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MotivationMotivation

• Near atomic-scale imaging with 
hard x-rays - a grand challenge.

• Enables breakthrough science -
ability to penetrate, high accuracy 
elemental, chemical and structural 
characterization.

• Critical development for DOE User 
Facilities - APS, CNM, LCLS, and 
NSLS II



Need to identify Problems which 
are….

• Of great scientific/technological importance
• Cannot be done easily in other ways
• Has a potentially large interested scientific 

community
• Overcomes the natural resistance to scattering and 

other complicated techniques



Coherence
(Beware of what you wish for, you might actually 

get it!!)
• Provides great new capabilities--->Imaging, 

Dynamics                                        
• Can make life difficult!!
• Conventional SAXS, reflectivity and 

GISAXS give GLOBAL statistical 
information



SAXS
S(Q) = ⏐f(Q)⏐2 Σ Σ exp(iQ.l)exp(-iQ.l')

Scattering from a surface:
S(Q) = ⏐〈 Asubstrate(Q) 〉⏐2

Asubstrate(Q) =  iρ0/Qz  ∫ ∫ dX dY exp(-iQz h(R)) exp(-iQ.R)

For Gaussian Roughness
S(Q) = A0ρ0

2/Qz
2 ∫ ∫ dX dY exp[-1/2Qz

2G(R)] exp(-iQ.R)

Bimodal Roughness (Islands)
S(Q) = A0ρ0

2/Qz
2 exp[(-iQz∆] ∫ ∫ dX dY γ (R) exp(-iQ.R) + c.c.

GISAXS
S(Q) = ⏐〈f(Q)Σ exp(iQ.l)+Asubstrate(Q) 〉⏐2 ⏐T(α)⏐2 ⏐T(β)⏐2





Gold colloids in 
Polymer films 
Jin Wang, 
S.Narayanan,
D.R.Lee, R.S.Guico
and S.K.S. (2003)



GISAXS measurement (top) and 
calculation (bottom)



For a completely coherent beam everything 
interferes with everything else ( maybe even 

what you’re NOT interested in) giving 
SPECKLE!

May want tunable coherence!



X-ray speckle pattern from a static silica aerogel



We may write: (Sinha,Tolan,Gibaud Phys. Rev. 1998)

I(q) =  Constant  x 
∫∫ dr dr' exp[i q.(r'-r)] ρ(r)ρ (r') Γs(r, r',0) W1(r'-r)W2(r'-r)W3(r, r')

Where
Γs(r, r',0)  =  Ψs(r⊥1) Ψs

*(r'⊥1)g(r'⊥1- r⊥1)exp[iβ(r⊥1
2- r'⊥1

2)]

W1(r'-r)   =    ∫ d(Δω) F (Δω) exp [-i Δω/ϖ q.(r'-r)]

W2(r'-r)   =   ∫∫ du exp { ik2
2/2[u.(r'-r)]}       k2= (2π/λL2)1/2

W3(r, r')  =   exp[ik2
2/2(r⊥2

2- r'⊥2
2)]



If translational invariance is satisfied for statistical average:

〈ρ(r)ρ (r')〉 =   C (r'-r)  (**NOT true for imaging specific systems)

Define  R = r'-r

Then we have

I(q) = A  ∫dR exp[i q.R] C(R) Φ(R)

Φ(R) defines the Coherence Volume



Φ(R)  = ∫ dr Ψs(r⊥1) Ψs
*([r+R]⊥1)g(R⊥1)exp[iβ(r⊥1

2- [r+R]⊥1
2)] W1(R)

W2(R) exp[ik2
2/2(r⊥2

2- [r+R]⊥2
2)]

W1(R)   =    ∫ d(Δω) F (Δω) exp [-i Δω/ϖ q.R]

W2(R)   =   ∫∫ du exp { ik2
2/2[u.R]}       k2= (2π/λL2)1/2



So we can write:

I(q) = A  ∫dK S(K) Φ(K-q)

as in conventional “Resolution Function”
calculations!



Intensity 
Autocorrelation
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Hyunjung Kim, et.al., PRL 90, 68302 (2003)



• Time required for a surface mode of wave length λ=2π/k to relax.
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Over Damped Surface Capillary Waves

• Supported polystyrene (PS) films (thickness >> Rg)

2Rg
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Thickness Independence



What might happen to ultra-thin films ? 

Polymer

Si Substrate

~Rg

Mw Rg (A) Thickness
65K 68 Rg, 2Rg,4Rg

123K 94 Rg,2Rg,4Rg
400K 170 Rg,2Rg,4Rg
650K 217 2Rg,4Rg
900K 255 Rg,2Rg,4Rg

? Interaction with substrate (Van de Waals force)

? Absorption of segments onto substrate

? Viscoelasticity
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PS123K @ 195C : wave vector 3.3 (▲), 
5.4 ( ), 7.7 ( ) and 10 ( ) x 10-4 A-1

• 1Rg film: static. Polymer
chains are stuck on substrate. 
Viscosity is very tremendously 
large

• 2Rg and 4Rg films : dynamic

• 2Rg film is slower than 4Rg; 
chains have less mobility than 
those in 4Rg films.



