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Because of opacity, the UTA narrows and increases % 115 12 1256 15 135 14 145 15
in intensity with decreasing tin concentration (up to Wavelength (nm)
~2%).

As concentration decreases out-of-band emission

decreases.
Max inband conversion efficiency
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Origin of the Sn UTA

Levels of 4p%4d" & (4p>4d"*1+4d"-14f + 4d™15p)

Calculated with Cowan suite of codes
The Sn UTA is due to 4p®4d" —

(1994), Koike et al J. Elec. Spec. Relat. Phen. 144,

12) T T T T T I I I I I
- (4p>4d"*1+4d™14f + 4d™15p) (0<n<9)
N transitions. Cl (configuration
100r = = % o= ] interaction) causes transitions in
— —8 =1 1 — successive ion stages t tiall
- e = . ges to partially
0k - — l ! § overlap in energy.
l N = = — (O’Sullivan and Faulkner Opt. Eng. 33, 3978-3983

Energy (eV)
3

1227 (2005)
— Cl effects also cause a spectral
O = narrowing, so the individual arrays have
widths of ~ 5eV.
Z)_
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il Sn>*-Sn!3* emit 4p®4d" — 4d™Af +4pc4d™IUTA,
Sn1%*—Sn13+ near 13.5 nm

Temperatures
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Relat. Phen. 144, 1227, O’Sullivan and Faulkner
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Intensity (arbitrary units)
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Intensity (arbitrary units)

Experimental Spectra of Xenon; Source Dependencea@
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Spectral
shape
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effects:
opacity,
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" (Sasaki et al.
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Spectra from elements with Z > 50 contain lines and an intense UTA due to 4p®4d" - 4p>4d™1+4d"14f
(0<n<9) transitions. The effects of Cl are to cause a transitions in successive ion stages to overlap in

energy.

The degree of overlap improves with Z up to Z = 62.
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Shorter wavelength sources

Prarysaca Scmirma

Phys. Scr. 80 2009) 045303 (6pp) dod: 1001

EUYV spectra of Gd and Tb ions
excited in laser-produced and vacuum
spark plasmas

BED03]-B040/300

S S Churilev', R R Kildiyarova, A N Ryabtsev and S V Sadovsky

Establishment of the Russian Academy of Sciences Institute of Spectroscopy RAS, Troitsk,
Moscow region 142190, Russia

E-mail: ryabtsey @ isan. troitsk. ru

Interest in sources at 6.7 nm due to

availability of Mo/B4C multilayer mirrors
with a reflectivity of 40%

APPLIED PHYSICS LETTERS 97, 111503 (20100

Rare-earth plasma extreme ultraviolet sources at 6.5—5.? nm

Takamilsu Otsuka, V¥ Deirdre KlIlene John Whlte Tekeshi Higashiguchi,™

Moboru Yugami, Tu'_-,ruhllm Yatagal,' Weihua Jiang,® Akira Endo, 4 Padraig Dunne, * and
Gerr:.' O'Sullivan®
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Nagooka, Nigata 9402188, Japan
‘J"‘r.lrn.'f:wlg‘r;;mru‘.' wie Dvesden, Bawlznes

Tandsivy. 400 D07 328 Dregden, Germany

Figure 2. Spectra of terbium ions excited in the vacuum spark (upper trace) and in the laser-produced plasma (bottom trace). =, 47454
transition array in Th XVIII classified in the present work.,
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Tungsten spectra recorded at the LHD
and comparison with calculations

C S Harte!, C Suzu!ﬂig. T Kaluz‘ HA Sulmuez. D Kato?, K Sato?,
N Tamura’, S Sudo?, R D*Arcy', E Sokell', ] White' and G OSullivan'

! University College Dublin, Belficld, Dublin 4, Ircland
 National Institute for Fusion Science, 322-6 Oroshi-cho, Toki 509-5292, Japan

E-mail: colm.s. harte@ucdic
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The most important transitions can be
inferred from studies of W spectra.

