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3. Indirect methods

! !"#$%&'('%)*"+$(#,%'

! !%'%#-$%.(,#/01(./23$(445

! 6%78#-$%.(,#/29(:1;/*"+1$1',(7)(<1$=:$15

! >%-1$1'=/*"+$(#,?1/".(4"'4

! @A%7(=1*/A(.<71

! BC=1'*1*/A(.<71

! D%7%4$(<-8

! E7=$(F(A=/".(4"'4
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A change in the lattice constant introduces a shift in the
Bragg spot
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"#$%&'($#)&*#+,-$,./&#0&123&45(67&./#89:+/

X-ray nano-diffraction
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Microdiffraction reveals lattice strain in SOI structures

;<&=>$$#)?&12@&AB?&C5DEC4&F4CCAG



I. McNulty                 NX2012             16 August 2012

=<&H#I:9.#JK?&2LM&ND?&O5EOCN&F4COOG
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... and the metal-insulator transition in VO2
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As-grown BFO
! 2$/%:YP+V&0K/&-$,-/$P/J&,Q&%,8#:+&U#99J&:+

8>9PQ/$$,:Y&M:^/[D&0K:+&]98J&$/_>:$/J&%/0#:9/%
>+%/$J0#+%:+V&,Q&9,Y#9&#+%&9,+V($#+V/&9#\Y/&J0$#:+

! @:+/#$&%,8#:+&$/J-,+J/&0,&:+0/$%:V:0#0/%&/9/Y0$,%/J
:+%>Y/J&+#+,JY#9/&9#\Y/&P90J&F`OCC&+8&%,8#:+JG

! aK:J&Y#+&./&8/#J>$/%&U:0K:+&0K/&/9/Y0$,%/&$/V:,+&U:0K
K#$%&b($#)&+#+,(%:c$#YP,+

Electric field stabilization of domain walls is important
for development of ultralow power electronic devices
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L/J-,+J/&,Q&Q/$$,/9#JPY&%,8#:+J&0,&d(]/9%?&-,9:+V&-#$#99/9&#+%&-/$-/+%:Y>9#$&0,&#J(V$,U+&J0#0/

3<&"$>JIX/U)YI?&12@&AA?&4D4ACD&F4COOG

7,8#:+J&JU:0YK
P90J&:+&e&4C&+8&f

Lattice tilt domains in BiFeO3 occur on the nanometer scale
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3D depth-resolved, white-beam Laue diffraction technique

polychromatic
undulator beam    

CCD

K-B
mirrors

monochromator
(removable)

diffracted-beam 
profiler

bulk sample

M<&@#$J,+?&1!&$#2&BOE?&NNT&F4CC4G

Differential-aperture x-ray microscopy
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Differential-Aperture
I(a) - I(b)

Depth
profiling

Sample

Wire Scan

CCD Detector

Incident White or Mono X-rays

White beam Laue 

!"#$%&'(')$*+%,)-(,./$$0$123$4$123$4$125$67!

8.9-)'*$*+%,)-(,./$:;$0$121<=$>,*?+.@'(,.AB$:CDC$0$<1"E$>%@*'?.A

3D diffraction microscopy: how does it work?
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3D diffraction microscope at APS beamline 34-ID-E



I. McNulty                 NX2012             16 August 2012

•  Intra- and inter-granular information
•  Grain boundary morphology and type
•  Misorientation axis/angle between grains
•  3D microtexture 
•  Grain size-distribution

5!6 !31 µm3 volume in Al polycrystal

g<&h#+V?&3/0#,*&DE?&BDO&F4CCBG
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5 µm
TEM - Polycrystal Al 

diffracted
beam profiler

    CCD

microbeam

DAXM illuminates the 3D structure of aluminum
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! d=&$/J>90J&:+&J0$/JJ/J&#+%&J0$#:+J&:+&Y,+%>Y0,$J&0K#0&Y#+&9/#%&0,&W,:%J?&Y$#YXJ?
-#JJ:W#P,+?&:+Y$/#J/%&$/J:J0#+Y/&i

! M#8.,,(9:X/&V$#:+&J0$>Y0>$/&FV$#:+&.,>+%#$:/J&-/$-/+%:Y>9#$&0,&/9/Y0$,+&j,UG
:J&%/J:$#.9/&Q,$&$/J:J0#+Y/&0,&d=

Al line
(2.4 !m)

