Multilayer interference coatings
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f‘\l \ Scattering by density variations within a
multilayer coating

Mo/Si

.

(T. Nguyen, CXRO/LBNL)

Ch04_F01_Feb2007.ai
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f“\ A Scattering of radiation by a sinusoidal
density distribution (atoms or electrons)

BERKELEY LAB

Na(2)

*
d
v

Ch04_F02VG.ai
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Scattering from density variations

In the long wavelength limit (A >> ag)

Jor, 1) = —ef(@)ny(r, v(r, 1) (4.1)
Jscane——i(a)st—ks-r) - _efO(wi)nae—i(wal —kd'l')—._elzi_e—i(wit—krr) (42)
—ilw;m

ie’n, O (w;

Js = ¢Ei 4.3)
wym

ws = w; + Wy (443)
ki =k; +ky (4.4b)
hws =hw; + hwy (4.5a)
hks =hk; + hky (4.5b)

ky/2

sinf = L

or i

A =2dsin@ (4.6a)
mA = 2d sin @ (4.6b)

Ch04_Eqs1_6VG.ai .
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Multilayer mirrors satisfy the Bragg condition

mA = 2d sin©
Ne
Mo N N
Si AN N W N N X% B
vy Mo _|
dSi N N O™ RN N N -
Mo |
ASi N0 N0 N N N N\ -
Mo .|
S N NN NN N |
0
A
For normal incidence, 6 = n/2, first order (m = 1) reflection
A=2d
d=2A2
if the two layers are approximately equal
At = M4

a quarter-wave plate coating.

Ch04_MitlyrMirBragg1.ai
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An angular scan of a multilayer mirror performs a
Fourier-transform of the density profile

mA = 2d sin®
Ng _

Mo g

Si L\ N\ N\ N\ N\ |
v Mo o
d Si N\ N\ N\ ANN N\ N\ d

Mo >T
A Si N0 N0 N0 N0 N N\ C

Mo

Si N\ AN NNy K2
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Multilayer mirrors satisfy the Bragg condition

. 4542
mA = 2d sin® (1 —
=== .
>
Mo -
Si NN NN N\ |
vy Mo |
d ST . . T . |
Mo |
S N N N N N N\ .
Mo =
SN RS N N N X ]
0
A
For normal incidence, 6 = /2, first order (m = 1) reflection
A=2d
d=2A\2
if the two layers are approximately equal
At = A/4

a quarter-wave plate coating.
Ch04_MitlyrMirBragg2.ai
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High reflectivity multilayer coatings require

» Refractive index contrast at the interfaces

* Minimal absorption in the low-Z material

 Thin high-Z layer where possible I' = At /(Aty + At))
* Interfaces which are chemically stable with time

* Minimal interdiffusion at the interfaces

« Minimal interfacial roughness (no crystallite formation
within the layers, no shadowing in the coating process,
surface mobility)

» Thermal stability during illumination

« Chemically stable vacuum interface(e.g., Si0, or capping
layer)

» Uniform coating thickness

8
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Computed reflectivity of a W/C x-ray multilayer mirror

1.0
A W/C
0.8: 7\.=8.34A
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© 04 “
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0:||||| llllllllllltlule—

Glancing angle (°)

(Courtesy of J. Underwood and D. Solina)

Ch04_ComputdReflec.ai
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High order reflections from a multilayer coating

Calculated internal interference
Measured of incoming and outgoing waves

WI/C multilayer
22 layer-pairs

—
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(Courtesy of Y. Wu and J. Underwood.)