They occur in Ag-like, Pd-like and Rh- like
W27 +- W30+, Sugar et al JOSA 10, 1321 (1993)

Gd XVIII-XX, Tb XIX - XXI

i.e. lons with 4d1%4f, 4d'° and 4d°® ground
states

Pd
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R

[T T T O T T O O O O O I I

49 50 51
Wavelength (A)

T

&



http://cordis.europa.eu/fp7/mariecurieactions/home_en.html

Ag—like and Pd-like lines

Physica Scripta. Vol 26, 419-421, 1982

Resonance Lines in the Pd | Isoelectronic Sequence:
Th XIX & XX I VIII to Ho XXII

J. Sugar and V. Kaufman
Laser: Tb
3Jin20ns ',u Th XIX
}\‘ = 1.06 Hm | Physica Scripta. Vol, 24, 742-746, 1981,
O = (5—8)X1011 Wcm™2 Tb XI Ag | Isoelectronic Sequence: Wavelengths and Energy Levels for
Vacuum Ce Xl through Ho XXI and for W XXVII
spark 1. Sugar and V. Kaufman
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Figure 2. Spectra of terbium ions excited in the vacuum spark (upper trace) and in the laser-produced plasma (bottom trace). =, 4F—4f5d
tranciting array in 1b XY classified in the present work,
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meecmsjlOn populations and average ionization of a Gd plasma as a

function of T, computed with the CR model.
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B3l Power Density
Requirements

The laser power density
required lies in the range

2x1012 — 1013 Wem?2
@\ =1.06 um

1011 - 1012 Wem™2
@A =10.6 um

Next Step: Calculations
for emission from
different ions
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S Calculations for Gd and Tb
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Singly excited configurations of Gd

and Tb ions included in the
. 800+ 12887 2317 237 921 2315 3870 4704 4023 2542 1116 355 77
calculations _
1 _
700 Gd o f i
Gd xvin - Gd xviin - Gd xI1x Gd 200 - Gd Xxxvin _i f } i
} ] 7 : @
Thxvir-Th xm  Th xx Th xx1- Th xxXmx 6001 ) f j J! ; ; I ] .'[ . |
- ] - i = H r i
4}3641'.'{1':'4]”'1- 4pﬁ4dll:' 413-54':?."; % 500+ ] : _éi i _f# ii! i f Ir E I i! -I i )
) i ] 2L PR : 021 I | I ! |
4pPad®4fM+1 4p%4d®nl  4p4d¥1nl 2 § 4 L N B O A
% _ %0400—; 1 a'-“|!'|!|'l | .
4pB4d®4 M nl 4pF4di+1 S ] P | L
soofd P T T R R .
(n<80<3,M<2)(1<N < 10) |0 S T A
- =5
. . I I :
Problem, low ion stages contain 100l DL r [ |
open 4f (and 5p ) subshells, e
La . ; : i 1 | : . ! : - _
0 XVI XVIII XIX XX XXI XXIT XXII XXIV XXV XXVI XXVII XXVIII

difficult to calculate.

. _ . Energy levels of Gd'®* - Gd?’* computed with
(Kilbane and O"Sullivan JAP in press) the FAC code including CI. The number of
states of each ion is shown at the top.
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il Effects of Cl in Gd and Tb Spectra
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/‘)\o/f Cl not as effective at spectral narrowing in highest stages
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B Line Strengths of Gd5* - Gd27* and Tbh17* - Th28*
including CI
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Emission of Gd and Tb at various electron temperatures T,
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Theoretical and experimental (Churilovetal) Gdand 7 :
Tb spectra
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Other results will be discussed in:

Rare-earth Plasma Extreme Ultraviolet Sources at 6.5-6.7 nm for Next
Generation Semiconductor Lithography (P6)

Takeshi Higashiguchi, Utsunomiya University
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===An =0, n=4 UTA in other elements
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Fig. 5.2 Emission Spectra from Targets of Salts of the Elements from Cesium to Lutetium.
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¢ __At low concentration go:et,high_,kspgc,’c[lelD.u,Li_’t_\(.J__:Z
and low opacity