3d=&:8#V/&,Q&#&d=&Q#:9>$/&:+&#+&:+0/$Y,++/Y0

>:$$1'=/*1'A"=8K/LHIM/NLGO/P&#.Q

M/Q,$/&d=?&/9#JPY&J0$#:+&#9,+V
0K/&19&9:+/&U#J&+/#$9)&>+:Q,$8<
7>$:+V&ON&K$J&,Q&d=?&/9#JPY
J0$#:+&V$#%:/+0J&U/$/&Q,$8/%
#9,+V&0K/&9:+/&U:0K,>0&J:V+:]Y#+0
$/J:J0#+Y/&YK#+V/<

e-

I = 30mA; T = 190ºC 

Electromigration induces strain in polycrystalline conductors
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X
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" R0S1#=/T(?1/2*"+$(#,%'5/"A/*1=1#=1*

*"$1#=78

" U"+$(#,%'/"'=1'A"=8/#%$$1A<%'*A/=%

(:=%#%$$17(,%'/%F/%0S1#=

Resolution: transverse ~ "/NA
longitudinal ~ "/(NA)2

Contrast: # |f1
2 + f2

2|

Coherent Diffraction Holography

" >%-1$1'=/$1F1$1'#1/T(?1/"'=1$F1$1A/T"=-

%0S1#=/T(?1/=%/F%$./-%7%4$(.

" D%7%4$(./"'=1'A"=8/#%$$1A<%'*A/=%

#%'?%7:,%'/%F/%0S1#=/('*/$1F1$1'#1

Coherent diffraction and holography: "Lensless" imaging
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X-ray scattering from a disordered sample

X-ray diffraction from a disordered medium with particle distance d and object size a.
(a) Incoherent scattering, giving rise to a continuous diffraction ring.
(b) Coherent scattering, resulting in a speckled diffraction ring.

^<&W#+&%/$&Z//+&#+%&^<&2Q/:c/$?&k<&2K)J<&;,+%<&=#0/$<&O5?&ECCD&F4CCBG
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Coherent diffractive imaging

42*5'255&8/0K,%&(&$/J,9>P,+&9:8:0/%&,+9)&.)&U#W/9/+V0K?&J:V+#9

! aU,(J0/-&-$,Y/JJl&$/Y,$%&Y,K/$/+0&%:c$#YP,+&-#m/$+8?&$/Y,W/$&,.n/Y0
J0$>Y0>$/&+>8/$:Y#99)&F:0/$#PW/&-K#J/&$/0$:/W#9G

! 3/+J:PW/&0,&-K#J/&#J&U/99&#J&#.J,$-P,+&,Q&0K/&J-/Y:8/+

! o/0&D7&.)&0,8,V$#-K:Y&8/0K,%Jp&+,&%/-0K&,Q&]/9%&9:8:0
! M>0l&8>J0&#JJ>8/&J,8/&!)%#/,#/&:+Q,$8#P,+&0,&$/Y,W/$&-K#J/?&/<V<&X+,U+

,.n/Y0&/b0/+0&,$&:99>8:+#P,+&-$,]9/

resolution ~ " / angular size

k<&=:#,?&*#0>$/&&BCC?&DB4&FOAAAG
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N x N
Object in 
2N x 2N 

Matrix

2N x 2N
Detector

Pixel

FFT

FFT -1

Force Intensity
Outside Of Object
to Known Value

Set Magnitude
to Speckle Image

Random
Start Phase

Real Space k-Space

Iterative phase retrieval

L<&o/$YK./$V&#+%&g<&3#b0,+?&6%78&DE?&4DT&FOAT4Gp&&&&&k<L<&^:/+>-?&9%%':)6%&:&4O?&4TEN&FOAN4G
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Freeze dried yeast cell imaged by coherent x-ray diffraction

7<&3K#-:$,?&;19<&OC4?&OEDBD&F4CCEG
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In contrast to weak segregation theory, Bi is locally concentrated in Bi-doped Si crystals

(a) Image below Bi M5 edge (2550 eV)
(b) Image above the Bi M5 edge (2595 eV)
(c) Difference
(d) SEM image

;<&3,+V?&2L@&OCC?&C4EECB&F4CCNG

Buried structures can be probed with element specificity



I. McNulty                 NX2012             16 August 2012

CDI setup at APS beamline 2-ID-B (1-4 keV)

Sample

X-rays

4K x 4K
CCD

Guard edges

Pinhole
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M$#VV&V$#P+VJ&0K#0&%:c$#Y0&0,&#&Y/$0#:+
#+V9/&$/-$/J/+0&#&J-/Y:]Y&0$#+JW/$J/&#+%
9,+V:0>%:+#9&-/$:,%:Y:0)&FdU#9%&J-K/$/G

