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" The short wavelength region of the electromagnetic

spectrum
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* See smaller features
* Write smaller patterns
e Elemental and chemical sensitivity
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Available x-ray optical techniques

* Reflection (glancing incidence or multilayer coatings)

VLR . “d
l“‘ \

» Diffraction (zone plates, gratings, pinholes)

» g
N
\\./_/__4“,4
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* Refraction (only for hard x-rays, > 20 keV)
“Compound refractive lens™

=)= bbbk

A. Snigerev et al., Nature 384, 49 (TNov.1996)
B. Lengeler etal., J. Appl. Phys, 84, 5855 (1Dec.1998)

n=1-d+ip
(requires 3/d << 1)
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Basic ionization and emission processes in isolated

atoms
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Energy levels, absorption edges, and characteristic line
emissions for a multi-electron atom
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Energy levels, quantum numbers, and
allowed transitions for the copper atom
nif|j Absorption edges
413772 N 4f775 for copper (Z = 29):
H 35/2 N Ny 4dg
4{0[1/2 N, 4s En,, abs=7.7 &V
MrL,
3|2|s/2 Ms 3ds/
32|32 M, 3d§/2 ;
31132 m Mz 3p3  Em, ans =75€V
g E) }g Mz 3pyp -
1 3s Em,, abs = 123 eV
L(x, Lr12 Lg,
2|1[3r2 Ls 2p32  Ei, aps =933V
2|1[1/2| L Lo 2pi2  Ei, abs =952V
2|0j1/2 Ly 2s EL, abs = 1,097 eV
KB| Kﬂs K‘!g
er‘ Kr12
1]0[1/2] K Kis Ek, abs = 8,979 eV
> (1.381A)
CuKy, =8,048¢eV (1.541A)  Cul,, =930eV
CuKg,=8,028eV (1.544A)  Culg,=930eV
CuKp, =8,905 eV Culp, =950 eV e
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Refractive index from the
IR to x-ray spectral region

nw)y=1—-86+if | (3.12) é=
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« A2 behavior
d&P=<<lI
* 3-crossover
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Refractive index at nanometer wavelengths

Refractive Index

nr A\

n=1—8+i[3=1—%(f10—if20)

Atomic scattering factors
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ScattrngRefracIndex_June2009.ai
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Refractive index in the soft x-ray
and EUV spectral region

1 e*n, g5
m{) =1 = 2 egm Z (0? — ) +iyw
Noting that o2
e 4megmc?
and that for forward scattering
fow) = Z g‘—wz
—~ o’ —w? +iyw

where this has complex components
0 0 )
flw) = f1 (w) —ify (w)
The refractive index can then be written as

2
e
b/ 4

which we write in the simplified form

(3.8)

n(w)=1- %[f,"(w) —iff@)] | 69

n(w)=1—5+iﬂ\ (3.12)

Ch03_Refracindex2.al
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Photoionization and electron binding energies

TABLE B.1. Electron binding energies in electron volts for the elements in their natural forms.®

Element  Kls Li2s  La2pis La2pyz My3s Midps Mydpya Meddys Mg3dg:  Nids Npdpys Nydpyy

" 136
2He 216"
i s ———
4Be 1118 »% b3
SB 188 -

/7

6C 2842 7 ——
IN 409 W3 P ¢ We'