Ch04_HiOrdrReflc.ai
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Multilayer interface mirrors computational model

Eq ER
1(Vacuum) /o

A
2 (Material A) % AES (A | X
Z

3 (Material B) | Atg

|
|
|
|
j=i Ej-1\/ Ejl31

| EN T

- Layer pair N

n—-2(A
) Layer pair |

n—1(B)

(Courtesy of
n substrate \En J. Underwood)

With refractive index n: www.cxro.LBL.gov

Ch04_MultlyrintrfMir.ai
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BERKELEY LAB

G, (barns/atom) = p(cmz/g) X 46.64
E(keV)u(cm?/g) = £,0 x 1498.22

A
‘m

Atomic scattering factors for Silicon (Z = 14)

Silicon (Si)
Z=14

Atomic weight = 28.086

Energy (eV) | £ 1 u(em?/g)
30 3.799 | 3.734E-01 1.865E+04 5
70 2448 | 5.701E-0] 1.220E+04 P i
100 5657 | 4.580E+00 | 6.862E+04 10
300 12.00 6.439E+00 | 3.216E+04 | /
700 13.31 1951E+00 | 4.175E+03 | f° 2 /
1000 13.00 1.O70E+00 | 1.602E+03 0
3000 14.23 1.961E+00 |  9.792E+02
7000 14.33 4.240E-01 9.075E+0]1 -5
10000 14.28 2.135E-01 3.199E+01 15
30000 14.02 2.285E-02 1.141E+00 10 100 1000 10000
7
10 o] /;
1 \\ r—\ -\ l\
@ \ 10()
= 10° S AN 7 9 \
= NSO
= X
o i 01 \\\ 1 O—l \
| O_I 1 0—2
10 100 1000 10000 10 100 1000 10000
E (eV) E (eV)
Edge Energies: K 18389e¢V L, 149.7¢V
L, 99.8eV
Ly 992eV

(Henke and Gullikson; www-cxro.LBL.gov)

Ch02ApC_Tb1F07_Sept05.ai
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Atomic scattering factors for Molybdenum
(Z =42)

o,(barns/atom) = p(ecm?/g) x 159.31
E(keV)u(em?/g) = £ x 438.59

Molybdenum (Mo)
7=42
Atomic weight = 95.940

Energy (eV) [ £ 1y u(cm?/g) -
30 1.071 5.292E+00 7.736E+04 i
70 19.38 4732E+00 | 2.965E+04 50
100 14.02 1.124E+00 4.931E+03 40
300 4.609 1.568E+01 2.292E+04 5D T
700 31.41 1.819E+01 1 .140E+04 g NN - /
1000 35.15 1.188E+01 5.210E+03 20
3000 35.88 1.366E+01 1.997E+03 10— [\@\ ‘ ,{
7000 42.11 3.493E+00 2.189E+02 /\/ \/
10000 41.67 1.881E+00 8.248F+01 0 v
30000 42.04 1.894E+00 2.769E+01 10 100 1000 10000
100
105 /\v/\ [’\
104 \ f-‘\ ]Ol /\ N A
£ 10° N A \I
o NF N
10! 10°
100 \l
10 100 1000 10000 10 100 1000 10000
E(eV) E (eV)
Edge Energies: K 19999.5 eV L; 2865.5eV M; 5063 eV N; 63.2eV
L, 2625.1eV M, 411.6eV N, 37.6eV
Ly 25202eV M; 394.0 eV N; 35.5eV
My 231.1eV
s 2279¢V

(Henke and Gullikson; www-cxro.LBL.gov) Ch02ApC_Tb1F12_June2008.ai

13
Prof. David Attwood / UC Berkeley EE213 & AST210 / Spring 2009 05_Multilayers_2009.ppt



-~
A
reeceec| |

Optimized reflectivity with thin “high-Z” layers

P o O @.7) high-Z

Aty + A, d ' A NN XN Ny hli?:,vr\::%
NN NN NN NN low-Z
high-Z

AL NN N NN N\ low-Z
tan(sr Cope) = 7 [Fopt - ﬁ—H—_—B‘L‘] (4.8) high-Z

 Sharp interfaces needed for
(Vinogradov and Zeldovich, 1977) scattering

{piSh SEERCONTATL, 1560)  Thin high-Z layer to minimize
absorption

* Low-Z layer best as a “spacer”

Ch04_OptomizReflcty.ai
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A high quality Mo/Si multilayer mirror

N =40
d=6.7 nm

e

Courtesy of Sasa Bajt (LLNL)

Ch04_HiQualtyMoSi.ai
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Mo/Si multilayer interference coating