Diffraction microscopy in 3D

Ewald sphere7#0#&Y,99/YP,+&,W/$&#&J/$:/J&,Q
$,0#P,+J&#.,>0&#+&#b:J&]99J&:+&D7
^,>$:/$&J-#Y/&Q,$&-K#J:+V
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3D coherent diffraction imaging

 

"<&;K#-8#+?&k[31)14D?&OOTA&F4CC5G

1 !m

1 !m

(a) SEM of pyramidal indentation in a 100-nm Si3N4 membrane lined with 50-nm Au spheres.
(b) 3D image reconstructed from 123 diffraction projections spanning -57° to +66°, using
reality and positivity constraints. (c) Large DOF projection. (d) Enlarged region of (c).
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h<&*:JK:+,?&2L@&OC4?&CONOCO&F4CCAG

3D experiments are beginning to yield fruit ...
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Curved object illumination aids unique phase recovery

! @/+J&:99>8:+#0/J&,.n/Y0&U:0K&Y>$W/%&U#W/Q$,+0?&%/]+/J&]/9%&,Q&W:/U

! [.n/Y0&:99>8:+#P,+&:J&$/Y,+J0$>Y0/%&.)&.#YX(-$,-#V#P,+?&>J/%&0,&$/0$:/W/
-K#J/&,Q&,.n/Y0&U#W/&.)&:0/$#PW/&8/0K,%J

q<&*>V/+0?&2L@&AO?&4CDAC4&F4CCDG

Aperture

Lens
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... and converges faster

curved beam
illumination

plane wave
illumination

Original
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Fresnel diffraction
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50 nm

16 nm

STXM image (1.8 keV)

Fresnel coherent diffraction imaging of a gold test pattern
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Phase Magnitude with
color-encoded phase

o<&g:99:#8J?&2L@&AT?&C44EC5&F4CC5G

Images reconstructed by FCDI

STXM image (1.8 keV)
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"Keyhole" FCDI

Use reconstructed
illumination profile to
determine support in
extended sample

Ability to study extended
samples is essential for
many real-world problems!

DH/V:"'18;

W(=:$1/6-8A"#A/Q;/LGL/2QGGO5

M<&1../)?&*#0>$/&2K)J:YJ&B?&DAB&F4CCNG
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"Fuse bay" structure

M<&1../)?&12@&AD?&4OBOCO&F4CCNG
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Scanning electron micrographs of (a) np-Au specimen before
dealloying and (b,c) another specimen after dealloying

! 2,$/J&#+%&9:V#8/+0J&./V:+&0,&Q,$8&#0&0K/&`E&+8&JY#9/
! ^>$0K/$&%/#99,):+V&F.>0&+,0&#++/#9:+VG&$/J>90J&:+&OC&(&EC&+8&-,$/J

Fresnel coherent difraction pattern
from dealloyed sample (2.185 keV)

CDI accesses earliest stages of dealloying (Ag-Au alloy)
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! F,')/$+G@*'H@$&,*+$*'C??$,I$H-*J'@-*+K$),H')$C+.%?@LK$'.C$C-H()?@LB
H,**+)'@+$M?@N$OPQ$>%-*I'H+A$C'@'

! ^>99&D7&%#0#J/0&U#J&$/Y,$%/%?&$/Y,+J0$>YP,+&:J&>+%/$U#)

Reconstructed absorption coefficient and projected
thickness obtained from reconstructed phase of the
exit surface wave

Measured width (0° view), projected
thickness (90° view), and density as a
function of position within sample

3<&q:8&F31;@1G?&/0&#9<?&:+&-$/-#$#P,+

3d= &&&;76

X-ray phase gives quantitative thickness, density
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Alternative approach: ptychography

L<&"/V/$9&/0&#9<?&2K)J<&;K/8:/&TB?&OOBN&FOATCG
"<&^#>9X+/$&#+%&k<&L,%/+.>$V?&2L@&AD?&C4DACD&F4CCBG

k<&L,%/+.>$V&/0&#9<?&2K)J<&L/W<&@/m<&AN?&CDBNCO&F4CCTG
2<&aK:.#>90&/0&#9<?&3Y:/+Y/&D4O?&DTA&F4CCNG
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Does your iPad hold enough?
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! ^#.$:Y#0/%&.)&J->m/$:+Vp&Y#+&./&+#+,(-#m/$+/%&9:0K,V$#-K:Y#99)