80  s4* 416"
9F 6967 Ph_ot%‘_.’ SN A
10Ne  8§702* 485" 217 216 (how) I /7 \

't 7o i
IINa 10708 635 304° 305" v K 1
12Mg 130307 886" 4967  492° \ v Vg Gl
13AI 15596 1178*  729° 725 N . 7
14Si 18389 1497°  998°  992° ~ -
ISP 21455 159 136*  135* \ -~
165 2472 209" 1636"  1625" \'\ 7
17C1 28224 2702°  202* 2000 Sa »7
18Ar 32059 3263*  2506° 2484° 203 159" 157° ikl i
19K 36084"  3786° 297.3" 2946°  348° 183" 183"
20Ca  40385°  4384¢ 3497 62 443 254 254
20Sc 44928 4980° 40368 3987 SLIb 283 283
2T 49664 S0 4612 4518 S8 RE 6
23V 54651 6267 SI19.8° SI2)° 663 372 372
24Cr 59892 69577 S8ET  ST40C T4 4220 422
25Mn 65390  T69.1° 6499 6387 B2 472 472
26Fe 71120 8446° 7199 7068 9L¥ 27 27
27Co  TI089 9251 7933 7781 1010F S8Y¥  S8Y
28Ni 83328 10086° 87000 8527 1108 680° 662
29Cu  §9789  1096.7° 9523 9325° 128 TILY  750°
30Zn 96586 11962 10449° 10218° 1398* 914 886 102* 101°
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Available x-ray optical techniques

* Reflection (glancing incidence or multilayer coatings)

'

LSRR =
X

2NN

FARRY

= . "

» Diffraction (zone plates, gratings, pinholes)

* Refraction (only for hard x-rays, > 20 keV)
“Compound refractive lens™

=)= bbb

1-8+iB A. Snigerev et al., Nature 384, 49 (TNov.1996)
et o B. Lengeler etal., /. Appl. Phys. 84, 5855 (1Dec.1998)
(requires 3/d << 1)
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Diffractive and reflective optics for EUV,
soft x-rays and hard x-rays
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Diffractive optics for soft x-rays and EUV

Zone Plates Gratings Pinholes
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Diffraction from a transmission grating
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A e m=20
4
d .' : 9 / Nm =3 1/m?>7?* m odd (9.24)
? 0 m even
(50% absorbed)

Ch09_F03VGrev.4.04.ai
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A Fresnel zone plate lens

\ 2 2 n\?
7 +r,,=(f+7) (9.8)

\ 2 n2\2
\ ;\\\ ry =nAf + o 9.9)
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A Fresnel zone plate lens used as a diffractive lens for
point to point imaging

ni
qn+Pn=q+p+7

2
=
q,.=(q2+r3)'/2 cg b Ean

n

pn=(p2+r3)'/22p+5

T2 r? ni
/+Z+/+ﬂ—-ﬁ/+/+7

(9.17)

(9.18)

Ch09_F02_modif.VG.ai
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Depth of focus and spectral bandwidth
\ > 1
< 2 (NAR (9.50)
\ , Az =+2F"0 = £2(Ar)/A  (951)
\A\ ({9 9:52)
~
Z
p cal plane, z = f
' sl
two depths of focus away, z = f (NAR
21
f fi =f-
four depths of focus away, z (NP
Cl chool_Sept2! pp!
’\l A A Fresnel zone plate lens
for soft x-ray microscopy

Courtesy of E. Anderson, LBNL
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frreererer ’lﬂ

Inner zo

Ar =35 nm, At =180 nm Au, N = 1700
D =240 ym, 3 x 95 umP central stop

Zone plates for ALS STXM beamlines —
“3D Engineered Nanostructures”

Outer
zone
close-up

nes Outer zones
W e » Y
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frereer

, The Nanowriter: high resolution electron beam
writing with high placement accuracy

\

<—— High brightness thermal field emission
source and extraction electrodes

— Condenser lens, beam defining
aperture and transfer lens

— Blanking plates and aperture

Deflection coils ——

Final electron focusing lens ———

Deflection

electronics Pattern

generator  System control
computer

\ 1l
50-100 keV electron beam N LY’ _—
focused to 3-10 nm spot size ——— ’

Thin resist recording layer

on a multilevel wafer (@ I

Wafer stage (stationary
during exposure)

