
X-ray Photon	Correlation Spectroscopy (XPCS)

at	Synchrotron	and FEL	sources

Christian	Gutt

Department	of Physics,	University	of Siegen,	Germany

gutt@physik.uni-siegen.de



Outline
• How to measure dynamics in	condensedmatter	systems
• Coherence
• X-ray speckle patterns
• How to exploitX-ray intensity fluctuations
• Examples for slow dynamics
• XPCS	at	FEL	sources





How to measure dynamics in	condensed matter	systems



How to measure dynamics in	condensed matter	systems
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Elastic processes – waves,	phonons...

Restoring force – the system goes back	to its
previous configuration



Relaxational processes – diffusion,	viscosity...	

No restoring force –
the system evolves with time
and does not	come back





An	example – molecular dynamics simulation of liquid	water

Intermediate	scattering function
is complex (many correlation processes)	
and spans many orders of magntiude
->	experiments in	the time	domain



Laser	Speckle



Incoherent light Coherent light Close up

Optical Speckles



VLC movie



Coherent scattering fromdisorder:	Speckle

• Incoherent Beam:  
Diffuse Scattering
• Measures averages

sample with disorder 
(e.g. domains)

•Coherent Beam: Speckle
•Speckle depends on 
exact arrangement
•Speckel statistics 
encodes coherence 
properties





XPCS	– Theory
I(t)I(t +τ ) = E(t)E*(t)E(t +τ )E*(t +τ )

= E(t)E*(t) E(t +τ )E*(t +τ ) + E(t)E*(t +τ )
2

Gaussian momentum theorem

I(t) I(t) g1(τ )

I(t)I(t +τ )
I(t) 2 =1+ g1(τ )
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XPCS	Theory
E(t) = A bj exp(iqrj (t))

j=1

N

∑

g1(q,τ ) = A
2 bkbj exp(iq(rj (t)− rk (t +τ ))
j,k=1

N

∑

Time	dependent density correlation function



Experiment

I(t)I(t +τ )
I(t) 2 =1+β g1(τ )

2

Speckle contrast <	1

Speckle blurring leads to small contrast

Partial	coherenceof the
x-ray source

Detector pixels P	larger
than speckle size S

S ≈ λ
D
× L



High	contrast

Low	contrast

Signal	to noise ratio

SNR∝β

I(t)I(t +τ )
I(t) 2 =1+β g1(τ )
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High coherence Low coherence
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Coherence

Spatial coherence

Temporal coherence



Thomas Young, 1773-1829

Young’s Double Slit Experiment

• Light is a wave
• Visibility (coherence)
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Spatial coherence in Young’s Double-Slit experiment

Born and Wolf, Optics
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Fringe visibility as a	function of distance
between the pinholes
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No fringes visibility:	„coherence length exceeded“



Leitenberger et al. J. Synchrotron Rad. 11, 190 (2004)

Young’s experiment with X-rays
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Young’s experiment at an XFEL (here LCLS)

Vartaniants et al. PRL 2012



Vartaniants et al. PRL 2012
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Vartaniants et al. PRL 2012



A. Robert, SLAC



Γ r, 𝜏 	mutual coherence function (MCF)

Δ𝜏 = 𝑄 𝑟H − 𝑟% /𝑐𝑘L~𝜏NWAXS  Q large 
probing transverse AND temporal 
coherence Γ 𝑟, Δ𝜏

SAXS  Q small
probing transverse coherence Γ(𝑟, 0) Δ𝜏 =

𝑄 𝑟H − 𝑟%
𝑐𝑘L

≪ 𝜏N

Contrast (Visibility)  β(Q) of a speckle pattern is determined
by the coherence properties of the X-ray beam 



High	contrast

Low	contrast

Signal	to noise ratio

SNR∝β



Large	speckles Small	speckles

Good detector No good detector

Speckle size needs to match pixel size of detector



Coherent Flux: F0= B λ2 (Δλ/λ)  

(ESRF:  ID10A  F0~1010 ph/s)

Brilliance of  X-rays Sources



Examples



Antiferromagnetic domain fluctuations in Chromium

Spin	density waves
Domain	wall

O.G.	Shpyrko et	al.	Nature	447,	68	(2007)

Rotation	of
spin volumes



Time



Correlation functions

𝐹 𝑄, 𝑡 = exp	(− 𝑡	/𝜏P Q)



Quantum rotation of spin blocks

Blue	line:	Thermally activated
jumps over an	energy barrier

Red line:		Quantum	tunneling
through an	energy barrier

1 2



How Solid are Glasses ?