! 2/$-/+%:Y>9#$&#+:J,0$,-)&J-,+0#+/,>J9)&Q,$8J&rU,$8r&%,8#:+J&U:0K
#+P-#$#99/9&,>0(,Q(-9#+/&8#V+/PI#P,+

! 1$P]Y:#9&Q/$$:8#V+/0J&U:0K&J0$,+V&Y,>-9:+V&#0&%,8#:+&:+0/$Q#Y/J

M

M

=#V+/PY&Q,$Y/&8:Y$,V$#-K&,Q&4CC&+8&0K:YX
o%^/&8>9P9#)/$&FY,>$0/J)&d<&^>99/$0,+?&s;37G

GdFe multilayers: a model system
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k<2<&"#++,+?&2L@&5O?&O4BE&FOANNG

    

! 

fres = e' "e Fn
c # i (e' $e) "Mn Fn

m1 + (e' "Mn )(e "Mn ) Fn
m2

charge magnetic circular magnetic linear
2

)exp(! "#
n nn fiI rq

M

e
e’

M

~0 in this geometry

Resonant x-ray scattering
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Permanent
Magnet 

Magnetic domain structure can be visualized in-situ with
resonant x-ray coherent diffraction



I. McNulty                 NX2012             16 August 2012

Resonant scattering vs. photon energy
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Many domain configurations are possible, depending on
the magnetic history of the system
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Domain evolution as the magnetic field was decreased from saturation towards zero.
(a) Sample hysteresis loop as a function of applied field; (b-f) reconstructions from
series of scanned diffraction patterns taken at various points in (a).

1<&a$:-#0K:?&2*13&OCN?&ODDAD&F4COOG

Decreasing field
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Coherent diffraction from crystals
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Coherent diffraction from crystals
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6<&L,.:+J,+&#+%&L<&"#$%/$?&1!&$#2&=#0/$<&N?&4AO&F4CCAG

kf

ki

Q=kf - ki

Asymmetries in the Bragg spots arise from lattice strain
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4&

" ;,K/$/+0&%:c$#YPW/&:8#V:+V&F;76G&V:W/J&Q>99&Y,8-9/b&#8-9:0>%/&Q$,8&J#8-9/
#0&#&J-#P#9&$/J,9>P,+&9:8:0/%&,+9)&.)&0K/&%/0/Y0/%&JY#m/$/%&J:V+#9

" =#!>>)?@A&:J&>+:_>/9)&J/+J:PW/&0,&Y$)J0#99:+/&,$%/$&#+%&9#\Y/&J0$#:+<&&

Coherent x-ray diffraction in the Bragg geometry
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Three-dimensional Bragg method

kf

ki

Q=kf - ki

! 3/9/Y0&Y,K/$/+0&-#$0&,Q&K#$%&b($#)&./#8&U:0K&%,>.9/
Y$)J0#9&8,+,YK$,8#0,$&#+%&-$/Y:J:,+&J9:0J

! @,Y#0/&J#8-9/&:+&./#8&#+%&M$#VV&-/#XJ&F:%/#99)?&D&0,
V/0&Y,8-9/0/&J0$#:+&0/+J,$G

! L,YX&J#8-9/&#$,>+%&M$#VV&-/#XJ&0,&$/Y,$%&%:c$#YP,+
WJ<&#+V9/

! 1JJ/8.9/&D7&'h_&%#0#&J/0?&#9:V+&0,&Y/+0$#9&-/#X

! L/Y,+J0$>Y0&W:#&:0/$#PW/&-K#J/&$/0$:/W#9?&>J:+V
Y,+J0$#:+0&#--9:/%&:+&-:b/9&Y,,$%:+#0/J

X1=:</(=/P6X/YM)@U)>/01(.7"'1
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Mapping crystal strain in 3D by CDI

0.5 !m Pb crystal grown on SiO2 substrate

=<&2Q/:Q/$?&*#0>$/&BB4?&5D&F4CC5G

Map series of diffraction patterns
about (111) Bragg peak

Reconstructed  diffraction data
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3D strain is expressed as a tensor
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2$,%>Y/%&.)&Y,8.:+:+V&$/Y,+J0$>YP,+J&Q$,8&FOO(OG?&FC4CG?&#+%&F(OOOG&$/j/YP,+J

Vector displacement field around a lattice defect (Au crystal)
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=<&*/U0,+?&*#0>$/&=#0/$<&A?&O4C&F4COCG

*#+,JY#9/&J0$>Y0>$/J&Y#+&./&K:VK9)&J0$#:+/%&./Y#>J/&,Q&Y,+]+/8/+0&/c/Y0J?
$/J>9P+V&:+&%$#8#PY#99)&%:c/$/+0&/9/Y0$,+:Y?&8#V+/PY&#+%&,-PY#9&-$,-/$P/J

3D strain map in ZnO nanorods
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Holography

! Z1#%'A=$:#=/%0S1#=/T(?1/08/[$1)"77:."'(,'4[/-%7%4$(./T"=-/$1F1$1'#1

T(?1/2%$/"=A/>H>H5

! 