Ch0g_F43VG.ai

Courtesy of E. Anderson (LBNL)
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Zones plates for soft x-ray image formation
Zone Plate Lens
N i
S V'Q}’o’ﬂ Zone Plate Formulae
N nm
- » < - 2)2 Ar =25
B f, i fa r2 = nhf+ % (9.9) N = ¢ ‘\HHW
> V=26
= 2\ D = 4NAr (9.13) 63 pm
\ AN(Ar)- X
f 2 (9.14) 0.63 mm
A
A - "
NA A (9.15) 0.05
k= 0.61 :
2A 0
R P A A (g =0)
cs. 1A = 2K,Ar
A ky = 0.4 ‘
\ (G = 0.45) ().8As Y nm
N
AN a
N DO L 2 9.50 I
- S
N 2 (NA) (2.50) pm
NE &
Zone Plate lens s \,/ {* (9.52) 1/700
Soft X-ray CCD
CheironSchool_Sept2011_Lec1.ppt 21

New x-ray lenses: Improving contrast and resolution
for x-ray microscopy

C. Chang, A. Sakdinawat, P.J. Fischer, E.H. Anderson, D.T. Attwood, Opt. Lett. 2006; Sakdinawat and Liu, Opt. Lett. 2007;
Sakdinawat and Liu, Opt. Express 2008

22
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Diffraction limited x-ray imaging

Diffraction limited imaging is limited by the finite
wavelength and acceptance aperture:

Ar, =k, A/NA

resol

/’ Lens

where NA = n sinB and the constant k, depends on
illumination and specific image modulation criteria.
For x-rays

n=1-5+ip 5, B << 1

CheironSchool_Sept2011_Lec1.ppt
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Diffraction limited x-ray imaging

For example, the widely accepted Rayleigh criteria for resolving two
adjacent, mutually incoherent, point sources of light, results in a 26%
intensity modulation.

A=2.48 nm
@ (500 eV)

Two point

sources
o)) ‘

(O)

Two overlapping

CheironSchool_Sept2011_Lec1.ppt

Airy patterns
I
Ar, =0.61 A/ NA
26% resol.

Resultant intensity pattern when

the two point sources are “just
Note: Other definitions are resolved”, such that the central
possible, depending on the lobe maximum due to one point
application and the ability to source overlaps the first
discern separated objects. r minimum (dark ring) of the other.

24
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Resolution and illumination

Achievable resolution can be improved by varying illumination:

An object pattern of

periodicity d diffracts }
light and is just captured e
by the lens — setting & /

the diffraction limited
resolution limit.

Diffraction from an

object of smaller / \
periodicity, d/2, is just A 30 N
captured, and resolved, ) /
when illuminated p } e

from an angle. Lens

25
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Resolution, illumination, and optical transfer function

Spatial frequency response of the optical system can be optimized by tailoring
the angular distribution of illumination.

\

—_
o

.—0=0 (coherent)

0=0.3

NA
om0 o= N;°”d (10.3)
/ e obj

o
(6]
1

o = eo(incoherent)

1
1 2
Spatial frequency (NA/A)

Apparent transfer function

Il

o

26
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~

. :}l l"\l‘ Nature Vol 435/30 June 2005doi:10.1038/nature-3719
== ETTERS

Soft X-ray microscopy at a spatial resolution better
than 15nm

Weilun Chao'?, Bruce D. Harteneck’, J. Alexander Liddle’, Erik H. Anderson’ & David T. Attwood"*

A=1.52nm (815 eV)
Ar=15nm

N =500

D =30 um

f=300 um

6=0.38

0.8 Ar=12 nm

PR By i :
2 e ] L8823
Figure 4 | Soft X-ray images of a 15.1nm half-period test object, as
formed with zone plates having outer zone widths of 25nm and 15nm.

i o 5 1405 o Cr/Si test pattern (Cr L; @ 574 eV)
2085 N ttg G (2000 X 2000, 10* ph/pixel) 2

Hard x-ray imaging based on glancing incidence
reflective optics

* Optics behave differently at these very short wavelengths
(nanometers rather than 520 nm green light)

* The refractive index is less than unity, n=1-035 + i
» Waves bend away form the normal at an interface
» Absorption is significant in all materials and at all wavelength.