PABLO G. DEBENEDETTI AND FRANK H. STILLINGER,

Nature 410, 259 (2001)



Atomic dynamics in metallic glasses

B.	Ruta	et	al.	Phys.	Rev.	Lett.	109,	165701	(2012)
B.	Ruta	et	al.	Nature	Comm.	5,	3939	(2014)

𝐹 𝑄, 𝑡 = exp	(− 𝑡	/𝜏P Q)



Reality check for glasses

• Fast	relaxation dynamics exists below
the glass transition temperature Tg.

• Glasses are not	completely frozen in

• Stress	dominates dynamics below Tg

B.	Ruta	et	al.	Phys.	Rev.	Lett.	109,	165701	(2012)
B.	Ruta	et	al.	Nature	Comm.	5,	3939	(2014)



XPCS at 
diffraction limited strorage rings (DLSR)

Coherent Flux: F0= B λ2 (Δλ/λ)  

ESRF upgrade MBA lattice

Increase of B by factor 50 - 100

up to 10.000 times faster  time 
scale accessible in XPCS

𝜏	~1/𝐵H

unusual scaling because XPCS 
correlates pairs of photons





Problems that can be adressed at DLSR

• Dynamics in the supercooled state
• Dynamics in confinement
• Domain fluctuations in hard condensed matter
• Protein diffusion in cells
• Kinetics of biomineralization processes
• Liquids under extreme conditions (e.g. pressure)
• Driven dynamics under external (B,E,T) fields
• Local structures and their relaxations
• ...



XPCS at XFELs



Serial	mode
Temporal	resolution depends on	rep rate	of the machine



Ultrafast XPCS using a split and delay line

Delay	times between 100	fs and 1	ns



Measure speckle contrast
as a function of pulse separation



Ultrafast XPCS at XFEL –
dynamics in extreme conditions

Calculated correlation function supercooled liquid	water Dynamics	on	time-scales ranging	 from
100	fs to 1000	ps

Cooling

284	K

206	K



J.A.	Sellberg et	al.	Nature	510,	381	(2014)



Water at	T=1500	K,	p	=	12	Gpa at	least	for a	few ps



Pump-probe XPCS in Plasma Physics2

FIG. 1. SAXS experiment with high power laser. While the UHI laser turns foil into plasma and drives a complex plasma
motion an intense XFEL X-ray beam penetrates the plasma and is scattered to small angles inside the foil and at surface at
high density plasma waves and other density modulations. The SAXS signal shows the density correlations inside the plasma
with few nanometer and few femtosecond resolution. XPCS allows via the analysis of speckle visibility as function of the delay
between two split XFEL pulses to measure the dynamic correlation function. XCDI and holography allow phase retrieval of
the scattered signal.

I. INTRODUCTION

Free-electron laser sources can provide ultra-short [1, 2] and intense [3, 4] coherent hard photon beams of up to
several keV (XFEL). Such 4th-generation sources are just currently starting user operation (LCLS, USA [5]; SACLA,
Japan [6]) or will become operational in the near future (Swiss-FEL, Switzerland [7]; European XFEL, Germany [1, 8]).
Such sources exhibit nearly full transverse coherence in the order of several tens of microns with a high coherence
fraction, eg. > 0.9 at 10 keV photon energy, allowing for coherent diffraction and scattering experiments. Focusibility
generally is very good and can reach spot sizes below 1 µm, and possibly less than 100 nm using refractive Beryllium
lenses [9]. When combined with ultra high intensity (UHI) laser systems in the visible or near infrared range, these
sources have the potential of fast and high resolution probing of UHI laser created high density plasmas (HDP) at
the surface and inner regions of a solid. Such plasmas are created when a UHI laser irradiates a solid and quickly
ionizes it due to the extreme laser fields [10], typically reaching field strengths of several TV/m. Current state of the
art measurement techniques such as proton radiography, phase contrast imaging, reflectometry, Schlieren imaging,
measurement of harmonics, or imaging of the self emission including Kα imaging all suffer from a mismatch of either
their spatial or temporal resolution, or both.