Molybdenum as the “scattering layer”
Silicon as the non-absorbing “spacing layer”

Actually an exaggeration, the complex
refractive index

of each material plays a role in the reflection | 2 / /
Process E NN WIS N N\ 2 = 1 - g + iBs;
. : -~ Ay h=1-238wo +iBmo
The absorption edge Si-L; = 99.2 eV F N NI N
(125 nm) W XN <ﬂ'\ﬁV\\ e WA
Higher photon energies are absorbed in Si, NN NN N NN
lower photon energies (longer wavelengths) :
are not. nSi:1—6.6><10‘5+i1.8><10‘3

' Ny = 0.924 +i7.4 %1073
Typically A = 13.4 nm or more. Mo

Molybdenum has relatively good scattering
properties in this

photon energy (wavelength) region, with
limited absorption.
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Prof. David Attwood / UC Berkeley EE213 & AST210 / Spring 2009 05_Multilayers_2009.ppt



High reflectivity, thermally and environmentally robust
multilayer coating for high throughput EUV lithography

7‘& //
'Ru  capping layer

Svu. >B4C

Si
N/
Si
VIO
d
A
|
s
Substrate
A=13.4nm Ru (1.70 nm)
Si (4.14 nm)
B4C (0.25 nm) | d =6.88 nm
Mo (2.09nm) [ T'=0.34
B4C (0.40 nm)

Courtesy of Sasa Bajt (LLNL)
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Multilayer mirrors have achieved a reflectivity of 70%

0.8
07 N Mo/B4C/Si
L 70% at 13.5 nm 2
0.6 - FWHM=055nm § i
i 50 bilayers ¢
= 05 d 0 L
= 7 \
§ 04 T 12
¥ 03} i \
— % Q
0.2 ‘4 \Qe
- 4 3
: o}
0.1 j 99 %89
0.0 | I | I | | | | |

12.0 12.5 13.0 13.5 14.0 14.5
Wavelength (nm)
Courtesy of Sasa Bajt (LLNL)

Ch04_ReflectCurv70.ai
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Recent progress in multilayer mirrors

Near-Normal Incidence Multilayer Mirrors

80

) Sc C Si
or Sk
60— SRR o
|y | : e
i - HO E
Peak I W inglow % 1
reflectance 40— o ’ e o ©
(%) - . S B y
N : E : ® ®
i e o | o *
20— il ee% o o o
[ : ?. I. oog ® : Au
o i v 1r lq-:-gr—ﬁ——ff’///F~A’
0 | 6 : I:" Iq: [ 1 1 |1 : | |
1 10
Wavelength (n m) RecentProgMultiilyrMir.ai
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Sputtered deposition of a multilayer coating

Table rotation
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‘ .
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Ch04_SputtrdDepo.ai
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DC magnetron sputtering is used to reliably deposit multilayer
coatings of predictable center wavelength and excellent uniformity

Substrates mounted on a rotating platter
are swept across each sputter source
sequentially to form the multilayer.
Modulating the platter velocity provides
precision control of radial thickness
distribution and absolute film thickness.
The substrate is also spun fast about

its own axis for azimuthal uniformity.

<l 1=
Spinner
motor Vacuum chamber
__ assembly
T:ﬂ :3 Substrate platter ‘

< <= J—Substrate

Magnetron
sources

(Courtesy of Jim Folta, LLNL)

Virtua/
WNational
Laboratory
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f\l v Buried, trace amounts of iron in a defective

r ] L
silicon solar cell
Synchrotron
Source (white
! pm.> _  radiation)
focal spot e l
- _ Mu!tilayer coated Aperture
elliptically bent
Sample Focal e
spot
— 5
yT Fe contaminated
; solar cell 320 fg/pum?2
Scetmnmg T Solid state
stage S
9€ Cluorescent Si (Li) detector

ku S v
X-rays ) _q_l L_ Lk ‘.}‘-il_ —
| ‘l"»,;_:‘ " -"\. 5

(Courtesy of A. Thompson and J. Underwood, LBNL; /)7/77 - A A nm
and R. Holm, Miles Lab)