* Because of absorption, refractive lenses do not work, prisms do
not, windows need to be extremely thin (100 nm or less).

* Because light is bent away from the surface normal, it possible to
have “total external reflection” at glancing incidence —a commonly
used technique.

* Kirkpatrick-Baez (KB)
mirror pair

28
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Glancing incidence optics

Snell’s Law: | Sin ¢ = Sl:(bi

Oref .
n=1-<64ip o Total external Reflection:

¢rcl'r. — % as ¢i = ¢k‘rilic:l|
Sin ¢,
1-8

(¢ +8=m2) Sin(90°-0)=1-38
Cos0.=1-0

1-% =15
2

0, = 428
For gold at 1 keV

5= 2.1x%x1073
0, =3.7°

0 www.cxro.LBL.gov ;
“X-ray properties of the elements”

“X-ray interaction with matter”

(o} Orent

Snell’s Law: | =

Reflectivity (R)

o

GlancnglncidncOptics ai

29
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Total external reflection with finite
Glancing incidence reflection ... for real materials
as a function of 3/8 (@) 100
2 g0 30mr Carbon (C)
1 A £ 60
A B5=0 £ af
B: p/d=10"2 2 20
2 C:p/3=10" (= L
3 e by ~ 100
8 0.5 D: B’? 1 ®) & goll Aluminum (Al)
-g E:p6=3 E. 0 30 mr
g 401 ~Bom
0 1 1 L 2 20*
0 0.5 1 1.5 2 25 3 0= L L
0/0c (c) =100 : :
& 80 Aluminum Oxide
2 (Al203)
« finite /3 rounds the sharp angular E 80
dependence g 4 30 mr
< ; T 20 6° (1.7°)
« cutoff angle and absorption edges =@ L
can enhance the sharpness (d) ~ 100
. S < 80 Gold (Au)
* note the effects of oxide layers =
and surface contamination .;: 6
B 20
c .
100 1,000 10,000
Photon energy (eV)
(Henke, Gullikson, Davis) 8 ot
CheironSchool_Sept2011_Lec1.ppt 30
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Normal incidence reflection at an interface

2
|cosd) —/n?— sinzd)’

R, = (3.49)

2
|cos¢> +n? — sinqu‘

_1=nP (@ -n)1-n"
T N4+nP? T A+ +n%

at o =0:

Rs,i

Forn=1-38+if
R = (6 —ip)8+iB) P+ p
T Q-s+ip2-8—if) C-R+p
Reflectivity for x-ray and EUV
radiation at normal incidence (¢ = 0):

&+p
RS,L: 2

(3.50)

Example:  Nickel @ 300 eV (4.13 nm)
f7=17.8 f5=17.70 R; =4.58x 1075
5=0.0124 =0.00538

Ch03_NormincidReflc_5.05.ai
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Focusing with curved glancing incidence optics

The Kirkpatrick-Baez mirror system

(Courtesy of J. Underwood)

» Two crossed cylinders (or ellipses)

» Astigmatism cancels

» Common use in synchrotron radiation beamlines
* Hard x-ray microprobe

Ch03_FocusCurv_Sept2010.ai

32
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~

’\ |"\' Fluorescent microprobe based in crossed
cylinders

Kirkpatrick-Baez (KB) optics

Synchrotron
Source (white
€~ radiation)

Multilayer coated

elliptically bent Aperture
Sample Focal \ isrsn \(/Q

M,

Iron contaminated
solar cell

Scanning Solid state 820 fo/rme
stage Flyorescent Si (Li) detector
X-rays
(Courtesy of A. Thompson and J. Underwood, LBNL;

and R. Holm, Miles Lab)

* Crossed cylinders at glancing incidence

« Ellipses better

* Photon in / photon out, low noise background

* Femtogram and part per billion (ppb) sensitivity

* Sub-micron focus (to 0.1 pm recently), but scattering
gives several micron “50% encircled energy™

+ K-B optics have many applications to synchrotron
beamlines, fusion diagnostics, etc.

