCW1648 (DOE SC
ARDAP Accelerator Stewardship), and DARPA’s Muons for Science and Security Program
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