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* Spatial coherence

 Temporal coherence

* Partial coherence

* Full coherence

* Spatial filtering

» Uncorrelated emitters

* Correlated emitters

* True phase coherence and mode control
 Lasers, amplified spontaneous emission (ASE) and mode control
* Undulator radiation

 SASE FEL

» Seeded FEL

* High harmonic generation (HHG)

« EUV lasers and laser seeded HHG
 Applications with uncorrelated emitters
 Applications with correlated emitters
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Chapter 8
COHERENCE AT SHORT WAVELENGTHS

/ef’ lcoh = A2 2AN {temporal (longitudinal) coherence } (8.3)
T \ d - 0 = A2m {spatial (transverse) coherence } (8.5)

or d 26|pyy =044 A (8.5%)
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Professor David Attwood
Univ. California, Berkeley Spatial and Temporal Coherence; Coherent Undulator Radiation, EE290F, 22 Feb 2007 Ch08_FO0VG.ai



Y
Point source oscillator Source of finite size,

—00 <t < divergence, and duration

Professor David Attwood
Univ. California, Berkeley Spatial and Temporal Coherence; Coherent Undulator Radiation, EE290F, 22 Feb 2007 Ch08_FO01VG.ai



Spatial and Temporal Coherence

Mutual coherence factor

ia(7) = (E1( + 0)EL()) (8.1)

Normalize degree of spatial coherence
(complex coherence factor)

S (E\(1)E5(1)) 8.12)

VE112)/ (| E2|?)

A high degree of coherence (L — 1)
implies an ability to form a high contrast
interference (fringe) pattern. A low degree
of coherence (L — 0) implies an absence
of interference, except with great care.

In general radiation is partially coherent.

Professor David Attwood
Univ. California, Berkeley

Transverse (spatial)
coherence
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Point source, Longitudinal
harmonic oscillator coherence length
Coon = A2/2AN

Longitudinal (temporal) coherence length
A.?'
2 AA

¢ (8.3)

coh =

Full spatial (transverse) coherence

d-0=x/2n (8.5)

Spatial and Temporal Coherence; Coherent Undulator Radiation, EE290F, 22 Feb 2007

Ch08_Eq1_12_F2VG.ai



Spectral Bandwidth and
Longitudinal Coherence Length

‘<_ 7»—»‘ ‘<— AN 180 phase shift
//\\ /’\ m\\ /X\\\ /X\\\\/XP\\ /\/ﬁ\\/\///\ —> | | AL
VARV ANVANVAVVAV.VAV.VIV

o

< €con g x >

1.00

Define a coherence length €}, as the distance of propagation over which radiation of spectral width AL
becomes 180° out of phase. For a wavelength A propagating through N cycles

€C0h = N?\.
and for a wavelength A + AL, a half cycle less (N — %)

Ceoh = (N=2) (A +AN)

Equating the two
N = A2AA
so that 5
B s 2 (83)
coh — 2 AX

Professor David Attwood
Univ. California, Berkeley Spatial and Temporal Coherence; Coherent Undulator Radiation, EE290F, 22 Feb 2007 Ch08_F03VG.ai



A Practical Interpretation
of Spatial Coherence

* Associate spatial coherence with a spherical wavefront.
* A spherical wavefront implies a point source.

* How small is a “point source”?

'y From Heisenberg’s Uncertainty
Principle (Ax - Ap > % ), the smallest

0 source size “d” you can resolve, with

o

wavelength A and half angle 6, is

A

d6=%

Professor David Attwood

Univ. California, Berkeley Ch08_XBL 915-6740AVG.ai

Spatial and Temporal Coherence; Coherent Undulator Radiation, EE290F, 22 Feb 2007



Partially Coherent Radiation Approaches
Uncertainty Principle Limits

AX - Ap=h/2  (8.4)
Ax - hAk > £i/2

Ax - KAO

(Tipler, 1978, pp. 174-189)