I =  a+b
2

 =  a
2

+ b
2

+a*b+ab*Record hologram

! 

bI =  ba
2

+bb
2

+a*bb+abb*

    =  aIb  +  b Ia +Ib( )  +  background 
Reconstruct

! Z1F1$1'#1/T(?1/1'#%*1A/.(4'"=:*1/('*/<-(A1/%F/%0S1#=/T(?1

Gabor Fourier transform
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Gabor holography

Reconstructed hologram (right) of a
NIL8 hamster neural fibroblast
recorded with 656 eV x-rays.
Estimated dose was 7.5  x105 Gy

3<&@:+%##J?&k[31&1OD?&OTNN&FOAA5G
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FT hologram formation

hologram intensity
! 

I =  a+b
2

 =  a
2

+ b
2

+a*b+ab*

! 

a ",#( )  =  eikz
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Reconstruction

! 

FT"1 a*b +ab*{ } =  f x" s,y( ) a x" s,y( ) +  f " x" s( ),"y( )* a " x" s( ),"y( )*

! W:.1$"#(778/=(\1/]^/%F/-%7%4$(./"'=1'A"=8/=%/$1#%'A=$:#=

! X<(,(778/A1<($(=1*/<$".($8;/#%'S:4(=1/%0S1#=/T(?1A/$1A:7=

! _1(\/#:$?(=:$1/F2C;85/%'/%0S1#=/T(?1/#('/01/"4'%$1*

! 

F ",#( ) =  e
ikz

i$z
f ",#( ) a(x,y)f(x,y)e

% ik
z

x"+y#( )
&& dxdy

! 

f ",#( )  =  e
ik
2z

"2 + #2( )

where:

and

! 

" s,#( ) =  e
$

ik
z s#

,
! 

a*b+ab* =  " s#( )F #,$( )+" s#( )
*F #,$( )

*
Image terms:
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UE56-SGM beamline and ALICE

sample

CCD

beam stop

coherent 778 eV beam

magnet
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UE56/1 SGM
beamline

worm domains

coherent illumination

Co 2p3/2 XMCD:
778 eV
1.59 nm

SEM

Au mask
SiN  membranex
Magnetic film

20 m pinholeµ

mask and sample

2 µm

Fourier transform holography with a pinhole mask
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FTH STXM

Resolution
~35 nm

W

B

*

Reconstructed
resolution ~50 nm

3<&d:J/.:m?
*#0>$/&BD4?&NNE&F4CCBG
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Imaging resolution by x-ray holography
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2:9#0>J&5=&%/0/Y0,$&
F236t7/Y0$:JG

7<&3YK>/m/?&3<&o$>+/$&F;,$+/99G

6PUA/#('/01/$1(*/%:=/"'/`L/.A

2>>UA/=(\1/A1#%'*Aa5

6PU/<"C17A/($1/#:$$1'=78/`LIG/J.H

`bI/J./T"77/01/(?("7(071/'1C=/81($

Pixel array detectors: a revolution in coherent imaging
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First ultrafast CDI of a virus with an x-ray laser

=<&3/:./$0?&*#0>$/&BTC?&TN&F4COOG

9"'(#/>%-1$1'=/9"4-=/X%:$#1

(=/X=('F%$*/E'"?1$A"=8;/>P

O<N&X/Z&b($#)J?
TC&QJ&/b-,J>$/&f

."."?"$:A
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CDI can be done on a tabletop!

