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Abstract

A high-power EUV light source using ERL-based FEL can supply a large number of semiconductor exposure
equipment with 10 kW-class EUV output needed in future. There are some requirements in whole and its injector, in
particular, and their examination and necessary development are being carried out. The requirement for the injector was
to generate high bunch charge beams at a high-repetition rate. In this regard, a space charge effect should be treated
carefully on a design of the injector. For FEL operation, not only short bunch length and small transverse emittance but
also small longitudinal emittance are required. By using a multi-objective genetic algorithm, we are minimizing them at
the exit of the injector to investigate the injector performance and its effect on the FEL generation. In this study, we

describe the injector optimization strategies and possible options suited for the ERL-based EUV-FEL.
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Figure 1: Design and specification of the ERL-based EUV-
FEL light source for lithography.
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Figure 2: Schematic of the EUV-FEL injector.
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Table 1: Main Parameters in the EUV-FEL Injector

Electron gun voltage 500 kV
Bunch charge 60 pC
Injector beam energy 10.5 MeV
RF frequency 1.3 GHz
Cavities’ acceleration field <7.3MV/m
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Table 2: Variables

Laser spot diameter 1.21 mm
Laser pulse length! 13.75 ps
SL1 solenoid current 442 A
SL2 solenoid current 1.57A
Buncher cavity. voltage 91.94 kV
Buncher cavity phase offset -90.99 deg.
Inj1 cavity voltage 6.80 MV/m
Inj2 cavity voltage 7.99 MV/m
Inj3 cavity voltage 7.99 MV/m
Inj4 cavity voltage 7.99 MV/m
Inj5 cavity voltage 7.99 MV/m
Inj6 cavity voltage 7.99 MV/m
Inj1 cavity phase offset -33.82 deg.
Inj2 cavity phase offset -27.44 deg.
Inj3 cavity phase offset -19.00 deg.
Inj4 cavity phase offset 3.73 deg.
Inj5 cavity phase offset 18.46 deg.
Inj6 cavity phase offset 0.59 deg.
Distances between:
gun and solenoid 1 0.30 m
solenoid 1 and buncher 0.37m
buncher and solenoid 2 0.13m
solenoid 2 and cavity 1 1.38 m
Q1 quadrupole straight 16.23 / m?
Q2 quadrupole straight -13.72 / m?
Q3 quadrupole straight -4.12/m?
Q4 quadrupole straight 8.94 / m?
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Figure 3: Optimized longitudinal emittance and energy
spread (top) and transverse emittance (bottom) as a
function of the bunch length at the exit of the merger.
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Figure 4: Tracking results of the optimized longitudinal
emittances (top); energy spreads (middle); transverse
emittances (bottom) through the injector.
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Table 3: Beam Parameters at the Injector Exit

‘Old’ ‘New’
Bunch length o [ps] 1.00 1.00
Long. emittance &nz [keV ps] 7.25 2.66
Hor. emittance enx [t mm mrad] 0.63 0.94
Vert. emittance eny [T mm mrad] 0.58 0.88
Hor. Beam size 6x [mm] 0.81 0.99

Vert. beam size, 6y [mm)] 1.52 1.49
Energy spread 6 [%] 0.31 0.22
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Figure 5: Particle distribution comparison: the phase space
(a) and the temporal histogram (c) in the ‘old’ design; (b)
and (d) are those for the ‘new’ design.

4. FEw

A LD NG ERAFZETIL, ol b2 S F R L
METT M=y X AD R i /MEIZZETE L, 85 =
Iy H U ARTEIMORFIEE 2528128, AFE O
HOToOY—AWEERE L, ZOWEICIY, vvTF
VITIRAVNTOE —AEE A BT B, OFD ., HEH I

TIVH AN 2.7 ELL B L =L — RN 1.5

H)ﬂwa“é LNLZRIRG, BRF ey 2 AD i KAE
X, TIHERFFELEER L 1.5 52BN TD, 1, TIH JER
FHEHERL 15 R2ITHIINL TWD, S ElDZ2SSIZHEd
DINEIDNTHONWTIE, AR —T(2FD, T —rET
Pal—H DRI BNTBIT DN F TGS FEL
DFHFRE RISV CHIiE A2 127D,

- 696 -



Proceedings of the 19th Annual Meeting of Particle Accelerator Society of Japan
October 18 - 21, 2022, Online (Kyushu University)

SEXH

(1]

(3]

(3]

N. Nakamura, “EUV ERLs for Semiconductor Integrated
Circuits Lithography”, in Proc. of ERL2017, CERN,
Geneva, Switzerland, Jun. 2017, paper TUIBCC002;
https://accelconf.web.cern.ch/erl2017/talks/tuibcc002_ta
Ik.pdf

N. Nakamura et al., “Design Work of the ERL-FEL as the
High Intense EUV Light Source”, in Proc. of ERL2015,
Stony Brook, NY, USA, Jun. 2015, pp. 4-9;
http://jacow.org/ERL2015/papers/mopcth010.pdf

H. Kawata et al., “High Repetition Rate (81.25MHz) FEL
Project Based on cERL”, in Proc. of 2019 EUVL Workshop,
Berkley, CA, USA, Jun. 2019, paper P045;
https://www.euvlitho.com/2019/P45.pdf

R. Kato et al., “Stepwise Development to Realize the High
Power EUV-FEL Light Source” in Proc. of OSA High-
brightness Sources and Light-driven Interactions Congress
2020 (EUVXRAY, HILAS, MICS), Washington, DC, USA,
Nov. 2020, paper ETh2A.2.
doi:10.1364/EUVXRAY.2020.ETh2A.2

R. Kato, private communications, Jan. 2022.

[6]

[7]

- 697 -

PASJ2022 WEP058

T. Hotei and T. Miyajima, “EUV-FEL A A§ 250 — 2
RIS D~ F 7™, in Proc. PASJ2016, Chiba, Japan,
Aug. 2016, pp. 1049-1052;

https://www.pasj.jp/web_publish/pasj2016/proceedings/
PDF/TUPQO/TUP069.pdf

Pulsar Physics; http://www.pulsar.nl/gpt/index.html

C. M. Fonseca and P. J. Fleming, “Genetic Algorithms for
Multiobjective Optimization: Formulation Discussion and
Generalization”, in Proceedings of the 5th International
Conference on Genetic Algorithms, San Francisco, CA,
USA, Jun. 1993.

C. Leujeune and J. Aubert, Emittance and Brightness:
Definitions and Measurements. Academic Press, Inc.: Paris,
France, 1980.

S. Di Mitri, “Novel techniques for future TeV electron
accelerators”, in Proc. IPAC’18, Vancouver, BC,
Canada, Apr.-May 2018, pp. 57-59.

S. Di Mitri, “On the Importance of Electron Beam
Brightness in High Gain Free Electron Lasers”, Photonics,
vol. 2, no. 2, Mar. 2015, pp. 317-341.