>1/2

2Ax - AB > \/2n

TR =

Spherical wavefronts occur

Note:
Ap = Ak
Ak = kAO

Professor David Attwood
Univ. California, Berkeley

Standard deviations of Gaussian distributed functions

in the limiting case

R Ak d- 6= Nan }

k (spatially coherent)

or

1 quantities

Je

(d - 20)pwim = M2 | FWHM quantities

Spatial and Temporal Coherence; Coherent Undulator Radiation, EE290F, 22 Feb 20077

Ch08_XBL883-8849.modf.ai



Professor David Attwood
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g~=X Spatial and Spectral Filtering
() to Produce Coherent Radiation

Ch08_F08VG.ai



Young’s Double Slit Experiment: Spatial
Coherence and the Persistence of Fringes

A )))

) ) M) %

Professor David Attwood
Univ. California, Berkeley YoungsExprmt.ai



Young’s Double Slit Experiment: Spatial
Coherence and the Persistence of Fringes

Persistence of fringes as the source grows
from a point source to finite size.

d- 20wy = M2

hooh = W2/2A% = L Neoy

Professor David Attwood
Univ. California, Berkeley Spatial and Temporal Coherence; Coherent Undulator Radiation, EE290F, 22 Feb 2007 CHO08_YoungsExprmt_v3.ai



Young’s Double Slit Experiment with Random
Emitters: Young did not have a laser

emitters

/
N uncorrelated / / / ))>

* Self-interference only
* Electric fields chaotic
* Intensities add

« Radiated power ~ N d - 20[pwpm = M2

x’coh 7L2/2A7L — 1I\IC()117L

Professor David Attwood
Univ. California, Berkeley YoungsExprmt_Random_March08.ai



Young’s Double Slit Experiment with Phase Coherent
Emitters (some lasers, or properly seeded FELS)

7» \//\\//Wt
) ) )

EA

emitters

/
N correlated / / / ))>

* Phase coherent
electric fields

* Electric fields from all
particles interfere constructively | d - 20|, = M2

« Radiated power ~ N2

* New phase sensitive
probing of matter possible

x’coh 7L2/2A7L — 1I\IC()117L

Professor David Attwood
Univ. California, Berkeley YoungsExprmt_PhaseCoh_March08.ai



The Lasing Process Begins with rj:r\nl ‘Q
Amplified Spontaneous Emission (ASE)

Spontaneous NJJ \E ./z/m/> T Amtpllfled
emission ﬁ\a é g T spon aneous
/ emission

Gain medium of inverted (Both directions equally likely)
population density

but with spatial and temporal filtering, true phase coherence
and mode control can be achieved.

Longitudinal Transverse
mode selector mode selector

| ]
l |:| 7Vvis
— el AAARAL ——1
- — v"v"‘i"vl'll |:| TEW
Gain medium

Mirror AT?L ~10-6

Mirror + flash lamp

Ch07_F02_06_Mar08.ai



Some Useful Formulas <
for Synchrotron Radiation /\I

A
I

BERKELEY LAB

1 1

Y= = X B: v
2 C
-5 i

2

E,=vYmc*, p=ymv

E
Y= —S5 = 1957 E/(GeV)

mc

Ao - A=1239.842 ¢V . nm

hot
| watt = 5.034 x 10%A[nm] 2
3¢nhBy? ,
Bending Magnet: E, = ‘92‘ Y E.keV) = 0.6650 E2(GeV)B(T)
m

M K? 0.9496 EX(GeV
Undulator: A = — (1 % PRC PR V&92); E(keV) = e(2 eV)

= 2 Au(cm) (1 +5 + y292)

EB()AH

= 0.9337 By(T)A,(cm)

where K =
2nmc

Professor David Attwood
Univ. California, Berkeley Ch05_UsefulFormulas.ai



~

Synchrotron Radiation /\

A
from Relativistic Electrons \""

Professor David Attwood
Univ. California, Berkeley

v<<c V<C
A Ax
A1 \WA WA\
VIAVALY,
<7
LN
<
Y Note: Angle-dependent doppler shift

A=A (1 —%Cose) A=Nvy(1 —%COSG)

Ch05_F09_Apr2008.ai



Synchrotron Radiation f‘\l A
in a Narrow Forward Cone ="