L<&3#+%./$V?&2L@&AA?&CANOCD&F4CCTG

L<&3#+%./$V?&2*13&OCE?&4B&F4CCNG
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Summary

! Z1A%7:,%';/#%'=$(A=;/A%:$#1A;/('*/%<,#A/F%$/C)$(8/".(4"'4

! U"$1#=/.1=-%*AK/<$%S1#,%';/F:77)c17*;/('*/A#(''"'4

! @'*"$1#=/.1=-%*AK/."#$%*"+$(#,%';/#%-1$1'=/*"+$(#,%';/-%7%4$(<-8
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... and thank you!

d%'(=-('/9('4

and to the many people who graciously
shared their slides for these lectures

Many thanks to



I. McNulty                 NX2012             16 August 2012

Problems

O 3>--,J/&),>&K#W/&#&Y$)J0#9&U:0K&#&Y(#b:J&9#\Y/&Y,+J0#+0&/_>#9&0,&O&u<&gK#0&:J&0K/&#+V9/&Q,$&0K/&FCCOG&M$#VV
$/j/YP,+&>J:+V&OC&X/Z&b($#)J?&#+%&.)&K,U&8>YK&:J&:0&JK:v/%&:Q&0K/&Y$)J0#9&:J&J0$#:+/%&.)&0K#0&:J&J0$#:+/%&.)
C<Ew&x&gK#0&:J&0K/&#+V9/&#+%&JK:v&Q,$&0K/&FCCDG&M$#VV&$/j/YP,+x

4 gK)&U,>9%&),>&>J/&#&q:$X-#0$:YX(M#/I&8:$$,$&-#:$&:+J0/#%&,Q&#&I,+/&-9#0/&9/+J&0,&Q,Y>J&#&rUK:0/r
F-,9)YKK$,8#PYG&b($#)&./#8&Q,$&#&@#>/&%:c$#YP,+&/b-/$:8/+0x&gK)&+,0x

D 1&Y,K/$/+0&b($#)&./#8&,Q&N&X/Z&/+/$V)&#+%&4&y8&%:#8/0/$&:J&:+Y:%/+0&,+&#&%:J,$%/$/%&J#8-9/&Y,8-,J/%&,Q
OCC&+8&9#0/b&-9#JPY&J-K/$/J<&aK/&$/J>9P+V&b($#)&J-/YX9/&-#m/$+&:J&8/#J>$/%&.)&#&;;7&b($#)&Y#8/$#&#0&#
%:J0#+Y/&,Q&D&8&Q$,8&0K/&J#8-9/<&gK#0&:J&0K/&YK#$#Y0/$:JPY&J-/YX9/&J:I/?&#+%&UK#0&:J&0K/&$#%:>J&,Q&0K/&]$J0
$:+V&:+&0K/&J-/YX9/&-#m/$+x

B 3>--,J/&0K/&J#8-9/&:+&-$,.9/8&zD&:J&+,U&#&J:+V9/?&-/$Q/Y0&Y$)J0#9&OCC&+8&:+&%:#8/0/$<&gK#0&:J&0K/
YK#$#Y0/$:JPY&J:I/&,Q&0K/&$/J>9P+V&M$#VV&$/j/YP,+Jx

E 7,&),>&/b-/Y0&JK#$-&M$#VV&J-,0J&0,&./&-$/J/+0&:+&0K/&Y,K/$/+0&b($#)&%:c$#YP,+&-#m/$+&Q$,8&#&.:,9,V:Y#9&Y/99
0K#0&K#J&.//+&j#JK(Q$,I/+&:+0,&#&W:0$/,>J&:Y/&J0#0/x&&gK)&,$&UK)&+,0x

5 3>--,J/&),>&U#+0&0,&:8#V/&Q/$$,8#V+/PY&%,8#:+J&:+&#&0K:+&]98&,Q&^/&>J:+V&#&0$#+J8:JJ:,+&b($#)
8:Y$,JY,-/<&aK/&b($#)&./#8&:J&Y:$Y>9#$9)&-,9#$:I/%&#+%&0K/&/+/$V)&0>+/%&0,&0K/&@D&/%V/&,Q&^/&#0&TCT&/Z<&",U
U:99&0K/&8#V+/PY&Y,+0$#J0&8/#J>$/%&>J:+V&9/v(Y:$Y>9#$&-,9#$:I/%&b($#)J&%:c/$&Q$,8&0K#0&>J:+V&$:VK0(Y:$Y>9#$
-,9#$:I/%&b($#)Jx&*,U&J>--,J/&),>&8/#J>$/&0K/&Y,K/$/+0&%:c$#YP,+&-#m/$+&Q$,8&0K:J&J#8-9/<&",U&U:99&0K/
%:c$#YP,+&-#m/$+J&%:c/$&>J:+V&9/v&#+%&$:VK0(Y:$Y>9#$&-,9#$:I/%&b($#)Jx