33
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High resolution x-ray diffraction under high pressure using
multilayer coated focusing optics

Synchrotron €~

s Sample under pressure
radiation

(0-300 GPa)

Diamond anvil cell

Aperture Focused
x-rays

10-16 keV
x-rays

Gasket

Pressure
medium

‘Scattered
x-rays

Multilayer
coated mirrors

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

Ch04_F16aVG.ai
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X-ray microprobe at SPring-8

<" 252“““>

> <
98m > < 150

lﬂ’—.

Optical microscope

PIN photodiode

< / ‘ﬁ—’ i{-

-_ DCM error manipulator Beam monitor
Undulator TC1SIt lon chamber Sample & Scanner
Incident Slit
Experimental hutch
P 2006
v 4 12 12
Front end
< 1 1
B 08 B8
] E
- s
308 30nm 208 25nm
= 04 =04
. 02 02
Courtesy of K. Yamauchi and G codl B g0
. . . o dosee Jecs o Lsseece o' o o 09’00,
H’ Mlmu‘ra” Osa‘ka UIllVel‘Slty. ~200 -100 0 100 20| -200 -100 0 100 200
Postonbm) Postion )
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A high quality Mo/Si multilayer mirror

Courtesy of Sasa Bajt (LLNL)

CheironSchool_Sept2011_Lec1.ppt
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Scattering by density variations within a multilayer
coating

Mo/Si

(T. Nguyen, CXRO/LBNL) R —

37
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Multilayer mirrors satisfy the Bragg condition
mA = 2d sin®
Ne
Mo
Si N0 N NN N NN
¥ Mo
d Si N N N N N NN
— Mo
S NN N N NN\
Mo
Si N0 N N XN XN NN
0
A
For normal incidence, 6 = /2, first order (m = 1) reflection
A=2d
d=A2
if the two layers are approximately equal
At = N4
a quarter-wave plate coating.
. ZhelronSchooLSeptZO‘\17Lec1 ppt 38
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Multilayer mirrors satisfy the Bragg condition
mh. = 2d sing (1 - 458
m?2 )2 Ne
Mo~ 7
Si
v Mo
Si
d Mo~
T Si
Mo ~
Si
0
A
For normal incidence, 6 = n/2, first order (m = 1) reflection
r=2d
d=N2
if the two layers are approximately equal
At = /4
a quarter-wave plate coating.
o ’B(’?:?e‘]l:o:SchooLSeptzm‘U_em ppt 39

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

“ 0.8
€ o7F MoBCrsi
’ 70% at 13.5 nm
0.6 - FWHM =0.55 nm
i 50 bilayers
z 05} Y
2 -
:_.3 OA:
T 03
0.2
Substrate 0.1 r J‘\}
0.0 L 1 1 1 L 1 1 1 L
NEA4nm Ru (1.70 nm) 120 125 130 135 140 145
Si (4.14 nm) Wavelength (nm)
B4C (0.25 nm) d=6.88nm
Mo (2.09nm) [ '=0.34
B4C (0.40 nm)

Courtesy of Sasa Bajt (LLNL)

CheironSchool_Sept2011_Lec1.ppt 40
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Atomic scattering factors for silicon (Z = 14)

©,(barns/atom) = pl(cm:./g) % 46.64 Silicon (Si)
E(keV)p(em®/g) = £0x 1498.22 Z=14
N = 3 Atomic weight = 28.086
Energy (eV) | /0 9 pu(em?/g) )
30 3.799 | 3.734E-01 1.865E+04 15
70 2448 S.701E-01 1.220E+04
100 -5.657 | 4.580E+00 | 6.862E+04 10— /ﬁ
300 12.00 6.439E+00 3.216E+04
700 1331 1.951E+00 4.175E403 n 5 |
1000 13.00 1.070E+00 1.602E+03 0
3000 14.23 1.961 E+00 9.792E+02
7000 14.33 4.240E-01 9.075E+01 -5
10000 1428 2.135E-01 3.199E+01 10
30000 14.02 2.285E-02 1.141E+00 10 100 1000 10000
10 i