Laboratory frame of reference

~ 1
memz==2 =17
sin @’

tanf = (5.1)
v(B + cosf’)
1

Professor David Attwood
Univ. California, Berkeley Ch05_F11_Apr2008.ai



Undulator Radiation from a Small -
Electron Beam Radiating into a ;}l A

Narrow Forward Cone, is Very Bright

Magnetic undulator % —1
(N periods)

~ M
A A 2Y2

Relativistic
electron beam,

photon flux

Brightness = BA) (AQ)

photon flux
(AA) (AQ) (AMA)

Spectral Brightness =

Ch05_F08_Apr08.ai



Undulator Radiation

~

Freeeeee ’m

Laboratory Frame Frame of Frame of Following
of Reference Moving e~ Observer Monochromator
l«— Ay —> sin20 0 ~ ZLY Ogen
Nl |S| [N| |S e
= D < > —%Z} ——E-—>>
7
S N| |S N
E = Ymc2 e~ radiates at the Doppler shortened For A—}i‘ =~ 1ﬁ
Lorentz contracted wavelength on axis:
_ 1 wavelength: , o ]
1= v — A =AY — Pcoso) cen = YN
c2 }\« = T
A typically
_ : : A= — (1+7202
N = # periods Bandwidth: oy ( ) 0., =~ 40 rad
’
L}( =~ N Accounting for transverse
A

Professor David Attwood
Univ. California, Berkeley

motion due to the periodic

magnetic field:

=214 K2y y2g2)

272 2

where K = eByA, /2rmc

Ch05_LG186_Feb07.ai



The Equation of Motion in an Undulator

Magnetic fields in the periodic undulator cause the electrons to oscillate and thus
radiate. These magnetic fields also slow the electrons axial (z) velocity somewhat,
reducing both the Lorentz contraction and the Doppler shift, so that the observed
radiation wavelength is not quite so short. The force equation for an electron is

dt

where p = ymv is the momentum. The
radiated fields are relatively weak so that

dp

dt

Taking to first order v ~ v,, motion in the x-direction is

=—¢(E +vXxB) (5.16)

~ —e(v X B)

dv,

my e +ev. B,

Professor David Attwood
Univ. California, Berkeley
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2wz
Au

= 0.9337 By(T)A,,(cm)

(5.19)

(5.18)

Ch05_F15_Eq16_19_Mar08.ai



=R Calculating Power in the Central Radiation Cone: Using ~
i 5B the well known “dipole radiation” formula by transforming ,T,,}l ‘lﬁ

/ to the frame of reference moving with the electrons /\

x, z, t laboratory frame of reference x’, Z/, ¢ frame of reference moving with the
average velocity of the electron

u
—| A |~ N periods Lorentz. Y
transformation X', 7, { motion
a’(¢') acceleration
D _ _(E+vxB Dipole radiation:
— =—¢(E+VxB) ipole radiation:
P’ _ ¢’ a’?sin® ©
dQ’ 16m%e
A X ] A X .
Ocen = — L tz transf ti sin<®’
cen \ YW orentz transrormation
- = <= -
L = o z z
AN N W

_ e Yl K*
P cen — 2 A2
gohy (1 +K%/2)

Professor David Attwood
Univ. California, Berkeley Ch05_T4_March2008.ai



Undulator Radiated Power in the Central Cone

7\’U
M= e
— neY?l
Pcen
Eo?bu
1
ecen

— eBOku
K= 21mM,C
* _ K

-

N periodls\§
o 5%/
K2 %
> (K) %
(1 + 57 5
u
1
0 = L ?k }/
cen ,Y*\/N'
2.00
ALS, 1.9 GeV
400 mA Tuning

1.90 A,=8cm curve
_ N = 55 /
=3 K =0.5-4.0
o

Y L =N
0.50 Al
0 | | |
0 100 200 300 400

Professor David Attwood
Univ. California, Berkeley

Photon energy (eV)

Undulator Equation and Radiated Power, EE290F, 15 Feb 2007

Ch05_LG189_Jan07.ai



N periods

i

e

e

Undulator
? radiation
’\//// N
Ay N
1
Ocen = ——
cen ’Y*N
Pinhole

Professor David Attwood
AST 210/EECS 213
Univ. California, Berkeley

Spatially Coherent Undulator Radiation ,’,,\,l ’5\'

A=11.2 nm

Spatial

r\ﬁlter\

Angular
aperture

Courtesy of Patrick Naulleau, LBNL.