Ch04_F14VG.ai

22
Prof. David Attwood / UC Berkeley EE213 & AST210 / Spring 2009 05_Multilayers_2009.ppt



S

A
Frreeee ’m

Microprobe analysis of contaminated soil

— 0.3 pg/um?

e

L s st -

(Courtesy of T. Tokunaga; and A. Thompson, LBNL)
Ch04_F15VG.ai
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Polarization studies of magnetic materials

(a) (b) :
Detector | D .
Fe/Cr &
transmission
A
sample 1 NdFeB k
magnets «
B
Vs S |,
Io H Laterally B
l graded W/B4C A
multilayer mirror Silisirate
© o7 (d)
F =22 mm /Center +22 mm
AO6-: 6:lllllllll]llll|llll[llll:
2 F 2 =
T - . ® ]
o - 0 = o " :
& 04F 5 2F ole g
% OAE §) 5 ES W%b e
: = _—_ .................... . 2 o/ :
% 0.3 ; S 0E ........ o R 8 ....... O,% 55 @ E
8 o2 5 2 TP
&= : (o] [ @ |
& 01F X _4 2 o H par'allel Kk =
. - O H anti-parallel k @ -
- e Fr g Paga v ba g g g gpagp il g
e 660 680 700 720 740 680 690 700 710 720 730
ho (eV) ho (eV)
(Courtesy of J. Kortright and M. Rice, LBNL: and R. Carr, Stanford) Ch04_PolarizStudies.ai
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Photoemission microscopy for surface science and
characterization

Monochromator
and refocusing optics

[

Pinhole

Multilayer coated

Schwarzschild
jectle Electron
! spectrometer_—

@ Sample
Raster scanned YT/v

sample stage — X

(Courtesy of F. Cerrina, Univ. Wisconsin, Madison
and J. Underwood, CXRO, LBNL, Berkeley)

Ch04_PhotoemisMicro.ai

25
Prof. David Attwood / UC Berkeley EE213 & AST210 / Spring 2009 05_Multilayers_2009.ppt



Photoemission spectroscopy reveals characteristic
electron binding energies

Kinetic
energy

L

Vacuum level \ 0
Valence band 777/, /%, \)ﬁ(o
5 Binding
: ( energy
S 8 -+
Is o

F.0.38

Ch04_PhotoemisSpectri.ai
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Photoemission spectroscopy as a tool
for surface science

(a) (b) (c)

Fluorine atom

Monochromatic Electron energy
soft x-rays analyzer 10
— (135 eV) e~ (124 eV)
7 SN
N\ 7\ w00
_ o
\ ;? f/e— <_/tlacuum %‘
/ level c
< “2p , £
’ CaF;_ =
| valence
‘ F s band
Core
levels
F1s

(Courtesy of M. Olmstead, Univ. Washington, Seattle)

T T T T T | I |

CaF, on Si(111)

” |

0 |
:—»: :«—2.3 eV F2p Thin
R film
| |

Interface

] ¥ Ca 3p

. ' F2p M

N
I . ! 1
0 30 20 10 0

Energy below Eyg (eV)

Colorplate XIX

Ch04_PhotoemisSpectr2.ai
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Observation of varied chemical states by
photoemission spectromicroscopy

1200
B Si 2p
fiw ~ 130 eV |_—25.75eV Substrate
800 / poly-Si —>
= [ SiO,
LUnshifted
= 600 — Si-2p
£ _
=
;:’3 400
= n Silicided
polysilicon
201 Exposed SiO,
0 L 4 JbL¢ | 5 | g 1]l 4 |
18 20 22 24 26 28 30
Kinetic energy (eV) |«—— 100 nm —|
Agglomeration of TiSi, during annealing appears to have exposed SiO, near the edges of the poly pads
Colorplate XXIl ¢ & d

(Courtesy of S. Singh and F. Cerrina, Univ. Wisconsin, Madison) Ch04_ObservChemSt ai
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Multilayer coated
Schwarzschild