MARIE CURIE
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a: Metal Target
b: Salt Target
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Fig., 5.4 Emission Spectra of the elements from Cs to Nd. (a) refers to Metallic

P Spe

g;j%%gff' (b) refers to Salt
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FEOPLE

Ground configurations of ions in stages V — XVII for elements
lanthanum through hafnium.

v VI viI - VI IX X XTI XII'  XII XIV XV  XVI XVII

La Ga25p° 5ehpt  G5a26p?  Be?hp?  5a2Gp Ga? ha 4417 4 45 4d7 45 45
Ce  G5e2Gpf  Ba2Rpt  Helnpd  RelEpd GeZEpd Balnp Fg2 ha 4410 4 45 4d7 48
Pr Gpf4f Fe2hpf  5alEp®  Ralhpd  G5e®npt Gelhp? Be24f Be? ha 4410 4 45 4d7
Nd 5pfaf®  spfary  nstnp®  RePsp® 5pl4p op®ar 6s®ar® 6e®aF  5e® fa 4a'®  4q®  ad”
Pm 5p°45% 5pB4f? 5pfaf  5pfaf 5pPaf? spPaf? 5S2af? 5&245? 5s%4f 5P if 4d'?  4d”

sm 5pf4f% 5pfar® Gpfaf? 5pfaf? Gptaf® SpRar? B4t 5453 58457 5s%4f Ssdf 4F 4dV
Eu G5p84f5 5pS4fd Spfafd  Spidf® Gpd4fd GpPapt 5s24f5 552470 55243 552452 Ssdf? 4f2 4f
Gd 5pf4f®  5pB4ft Gpfafd Spapd Gplafd GpRaft 52458 5s24f5  5s24f4 5s24f3  5adfP 4f% 4f?
Th Epf4fT  EpBafs  mpfars  Rpddar® Rpdaf® mpZapt ReZ487 Re2456 Re24p5 ReBapd Radrd 4pd 443
Dy 5p84f% 5p®4f7 Gpf4f®  5pfas®  Gptaf® SpfafT spafT BsP4fT BsP4ff 5s%455 5ef4pt 4% 4t
Ho 5pS4f® 5p®4f® 6pfafT  5piafT  GptafT  SpPaft  spaf® 5sP4f% BsPAfT 5s24f% 5sR4f0 4% 4f°
Er 5pf47™ 5pSd4fY opfaf®  Sptdf® Gptaf Gpfart Spdf? 5sPfY 5s%4fY 5e%4f7 5eP4fY Sedft 4f®
Tm 5Gpf4fil 5pB4f10 Gpf4f®  5pfafs  Gplaf®  Gp2dfl0 Spafl0 5e24f10 5s24f9 5s24f5  5s24f7 5sdfT 4f7
Yb Gpf4fi? 5pB4fil Gpfafi0 5pfafd Gplafll Gpd4fl0 spafil 5e24f11 5s24f10 5s24f9 52415 5s4fS 4f3

Lu 5pf4f13 5pfyfl2 rpafll mgpfylld 5pdgfll 534 11 Bpg 12 Bey f12 Fg2ygf1l Re24 f10 52460 Kegf? 4 f0

Discrepancies between the current table and Carroll and O’Sullivan (1982) are

%e’ highlighted in red.
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s
Pd-like through Rb-
like spectra of La,

Ce and Pr

Excluding CI (left)
Including Cl (right).

4d - 4f (blue),
4p —4d (red) and
all transitions (black)

(Kilbane and O’Sullivan PRA in
press)
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" E Pd-like through Rb-like spectra of Nd through Lu

MARIE CURI
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Conclusion

* An=0, n=4-4 UTA provide bright EUV sources inthe 5-13.5 nm range

*Broadly same physics as Sn sources, but ion stages with 4d subshell greater than half
full now more important (opposite to Sn case)

*Opacity an issue...low density targets or CO, plasmas
*Strongest lines expected from Ag-like and Pd-like ions.

*Emission bandwidth less than Sn and narrowest around Ce/Nd.
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Thank You!
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