- )

BERKELEY LAB

A=13.4 nm

1 ymP pinhole

25 mm wide CCD
at 410 mm

Ch08_Coh_SXR_Sci .PPT



Spatial and Spectral Filtering
of Undulater Radiation

In addition to the pinhole — angular aperture for spatial
filtering and spatial coherence, add a monochromator for
narrowed bandwidth and increased temporal coherence:

z (A/2m)? A

Peohpjar = 1 N— Py (8.10a)
, (dx 9.1‘ )(d ’ 9 A‘
beamline “ ~ . y)J S
efficiency spatial spectral
ﬁltenng ﬁlterlng
which for G'X?y << 02, (the undulator condition) gives the 32
spatially and temporally coherent power (d - 0 = A/2w ; o = SHE )
3 ery, In(AL/L)N? hw
Poiijan'=~—= / N1=—) f(ho/hwy)| (8.10¢c)
A 8mepd,d, hwg

|
which we note scales as NZ2.

Professor David Attwood
Univ. California, Berkeley Spatial and Temporal Coherence; Coherent Undulator Radiation, EE290F, 22 Feb 2007 Ch08_SpatialSpectral.ai



Spatially and Spectrally Filtered f‘\‘

A
Undulator Radiation : g

 Pinhole filtering for full spatial coherence
* Monochromator for spectral filtering to A/AAL > N

EUV/soft x-ray

Mo photoemission
Water-cooled retract- microscope ELV
beam defining able Varied .
Iane space retractable
mirror P spherical p
MIror irror t|ng plane
I m|rror
80cmperiod N\~ = == /%\ :
undulator ‘. ....... 166° aiial Entrance
Exit M6 pinhole
slit bendable plane bendable
1 1 1 | 1 1 1 1 1 1 1 1
8.0 cm period, N = 55
_ A/2m)? Af < 300} :
Panijn= 0 —2o _ NELp. (8100 1.0 GeV, 400 ma
eptny (dxgx)(dxex) ; A —~ 375
beamline - ~- - m = /—\ oo = 10°0/2
erncienc . C - - o
R i S - = 200 n=10%
- g
<
y ery In(AL/A)N? hew E A — 403
Peoha/ar = N1 - — ) f(hw/hwg) o 100} =10"—
L 8mepd, dy hawy f AL
2 —_— —
(O'! << 933“) (8-100) O R R | I 1 AX ] L1
10 103

Photon Energy (eV)

Professor David Attwood
Univ. California, Berkeley Spatial and Temporal Coherence; Coherent Undulator Radiation, EE290F, 22 Feb 2007 Ch08_F11_Mar08.ai
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Freeer ‘m
.

1.5 y
1.9 GeV, 400 mA
S 10} n=1 | Ay =80 mm, N =55
= N 0.5<K<4.0
Q —— — =
n” 05k /AL_55 | Ox = 260 uym, o,” =23 pr
| yd n=3 oy =16 um, 6,/ = 3.9 ur
— 165 y y
AN
] ] ] ]
00 200 400 600 800 1000
Photon Energy (eV)
S0 . — T 300 .
Neuy = 10%
A0 N . _ — Neyr = 10%
Z a0l | Eao ]
=z , n=1 g
< 20F — = —> - ] =
8 o S 100 ﬁ=103—> .
Ty 4 " n=3
n=3 A 103
O L1 " 1 1 1 L1 O TR R N ) 1 A7\a 1 TR T
102 10° 102 10°
Photon Energy (eV) Photon Energy (eV)

Professor David Attwood
Univ. California, Berkeley Spatial and Temporal Coherence; Coherent Undulator Radiation, EE290F, 22 Feb 2007 Ch08_U8_Feb07.ai



Measurement of )\l .
Undulator Spatial Coherence ceeceer]
:

[ [
T 13.4 nm -
420 nmP
> 5 m sep
‘»
o
= 0.5 _
0 | | | E
C. Chang 0 0.2 04 06 0.8 1 -
Position :
EI K@/ \ Two
g @m pinhole
Undulator | Grating mask
e~ Beamline

Aperture

Courtesy of Chang Chang, UC Berkeley and LBNL.