Electron
spectrometer —

. @ Sample
Raster scanned YT/

sample stage — X

AlGaN
ho =126 eV

5 eV secondary electrons
30 um x 60 um

3 um grain size

al¥' 4 ! o b ot ST o 2% p oL

(Courtesy of G.-F. Lorusso and F. Cerrina, Univ. Wisconsin,

Madison, and Advanced Light Source, Berkeley) Ch(?g Fz'ate_ '”Ma &tc.
_Photoemis_Monet.ai
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':bl A High resolution x-ray diffraction under high
pressure using multilayer coated focusing optics

Synchrotron €~ Sample under pressure
radiation (0-300 GPa)

Diamond anvil cell
= Gasket

Aperture Focused Pressure
X-rays medium
10-16 keV _ -
X-rays / Scattered
Multilayer x-rays

coated mirrors

anvil cell

H.K. Mao et al., Science 277, 1220 (29 Aug. 1997)
Nature 396, 741 (24 Dec. 1998)

Ch04_F16aVG.ai
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DR Ly SR T o S R A I N D I S T
Elasticity and rheology of iron
above 220 GPa and the nature

of the Earth’s inner core

Ho-kwang Mao*, Jinfu Shu*, Guoyin Shent,

Russell J. Hemley", Baosheng Lii & Anil K. Singhs§

* Geophysical Laboratory and Center for High Presure Research,

Carnegte Institution of Washington, 5251 Broad Branch Road, NW,

Washington DC 20015, USA

T Conzortium for Advanced Radiation Sources, University of Chicago, Chicago,
Hiinois 60637, USA

¥ Center for High Pressure Research, Mineral Physics Institute, State University at
Stony Breok, Stony Brook, New York 11794-2100, USA

§ Materials Science Division, National Aerospace Laboratories, Bangalore 560017,
India

Recent numerical-modelling and seismological results have raised
new questions about the dynamics'? and magnetism®* of the
Earth’s core. Knowledge of the elasticity and texture of iron™ at
core pressures is crucial for understanding the seismological
observations, such as the low attenuation of seismic waves,
the low shear-wave velocity” and the anisotropy of compres-
sional-wave velocity’'". The density and bulk modulus of
hexagonal-close-packed iron have been previously measured to
core pressures by static” and dynamic'™'"* methods. Here we
study, using radial X-ray diffraction’ and ultrasonic techniques'®,
the shear modulus, single-crystal elasticity tensor, aggregate
compressional- and shear-wave velocities, and orientation depen-
dence of these velocities in iron. The inner core shear-wave
velocity is lower than the aggregate shear-wave velocity of iron,
suggesting the presence of low-velocity components or anelastic
effects in the core. Observation of a strong lattice strain aniso-
tropy in iron samples indicates a large (—~24%) compressional-
wave anisotropy under the isostress assumption, and therefore a
perfect alignment of crystals® would not be needed to explain the
seismic observations. Alternatively the strain anisotropy may
indicate stress variation due to preferred slip systems.

letters to nature

probed the lattice strain of the sample as a function of the angle
(¥) to the diamond-cell axis™. At 21 pressures between 16 and
211 GPa, energy dispersive X-ray diffraction (EDXD) patterns
containing (hki notation) 100, 002, 101, 102, 110, 103, 112, 201
diffraction lines of hexagonal close packed (h.c.p.) iron, 111, 200,
220, 311, 222, 400, 331, 420, 422, 511 of gold, or 110, 200, 211, 220,
310,222, 321, 400 of tungsten, were collected at 10° steps of ¢ from
0° to 90°. The d-spacing varies lincarly with cos® ¢:

d(hkly = d(hkD)[1 + (1 — 3cos™V)Q(hki)) (3)

where the intercept dp(hkl) denotes the d-spacing under o, and the
slope Q(hkl) is the lattice strain under the uniaxial stress condition™",
In run 1, a separate gold layer was used as a standard for
determination of ¢ and shear modulus G of h.c.p. Fe. The axial
stress is continuous across the interface between the gold and iron
layers (0y,, = 0y;.; subscripts denote the Au or Fe layer), that is