Thermal Driven Capillary Wave Relaxation Time
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Electric Field Intensity Distribution (EFID) 

E=7.5KeV        100 nm PS  / 200 nm PBrS / Si



(a) Single layers films at 176C; ( ) PS ( ) PBrS. 

(b) Bilayer films at 176C; ( ) top ( ) bottom. 

(c) and (d) Single and bilayer films at  205C 

Autocorrelation function of bilayer
1000412.0 −= Aq

Polystyrene (PS)
Poly(4-bromo styrene)  (PBrS)

Si Substrate
X. Hu, Z. Jiang, S. Narayanan, et.al., submitted



Top fast mode is faster than single layer 
(non-slip), slower than single layer (slip) 
=> very low viscous layer below top layer.

η~327 NSec/m2, h= 6.6 nm,  μ~18 N/m2

PS

PBrS

Si Substrate

Surface and Interface Dynamics of PS/PBrS Bilayer

X. Hu, Z. Jiang, S. Narayanan, et.al., submitted





XPCS is currently a very intensity limited 
technique at 3rd generation sources

• So with ERL we could go to much larger q 
values  (current limit~ 7*10-3 nm-1)

…needs better longitudinal resolution
• And shorter time scales (10-9 secs or 

smaller).
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Transition Homodyne-Heterodyne (ii)  
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Other uses of Homodyne

• Dynamically: measuring velocity gradients
• Static systems or dynamic systems (if can 

get information quickly enough): 
holography



What about Nanobeams?

• Studying inhomogeneous systems
• Layering and Dynamics of liquids in 

confinement
• Reflectivity/Diffraction Studies of FET’s
• X-ray Fluorescence Correlation 

Spectroscopy XFCS
( Wang, Sood et al., PRL 80, 1110 ( 1997)  )







Detectability Limits for a 
Nanoprobe at the APS

Fluorescent signal from
a single atom.

Signal =
KαIEΩ

4πA
~ 3000 cps for 
a single atom,
λ = 1 Å

• Kα = fluorescence cross-section
• I = 2x106 ν/s/nm2/mrad2/0.1%bw
• E = emittance product
• A = probe cross section (nm2)
• Ω = detector solid angle ~ 4π/6

Courtesy Gene Ice.



Can we do anything more with 
Speckle?

I(q,t) =  Constant  x ∫∫ dR exp[i q.R)]< ρ(r,t)ρ (r+R, t) >

∫∫ I(q,0)I(q+Q,t) dq exp[-iQ.R] dR = 
< ρ(r,0)ρ (r+R, 0) > < ρ(r,t)ρ (r+R, t) >



Variance of speckle intensity fluctuations as fn. of q:

V  = < I2(q)>/ < I(q >2 - 1

----> medium range order in amorphous materials
M.Treacy and J.M. Gibson, Acta Cryst. A52, 212 (1996)



Speckle from Quantum Coherent 
Systems

He atom motions in the Bose-Einstein 
Condensed State?

Could we observe electron motion in metals and 
superconductors with attosecond XPCS?

Could we observe quantum zero point motion using XPCS?



Answer: NO!!



Oleg Shpyrko, APS March Meeting 
3/16/06

39

Hard x-ray phase contrast 
image: 2005

Image of buried wire & vias in circuits 
with 60 nm resolution.

Courtesy W. Yun, Xradia, Inc.



Imaging a Single Embedded 
Atom

• It should be possible to combine high flux 
density with tomography and full-field 
techniques to image a single atom or defect 
embedded in a material.

Diamond 
nanocrystal

doped with a 
single atom.

Courtesy Amanda 
Barnard

• structure (strain)
• valence states
• spin ?



Nanopatterning of 
Nanowires• X-ray induced persistent photocurrent in AlGaAs:Si -

DX centers are efficiently excited by hard x-rays.
• Possibility for direct write of nanowires with lateral 

dimension of the x-ray beam, well below optical 
wavelengths.

QuickTime™ and a
TIFF (LZW) decompressor

are needed to see this picture.
QuickTime™ and a

TIFF (LZW) decompressor
are needed to see this picture.

Current persists 
>17 hrs after x-
rays are turned off 
at 185 K.

Soh, et al, JAP, 
90, 6172 (2001).



Nano-Bio-Medical 
Imaging

TiO2-DNA nanoparticles
localized at mitochondria.

Woloschak, et al

5 μm

5 μmIn-vivo cell biology

AFM guided drug 
delivery in osteoblast

Targeted drug delivery

Some important length scales:
• Mitochondria - sub-micron
• Membrane thickness - sub-10 nm

T. Paunesku et al, Nature Materials 2, 343-346
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