Ch08_CohSXRsci_Apr2008.ai



Spatial Coherence Measurements of Undulator /"‘\l A
Radiation Using the Classic 2-Pinhole Technique “~“~{| |"

BERKELEY LAB

(1

1 T T T T | T 1 T T T T T | T
0.8 Sum o 0.8 4pm
061 separation | 0.6 separation |
0.4 = 0.4 s
0.2 = 0.2 =

0 | ] 1 | | ] ] 1 0 |

0O 01 02 03 04 05 06 07 08 09 1 O 01 02 03 04 05 06 07 08 09 1

Courtesy of Chang Chang, UC Berkeley and LBNL.

Z;"Tfe;jg;Egggi‘;f;twood A =13.4 nm, 450 nm diameter pinholes, 1024 x 1024 EUV/CCD at 26 cm
Univ. California, Berkeley ALS’ 1.9 GeV, 7\’U =8 cm, N = 55 Ch08_CohSXRsciChang.ppt



Spatial Coherence Measurements of Undulator /"'\l A
Radiation Using the Classic 2-Pinhole Technique ““~ ""

BERKELEY LAB

1 | T | T | | 1 T T T | T | T
0.8 6um 0.8 - 9um -
06 separation | 0.6 separation
0.4} - 0.4 -
0.2 - 5 0.2 .

0 u | ] | 1 | | 0 ] ] I | | | I

0o 01 02 03 04 05 06 07 08 09 1 0 01 02 08 04 05 06 07 08 09 1

Courtesy of Chang Chang, UC Berkeley and LBNL.

Professor David Attwood

PR A =13.4 nm, 450 nm diameter pinholes, 1024 x 1024 EUV/CCD at 26 cm
Univ. California, Berkeley ALS’ 1.9 Gev’ }bu =8 cm, N = 55

Ch08_CohSXRsciChang.ppt



The Scanning Soft X-Ray Microscope
Requires Spatially Coherent lllumination

\’;\\/\

\\k Aperture
™~
\

(OSA)

A/y

Zone Plate lens O /@ el
Sample
scanning
stage Detector

Professor David Attwood
Univ. California, Berkeley Applications of Coherent Undulator Radiation, EE290F, 27 Feb 2007 Ch09_ScanSXRMicroscope.ai



>

Coherent Power for an EPU at the ALS /\| ‘.ﬁ

US EPU
2.5
0ok y | 1.9 GeV, 400 mA
_ Ay =50 mm, N = 27
Z 15f T 0.5<K<4.0
m@ 10k - 6, = 260 ym, 6,” = 23 pr
05k | 6y =16 ym, 6,/ = 3.9 pr
Ocen = 61ur @ K = 0.87 (500 eV)
00 5(I)O 1 OIOO 1 5|00 2000
Photon Energy (eV)
20 T T T T T
—~ 15 - = °r
2 2
< 10f {3 4 a -
§ 10 2 A%_ 103
o 5F . o 2[ -
n=3
S T S
Photon Energy (eV) Photon Energy (eV)

Professor David Attwood
Univ. California, Berkeley Applications of Coherent Undulator Radiation, EE290F, 27 Feb 2007 Ch08_ALS_U5epu_Feb07.ai



Spectromicroscopy: High Spatial and

High Spectral Resolution Studies of ”/‘:‘\”l ‘ﬁ
Surfaces and Thin Films

25 nm elbow
test pattern

Scanning Soft X-Ray
Microscope

ALS beamline 11.0.2
395 eV; AL = 6000
240 x 240 pixels

1.2 um x 1.2 ym

2 ms dwell time

Courtesy of Tolek Tyliszczak (Dec. 2003)

Professor David Attwood
Univ. California, Berkeley Applications of Coherent Undulator Radiation, EE290F, 27 Feb 2007 Ch09_Spectromicroscapy.ai



RESULTS

*Ni, Fe, Mn, Ca, K, O, C elemental map,
( there was no sign of Cr.)