8 s rns s IR B v N

E 10 AN 8p)

= 0! \\ 10— T
=N

T

|

s O\ |
" | ) N

T

107! | 102
10 100 1000 10000 10 100 1000 10000
E(eV) E(eV)
Edge Energies: K 1838.9¢V Ly 1497 eV
Ly 998eV
Li 99.2eV
(Henke and Gullikson; www-cxro.LBL.gov) Ch02ApC_Tb1FO7_Sept05.a
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Atomic scattering factors for molybdenum (Z = 42)

o,(bams/atom) p(cm:"g) x 15931 Molybdenum (Mo)
EkeV)p(em¥/g) = £ x 438.59 7=42
~ - 3 Atomic weight = 95,940
Energy (eV) 7’ 1’ u(em?/g) & cwes
30 1.071 5.292E+00 7.736E+04
70 19.38 4732E400 | 2.965E+04 50 T
100 14.02 1.124E+00 4.931E+03 40 T
300 4.609 1.568E+01 2292E+04 30 Val I ]
700 3141 1819E+01 | 1.140E+04 £ / |
1000 3515 1.I18SE+01 5.210E+03 20 1
3000 35.88 1366E+01 | 1.997E+03 5 [\P\ ! I
7000 4.1 3493E+00 | 2.189E+02 Y |
10000 41.67 1.881E+00 8.248E+01 0 A/ V :
30000 42.04 1.894E+00 | 2.769E+01 10 100 1000 10000
10° T
10° DA\ 1
- 10" \ Va4 i
= = \\ T
10 V'\\g
g [ 7\J\
10! 1
10° - -
10 100 1000 10000 10 100 1000 10000
E(eV) E(eV)

Edge Energies: K 199995 ¢V 2865.5¢V M, s063eV N,
2625.1eV M, 4116eV N,
3 25202¢V M; 3940eV N3
My 2311eV
Mg 2279V

(Henke and Gullikson; www-cxro.LBL.gov) h02ApC_Tb1F12_June2008 ai
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CXRO Web Site

Cewt'&r fvr

)Q-Raﬂ Drﬁaf

X-Ray Interactions with Matter . Search CXRO

Facilities

www.cxro.LBL.gov/
Publications
* Atomic scattering factors
R h .
freare « EUV/x-ray properties of the elements
2y 1k « Index of refraction for compound materials
Visitors * Absorption, attenuation lengths, transmission
Personnel * EUV/x-ray reflectivity
(mirrors, thin films, multilayers)
Comments?

* Transmission grating efficiencies
* Multilayer mirror achievements
* Other

Server Stats
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Sputtered deposition of a multilayer coating

Table rotation

Rotating table —>

Mirror substrate

‘ N Deposited thin film

Sputtered atoms
(target material)
moving toward

table £ &

/~ Mirror >,
| substrate j~— Planetary rotation
L
/7 Mirror >
substrate =
Table
| S Py

P grounded
)

\ substrate

Shadow mask

Plasma ions
moving towards ~ Plasma containing
cathode (target magnetic flux lines

materlal) Target
erosion

arget matenal (cathode)

Target for
ligh-Z material

Magnetron

Target housing
(negative cathode)

Magnetic flux lines

confining plasma Target housmg

Cho4_SputtrdDepo.ai
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2 ~

Z A
f(reeeere im

Eric Gullikson, Farhad Salmassi,
Yanwei Liu, Andy Aquila (grad),
Franklin Dollar (UG)

»

World reference standard

Multilayer coatings — “1D nanostructures”