tee = 1.5(0y = 0pp) = 1.5(0ppq = Opr) + tas (4)
Now, ¢ is related to G by
t = 6G{Q) (5)

where {Q) denotes the average value of measured Q for all (hkl) (ref.
15). The hydrostatic stress components, opy, and apg,, were deter-
mined from the observed dp(hkl) (equation (3)) and the equations
of state of Au and Fe (refs 20, 21); Gy, was extrapolated from low-
pressure data®™*, The aggregate compressional-wave speed (v;) and
shear-wave speed (vg) of h.c.p. Fe are calculated from the bulk
modulus Ky, and Gy.. In addition (run 3), the aggregate ultrasonic

v ; 3 Diamond anvil
v
Primary
A X-ray beam
V=
90° Diffracted

X-ray beam

Diamond anvil
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The Cassegrain telescope

Ee——, -

/ —
)—ﬁ

—uw R

\ B

Film
Convex Co.ncave or CCD
secondary primary

mirror mirror

Ch04_CassegrainTele.ai
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Extreme ultraviolet astronomy

Dark filaments  Coronal loops

North
coronal
hole

~ Coronal
~ loop

Active
region

South
coronal
hole

Courtesy of A.B.C. Walker (Stanford),
T.W. Barbee (LLNL), R.B. Hoover and
J.F. Lindbloom (NASA)

Colorplate IVa

The solar corona at 17.3 nm
(71.7 eV), observed with a rocket
launched Cassegrain telescope
using Mo/Si coated mirrors
(d=28.55nm, I'=0.43, 35% at
17.2 nm; Al L-edge filter at

72.5 eV narrows band pass to
17.1-17.5 nm, A/AN = 40).
Emission dominated by Fe™® and
Fet? in the 100 eV (1.2 x 106 K)
temperature coronal plasma.

Ch04_EUVastronomy.ai
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EUV image of the solar corona showing loops near the
solar limb

http:/Ivestige.Imsal.com/TRACE

A=17.3nm
(71.7 eV)

(Courtesy of L.Golub, Harvard-Smithsonian and T. Barbee, LLNL)

L\h’,:u”f_ 1 ";\"‘"‘,‘:/-‘:J':“lﬁi":f‘,‘ ai
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Dynamics of the solar corona

&/8/5%8 0305uT 075407 131707

w

=
&/ 2798 0303UT ‘ 110%7UT

(Courtesy of L. Golub, Harvard-Smithsonian)
Ch04_DynamicsSolar.ai
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Table 3.5. lonization potentials (electron volts) [ 1-20].

Stage of ionization

Atom I Il I Y Vv VI VII VI IX X XI X1l X1 X1V
I H 13.598 44

2 He 2458741 5441778

3 Li 539172 75.64018  122.454

4 Be 9.32263 1821116 153.897 217.713

5 B 8.29803  25.154 84 37.931 259366  340.22

6 C 11.26030  24.38332 47.888 64.492 392.08 489.98

7 N 1453414  29.6013 47.449 77.472 97.89 55206 667.03

8§ O 13.61806  35.11730 54.936 77413 11390 138.12 739.29 8714l

9 F 17.42282 3497082 62.708 87.140 114.24 157.17 185.19 95391 1103.1

10 Ne  21.56454 40.96328 63.45 97.12 126.21 15793 20728 239.10 11958 1362.2
11 Na 5.13908  47.2864 71.620 98.91 13840 17218 208.50 264.25 2999 1465.1 1648.7