*Different oxidation states for Fe and Ni

oD Fe 2p

151

1.0

051

Yoo 705 70 75 70735

Protein (gray), Ca, K

Different oxidation states (minerals) found for Fe & Ni

Tohru Araki, Adam Hitchcock (McMaster University)
Tolek Tyliszczak, LBNL

Sample from: John Lawrence, George Swerhone (NWRI-
Saskatoon), Gary Leppard (NWRI-CCIW)

Professor David Attwood

Univ. California, Berkeley Applications of Coherent Undulator Radiation, EE290F, 27 Feb 2007 ALS_MES .ppt



Patterned Polymer Photoresists

M.K. Gilles, R. Planques, S.R. Leone
LBNL
Samples from B. Hinsberg, F. Huele

IBM Almaden

Exposure to UV light results in loss of carbonyl peak n
e

Map chemical spectra taken of pure samples
Onto a sample containing both components

Courtesy of Mary Gilles, LBNL

ALS_MES .ppt
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1.0 7 1.7 GeV, 200 mA
0.8 . A =49 mm,N=284
S . 0sK<25
0® 04k | 6y =314 ym, ¢,/ =18 pr
Gy =24 um, o,/ =2 ur
0.2 - y “o y ~<H .
Neuv = 10% 5 Ny = 10%
0 | |
0 500 1000 1500 2000
Photon Energy (eV)
LI | | | | | | LI | 150 LI | | | | | LI |
15 - - 5 i
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= i E 100 - m
E 10 =
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Professor David Attwood
Univ. California, Berkeley Applications of Coherent Undulator Radiation, EE290F, 27 Feb 2007 Ch08_BESSYII_Feb07.ai



@ESSY Lensless Imaging of Magnetic Nanostructures
by X-Ray Spectro-Holography

mask and sample

Au mask

SiN, membrane
Magnetic film

S. Eisebitt, J. Liining, W.F. Schlotter, M. Lorgen, O. Hellwig,
W. Eberhardt & J. Stohr / Nature, 16 Dec 2004

LenslessimagingF.1.ai



Coherent Soft X-Ray Scattering rr/rrr\rr| ‘Q

~

-
—

-
-

) 20 Ks
i Scattered
Incident Kd wave
wave

[kg| = 27t/d represents a spatial non-uniformity in the
medium, such as atoms of periodicity d, a grating, or
a density distribution due to a wave motion.

If the density distribution is stationary, or near
stationary, the scattering diagram is isosceles.

hwg = hw; + hoyg
ﬁks = ﬁkl + ﬁkd

« At a given angle one detects scattering
from fluctuations of a specific spatial scale

» At that angle, the frequency content tells
you the time structure of those fluctuations

Professor David Attwood

Coherent Scattering
from a Pt:Co Multilayer

Small
angle
block

Soft x-ray speckle pattern:
diffraction pattern of the magnetic
domain structure

(Courtesy of Steve Kevan,
University of Oregan)

Univ. California, Berkeley Applications of Coherent Undulator Radiation, EE290F, 27 Feb 2007 Ch08_CohSXRscattering.ai



Coherent Soft X-Ray Beamline:
Use of a Higher Harmonic (n = 3) f‘\l

reeeeeer ’m

to AccessShorter Wavelengths

Water-cooled
beam defining

apertures
\ K-B

Exit focus
. . system
8.0 cm period ! Mo B~ 172\ slit, ' l Entrance
undulator retractable M2 3 / pinhole
plane spherical -
2 mirror 2 mirror Varied
line-space bzerr]r?i?rkc))lre bendable
_ ratin 2mi
Coherent Power with a Monochromator J J mirror Coherent
300 I I I I I I I I I I I I I SOft X-ray
End Station
%_ 200 —/TU":‘Q\ 8.0 cm period, N = 55
= curves 1.9 GeV, 400 mA
g d-0=A2n
< A _ 4103 {con = 1000 A2
S — =10" — coh
n 100 AL Neuv = 10%, Nsyr = 10%
0 T S B |
102

Photon Energy (eV)