Creating uniformity for

M50 optics
704 Mosi- 890 ]
60 oK bl 8, oos | M2 Mirror 1
2 % 8o % r Ah = 0.036 nm rms 1
§ 40 57?290 1295 1390 so\ B |
E 1 I N
§ 30 * PTB L | e
] | =Skl | | ol
10 V’\‘f\ g s ]
0 LV z g P T S S P |
125 130 135 140 mdmlp;::m(mm)‘su 200
Wavelength (nm)
World record in Wide band, narrow band,
water window and chirped mirrors
for fsec applications
CTE 7% o0 Sosoes 025 . A—
6=81.5 deg °
1 S 020
]
3 0.15
5 Measured
®0.10 Smuated
0.05
. N 0= o J
450 455 460 120 130 140 150 160 170

Photon energy (eV)

Wavelength (A)
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80
70
- 60
X
o 50
5]
C
S 40
D
?:’30
< 20
o)
& 10
0
1

TSC C Si

| °

v !'
H,O

window o’
® . [ ] [ ]

R ° . o og ©

o o o‘. ¢

10

Wavelength (nm)

Recent progress in multilayer mirrors

Near-Normal Incidence Multilayer Mirrors

46

CheironSchool_Sept2011_Lec1.ppt

Cheiron School September 2011

23



Professor David Attwood
Lecture 1, Sept. 28, 2011

Broad bandwidth mirrors
needed for as/fs pulses

AE(eV) -At(fs) > 1.8 fs-eV (FWHM)

80- * Multilayer mirrors depend on

constructive interference from
‘/m\‘ individual interfaces
3 Sbilayers”, « Higher reflectivity needs more
2 . layers
s NN « Bandwidth gets narrower with
s d
3 o Pleyers . more layers
= s )
e . :
2 40 ] :
3 b e Attosecond pulse
nisT oL A RN - Broad bandwidth
/5 10 bilayers s
207) e Y - Limited number of layers
’ ~
’ L] »,
LN, :

N
N
" e
el e Sbilayers = ‘*\; N<10 | i
o s A ayers required for
«‘%’ : : o’
14 145

015 5 3 13.5 200 as pulse (@13nm)

Wavelength (nm)
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Aperiodic multilayers for asec application

Optimizing multilayers for specific e ! 5
applications requires the use of O N NN
simulation of a multilayer stack with XX X X X
variations in the thickness of each =~ S S

material in the multilayer.

025 . o Successful design of aperiodic
0.20 \VAAAVARNVSS multilayers requires:
>
> 015 1. EM wave in multilayer
oo | e structure. |
14 ;‘ 2. Optimization Algorithm
0.05 ! \

3. Sample preparation
4. Verification

0 A\l SRR
120 130 140 150 160 170
Wavelength (A)

A. L. Aquila, F. Salmassi, F. Dollar, Y. Liu, and E. Gullikson, "Developments in realistic design for
aperiodic Mo/Si multilayer mirrors," Opt. Express 14, 10073-10078 (2006)

48

CheironSchool_Sept2011_Lec1.ppt

Cheiron School September 2011



Professor David Attwood
Lecture 1, Sept. 28, 2011

The Cassegrain Telescope with multilayer coatings for
EUV imaging of the solar corona

http://vestige.Imsal.com/TRACE

(Photo courtesy of L.Golub, Harvard-Smithsonian and T, Barbee, LLNL)
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Multilayer Laue Lens for focusing hard x-rays

|
YN A g
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Photon energy, wavelength, power

hw - A = hc = 1239.842 eV nm

(1.1)

1 joule = 5.034 x 10'°A[nm] photons

(1.2a)

1 watt = 5.034 x 10"°A[nm]

photons

(1.2b)

ChO1_Egs1.1_2.ai

CheironSchool_Sept2011_Lec1.ppt

51

Lectures online at www.youtube.com

SOFT X-RAYS AND
EXTREME ULTRAVIOLET g
RADIATION :

Priscipies aed Agplicatioss

i

O il

=

UC Berkeley

Amazon.com

www.coe.berkeley.edu/AST/sxreuv

www.coe.berkeley.edu/AST/srms

www.coe.berkeley.edu/AST/sxr2009
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