12 Mg 7.64624 1503528  80.144 109.265 14127 18676 22502 26596  328.1 3675 17618 1963

13 Al 598577 18.82856  28.448 11999  153.83 19049 24176 284.66  330.1 3988 4420 2086 2304

14 Si 8.15169 1634585 33493 45142 16677 20527 24649 30354 3511 4014 4764 523 2438 2673
IS5 P 1048669 19.7694 30203  51.444 6503 22042 26357 309.60  372.1 4244 4795 561 612 2817
16 S 10.36001 233379 3479 47222 7259  88.05 28095 32875  379.6 4475 5048  S64 652 707
17 Cl 1296764 23.814 39.61 53.465  67.8 97.03 11420 34828  400.1 4556 5293 592 657 750
I8 Ar 1575962 2762967  40.74 59.81 7502 91.01 12432 14346 4225 4787 5390 618 686 756
19 K 4.34066  31.63 45806 6091 8266  99.4 11756 15488 1758 5038 5647 629 715 787
20 Ca 611316 1187172 50913  67.27 84.50 10878 1272 14724 1885 2113 5919 657 727  8I8
21 Sc 656144 1279967 24757 73489  91.65 11168 1380  158.1 1800 2252 2498 688 757 83l
2 Ti 6.8282 13,5755 27492 43267 9930 119.53 1408 1704 192.1 2159 2651 292 788 863
23V 6.7463  14.66 29311 46.71 6528 128.1 1506 1734 2058 2305 2551 308 336 896
24 Cr 676664 16.4857 3096  49.16 6946  90.64 161.18 184.7 2093 2444 2707 298 355 384
25 Mn 7.43402  15.63999 33.668 512 72.4 95.6 119.20 194.5 221.8 248.3 286.0 314 344 404
2600 Ke 7.9024 16.187 8 30.652 54.8 75.0 99.1 12498  151.06 262.1 290.2 331 361 392
27 Co  7.8810  17.083 3350 513 79.5 103 131 160 2762 305 336 379 41l
28 Ni 7.6398 18.168 84 35.19 549 75.5 108 134 164 224.6 321 352 384 430
29 Cu  7.72638 20.29240  36.841 552 799 103 139 167 199 232 266 369 401 435
30 Zn 9.39405 17.96440 39.723 594 82.6 108 136 175 203 238 274 311 412 454

: i ; . Ar-like Fe
From: Allen’s Astrophysical Quantities (Springer-Verlag, NY 1999), A. Cox, Editor. (26— 8 = 18)

Ch04_lonizatnChrt_Sept05.ai
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ATOMIC AND IONIC SPECTRUM LINES OF HYDROGEN THROUGH KRYPTON 849
IRON IX (Fe®*), Z = 26
Ground State 1s?2s?2p°®3s?3p°('S,) (18 electrons)
lonization Potential 1 884 000 cm'; 233.6 eV
Multiplet |Rel. Int.| Ay, (in 7\) Levels (in 10° cm™") Configurations Terms J - J |Notes| References

10 72.85 0.000 - 1372.67 3s23p® - 3s23p°(*P52)5s giS=d | 0=1 009

72.891 0.000 - 1371.9 3s23p® - 3s3p%4p g's-'p° 0-1| A | 440
20 73.618 0.000 - 1358.36 3s23p°® - 3s23p°(*P3,)Ss g's=6d | 0-1 729,9
30 82.430 0.000 - 1213.15 3s23p°® - 3s23p°ad g's-1p 0-1 241,9
40 83.457 0.000 - 1198.22 3s23p® - 3s?3p4d g'S =3p* 0=1 241,9
80 | 103.566 0.000 - 965.57 3s23p® - 3s23p°(*P5 )ds g's-¢Gd° | 0-1 241,366
60 | 105.208 0.000 - 950.500 3s23p® - 3s23p°(?P3,2)4s g's-Gd | 0-1 241,366
25 | 111.557 413.662 - 1310.15 3s23p°3d - 3s23p (P35 )4f pr -3 23| Q 856
10 | 111.713 405.765 - 1300.92 3s23p°3d - 3s23p (P )4f P-4 0-1 241,806
20 | 111.791 408.307 - 1302.83 3s?3p*3d - 3s?3p°(CPs L )4f P30 -2 241,806
40 | 112.017 408.307 - 1300.92 3s23p°3d - 3s23p°(PP3)4f P - 3] -1 729
40 | 112.096 413.662 - 1305.76 3s23p°3d - 3s23p°(CP3 )4f 3p =33 =3| Q 241,806
50 | 112.375 433.807 - 1323.65 3s23p°3d - 3s23p°CP; o )4f P-4 2-3| Q | 729
20 | 113.793 425.800 - 1304.59 3s?3p*3d - 3s’3p°(CP5n)4f P a9 4-5 241,856
40 | 114.024 429.311 - 1306.32 3s23p°3d - 3s23p°(CP;)4f 3Pt a3 3-4 241,806
20 | 114.111 433.807 - 1310.15 3s?3p”3d - 3s’3p°CP3)4f F - 43 2-3 241,806
30 | 115.353 456.744 - 1323.65 3s?3p*3d - 3s?3p°(PP; )4f D -5 2-3 241,806
30 | 115.996 462.609 - 1324.71 3s?3p°3d - 3s?3p°(*P] )4f D= 23 241,806