Professor David Attwood

Univ. California, Berkeley Spatial and Temporal Coherence; Coherent Undulator Radiation, EE290F, 22 Feb 2007 Ch08_CohOptBLwGraf_Feb07.ai



Coherent Soft X-Ray Magnetic S :
Scattering Endstation /r\l i
—

Flangosaurus

X rays

Scattering
in
Transmission
Sample
location
Courtesy of K.Chesnel, S. Kevan, U. Oregon
Professor David Attwood

Univ. California, Berkeley Applications of Coherent Undulator Radiation, EE290F, 27 Feb 2007 CoherenceSlides.ppt



Example of Experiment in Transmission: ~ .
Coherent Scattering from Nanoparticles r/f\'l m

X —ray beam ggr? era
tuned to Co L3 2048x2048

resonant edge

Pinhole
(coherence)

Co Nanoparticles assembly
precipitated on TEM grid

Scattering ring
related to
interparticle distance
~12nm

Courtesy of K.Chesnel, S. Kevan, U. Oregon N

Professor David Attwood
Univ. California, Berkeley Applications of Coherent Undulator Radiation, EE290F, 27 Feb 2007 CoherenceSlides.ppt
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Extreme ultraviolet (EUV) lithography based
on multilayer coated optics

6.7 nm l
period T

U

Reflective

Absorber
’/ pattern

mask -
- ——— A=13nm
) — 41
reduction
_ optics,
Multilayer aspheric,
mirror multilayer
| coated
| s ek
A5 A Al 533
S AR S N
mm Wafer to record
T — 50 nm or smaller
A S

features, over cm2
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International Technology Roadmap
for Semiconductorst
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2003* 2005* 2008* 2010* 2012*
First year of volume production 2004 2007 —2010- —2043- -2016-
Technology Generation 90 nm 65 nm 45 nm 32 nm 22 nm
(half pitch, 1:1, printed in resist)
Isolated Lines (in resist) 53 nm 35 nm 25 nm 18 nm 13 nm
[Physical gate, metalized] [37 nm] [25 nm] [18 nm] [13 nm] [9 nm]
Chip Frequency 2.5 GHz 4.9 GHz 9.5 GHz 19 GHz 36 GHz
Transistors per chip (HV) 190 M 390 M 770 M 1.5B 3.1B
(3 x for HP ; 5 x for ASICs)
DRAM Memory 1.1G 22G 43 G 8.6 G 34 G
(bits per chip)
Field Size (mm x mm) 22 x 32 22 x 32 22 x 32 22 x 32 22 x 32
Wafer Size (diameter) 300 mm 300 mm 300 mm 450 mm 450 mm

TSemiconductor Industry Association (SIA), December 2004 update.

*Possible 2-year cycle for leading edge companies.

SIA_Rdmp_2008.ai




Coherent Undulator Radiation Used for Interferometry /\I
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Testing Multilayer Coated Optics for EUV Lithography
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0o = 052 nm rms = }Leuv/26

I Interferogram Wavefront

¥%Amw£§’”m"’ Courtesy of K. Goldberg, P. Naulleau, J. Bokor, et al., LBNL.

AST 210/EECS 213
Univ. California, Berkeley
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25 nm Pinholes for ~ A
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Courtesy of E. Gullikson, E. Anderson and K. Goldberg, LBNL.

Professor David Attwood

Univ. California, Berkeley Applications of Coherent Undulator Radiation, EE290F, 27 Feb 2007 EUV_Interferometry.ppt



A 0.30 NA Micro-Exposure Tool (MET) for Testing /‘\l ’ﬁ
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Univ. California, Berkeley Applications of Coherent Undulator Radiation, EE290F, 27 Feb 2007 METinterferometry.ppt



EUV wavefront measurements to A_.../300

euv

-~
A
frreeer ’m

BERKELEY LAB

Courtesy of K. Goldberg, LBNL.
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MET At-Wavelength Interferometry and Alignment /\l ’«
Preparation for Static Microfield Imaging N
BERKELEY LAB
__MET Alignment in progress
2 mirrors s - September 3, 2003
0.3 NA, 5x : central field point
. , astig 0.1 nm

13.5nm B
coma 0.3 nm

- sphab 0.4 nm
. trifoil 0.2 nm
" h-0s. 0.4 nm

RMS 0.8 nm
AT

aberrations
may be reduced
in final alignment

200 x 600 ym
field of view

* Visible-light alignment at Livermore

« EUV interferometry at Berkeley includes PS/PDI and shearing
at 9 points across the field of view and in z.

* Higher-order spherical aberration dominates the wavefront

* A large part of the higher-order spherical is contained in Z35 and Z36.
Higher-order spherical magnitude depends strongly on NA.

Virtual
Nationa/
Laboratory

Samsung_OverviewEUVL.ppt (Courtesy of K. Goldberg and P. Naulleau, LBNL) 4
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’”\'m at the ALS: testing state-of-the-art EUV resists

Two-bounce, 0.3 NA, MET Programmable illumination 45 nm
at ALS Beamline 12.0 1

40 nm 35 nm
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22 nm lines and spaces
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Major support and collaborators include Sematech, Intel, AMD, IBM, Samsung and others. /\ ,,,,,,

Courtesy of Patrick Naulleau, CXRO/LBNL. SEMATECH
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BERKELEY LAB

IN][s] [N][s]
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sl INI Isl IN]

Undulator — uncorrelated electron
positions, radiated fields uncorrelated,
intensities add, limited coherence,
power ~ N.
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Free Electron Laser (FEL) — very long undulator,

electrons are “microbunched” by P _ —(E +v xB)
their own radiated fields into at

strongly correlated waves of electrons,

all radiated electric fields now add,

spatially coherent, power ~ N2

Professor David Attwood
Univ. California, Berkeley UndulatorsAndFELs2.ai



Young’s Double Slit Experiment with Random
Emitters: Young did not have a laser

emitters

/
N uncorrelated / / / ))>

* Self-interference only
* Electric fields chaotic
* Intensities add

« Radiated power ~ N d - 20[pwpm = M2

x’coh 7L2/2A7L — 1I\IC()117L

Professor David Attwood
Univ. California, Berkeley YoungsExprmt_Random_March08.ai



Young’s Double Slit Experiment with Phase Coherent
Emitters (some lasers, or properly seeded FELS)
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* Phase coherent
electric fields

* Electric fields from all
particles interfere constructively | d - 20|, = M2

« Radiated power ~ N2

* New phase sensitive
probing of matter possible

x’coh 7L2/2A7L — 1I\IC()117L

Professor David Attwood
Univ. California, Berkeley YoungsExprmt_PhaseCoh_March08.ai
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Seeded FEL rrfl’r}‘ )
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Undulator — uncorrelated electron
positions, radiated fields uncorrelated,

power ~ N. throughout bunch, resulting
in better coherence properties.
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seed pulse
Free Electron Laser (FEL) — very long undulator,
electrons are “microbunched” by P _ —(E +v xB)
their own radiated fields into at
strongly correlated waves of electrons,
all radiated electric fields now add,
spatially coherent, power ~ N2

Professor David Attwood
Univ. California, Berkeley Seeded_FEL.ai
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6.5-32 nm wavelength in 1st harmonic
20 fsec, 102 photons per pulse

Courtesy of Henry Chapman (LLNL, now Hamburg) and Stefano Marchesini (LLNL, now LBL).
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Coherent X-ray Diffractive Imaging with the FLASH
free-electron laser (FEL) in Hamburg, Germany

25 fs diffraction pattern nature i e

FLASH,
what a picture!

QUANTUM NETWORKS
Photons fired in concert

SUPERCONDUCTORS
Straight to the source

QUANTUM OPTICS
Strong correlations with light

1 micron Chapman et al, Nature Phys 2 839 (2006)
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Lectures online at www.youtube.com

Soft X-Rays and
Extreme Ultraviolet
Radiation

Principles and
Applications

(Al David Attwood
AAARAANARN
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¢ VUV ‘ - Soft X-rays

: Extreme Ultraviolet ' Hard X-rays
1Siy Cx Ok

UC Berkeley
www.coe.berkeley.edu/AST/sxreuv
www.coe.berkeley.edu/AST/srms
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