R.L. Kelly, Atomic and Ionic Spectrum Lines below 2000 Angstroms: Hydrogen through Krypton (AIP, NY, 1987)

Ch04_IronlXchrt.ai
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850

RAYMOND L. KELLY

IRON X (Fe®*),Z = 26
Ground State 1s?2s?2p®3s23p°(°P3,.) (17 electrons)

lonization Potential 2 114 000 cm~'; 262.1 eV

Multiplet|Rel. Int.| Ay, (in A) Levels (in 10° cm™') Configurations Terms J - J |Notes| References

62.8 0.-1592.4 3s23p° - 3s23p*('D)5s 2P -D 1-2 271
75.685 0.-1321.27 3s23p° - 3s23p*('D)4d 2P -D 3=3 241
76.006 0.-1315.69 3s23p° - 3s23p*('D)4d g’P° - P a4 241

30 76.495 15.6832 - 1322.96 3s23p° - 3s23p*('D)4d gP*=2D Rod 241,93
76.53 0. - 1306.68 3s23p° - 3s23p*('D)4d gP* -8 34 271
10 76.822 15.6832 - 1317.39 3s?3p°® - 3s*3p*('D)4d g’P* -2p i-1| P 856
20 76.923 15.6832 - 1315.69 3s23p° - 3s23p*('D)4d g’P°*-2p 1-4| P 856
77.45 15.6832 - 1306.68 3s23p° - 3s23p*('D)4d g?P° -8 2l 271
77.627 0. - 1288.21 3s23p° - 3s23p*CP)4d g’P°-F 22 241
77.728 0. - 1286.54 3s23p° - 3s23p*(*P)4d g’P° - ‘F £ 241
77.812 0.-1285.18 3s23p° - 3s23p*(*P)4d 2P’ =D 24 241

20 77.865 0. - 1284.27 3s23p°® - 3s?3p*(’P)4d gP =D 24 241,93
78.151 15.6832 - 1295.26 3s23p° - 3s23p*(’P)4d g’P° - P 2=a 241

20 78.769 15.6832 - 1285.18 3s23p° - 3s?3p*(*P)4d gP° -D 22 241,93
400 94.012 0. - 1063.69 3s23p° - 3s?3p*('D)4s gP° -D =4 182
100 95.338 0. - 1048.90 3s23p° - 3s?3p*(C’P)4s g’P° - P S 182
300 95.374 15.6832 - 1064.19 3s23p° - 3s23p*('D)4s o Sl b Lo 182
400 96.122 0. - 1040.35 3s23p° - 3s23p*(*P)4s g’P° - P 1.4 182

R.L. Kelly, Atomic and lonic Spectrum Lines below 2000 Angstroms: Hydrogen through Krypton (AIP, NY, 1987)

Ch04_lIronXchrt.ai
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Extreme ultraviolet (EUV) lithography
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Smooth multilayer coatings are required to minimize
wavefront errors in EUV optical systems
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Ch04_HW10.5.ai
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Multilayer coatings for the ETS projection optics
approach production specifications

Systematic d-space variations suggest path to further improvements.
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e (Courtesy of R. Soufli and E. Spiller, LLNL) ‘
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HIGH REFLECTIVITY MIRROR

QUARTER WAVE
STACK

 IDEAL BRAGG
CRYSTAL

SorFT X-RAy OPTICS

Eberhard Spiller

SPIE (1994)
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