Especially for ultra-high laser intensities, the plasma dynamics becomes highly relativistic and non-linear. Short
and small scale instabilities are expected to become more important, demanding for novel diagnostics. In this paper
we will propose techniques that, together with the ultra-short time duration of XFELs, will allow probing of such
plasmas on femtosecond time scales otherwise experimentally not accessible. For example, nanometer resolution will
for the first time enable the direct imaging of high density plasma wave correlations inside the HDP and surface
plasmons. This may have tremendous impact on the understanding of laser absorption at solid targets, creation of
energetic electrons and electron transport in warm dense matter, including the seeding and development of surface
and beam instabilities, ambipolar expansion, shock formation, and dynamics at the surfaces or at buried layers. The
fast probing of such plasmas with XFELs may therefore be important for example in the field of laser fusion [11–14]
or laser particle-acceleration in the radiation pressure (light-sail) acceleration regime (RPA) [15–18] as well as the
target normal sheath acceleration [19–23] or shock acceleration [24–27], isochoric heating [28–30] and high harmonic
generation (HHG) [31].

The new XFEL light sources provide X-ray beams with photon energy ranging up to 25 keV (European XFEL).
This enables scattering experiments in a sample with only little absorption. For example in the case of a copper foil,
the absorption length of 8 keV photons is rather large with 21 µm [32]. Spatial modulations of plasma electron density
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FIG. 6. Time correlation function g2(Q, τ ) for simulation run C and Q = 0.035 nm−1 (labled ”‘0”’), 0.066 nm−1 (i), 0.144 nm−1

(ii), 0.357 nm−1 (iii) in the horizontal z-direction (a) and vertical x-direction (b). Feature ”‘0”’ in vertical direction corresponds
to the signal from the filaments (3), which exhibits a long correlation time. (i) corresponds to omegap/c, (ii) and (iii) are
dominated by overdamped waves. The inset shows an exemplary speckle visibility as a function of pulse delay, simulated for
an ultra-short XFEL pulse duration of τXFEL

∼= 0.15T0 (approx. 0.5 fs for λ0 = 1 µm). Ranges in Qx and Qz of ±0.017 nm−1

were used for averaging, and a time window of 2 T0 starting at approx. 10T0 after the UHI laser pulse maximum reached the
foil was considered.

structure and form factor Γ(Q) = F (Q)× S(Q). Hence, the above discussion of the SAXS images Fig. 4 is based on
the assumption that the scattering features are primarily due to the structure factor SQ. This is true since, as will be
shown now at the example of the plasma oscillations, the form factor typically exhibits only long period oscillations
in the frequency domain.
In the case of scattering off the horizontal plasma oscillations only, which is realized best in run C (besides the

comparatively weak vertical scattering signal from the filaments), the scattering in the vertical x-direction is pre-
dominantly due to the form factor, Γ(Qx) ∼= F (Qx)) since the structure factor is close to unity. In the horizontal
direction both F (Q) and S(Q) contribute to the scattering intensity. Horizontal and vertical cuts through the scat-
tering intensity are shown in Fig. 5(a,b) and demonstrate this asymmetry. The scattering intensity shows long period
oscillations in both horizontal and vertical direction representing the form factor F (Q) of the plasma oscillations. As
the structure factor in the vertical direction is basically unity, the ratio of horizontal to vertical scattering intensity
yields S(Qz), as shown in Fig. 4(c). The high degree of correlation in the plasma waves leads to a strong and rather
narrow first maximum of the structure factor. As assumed above, S(Qz) does indeed not qualitatively differ from
Γ(Qz)).

B. Dynamics

X-ray photon correlation spectroscopy (XPCS) allows to track the ultrafast dynamics of the plasma modulations
even below timescales of the XFEL pulse duration XFEL [56]. XPCS techniques at pulsed light sources rely on some
sort of speckle visibility spectroscopy. The idea is to split a single pulse into two by means of a split-and delay X-ray
beam line which allows to adjust the time delay between the two pulses. The two pulses are producing overlapping
speckle patterns on the CCD detector, which is too slow to read them out separately on ultrafast time scales. By
analyzing the speckle visibility as a function of delay time between the pulses, the usual intensity-autocorrelation
function g2(q, τ) can be retrieved [57].
The simulations allow to produce such speckle visibility functions by summing up scattering intensities from different
frames. Figure 6 shows the g2 functions for different values of the wave vector transfer. At small Q values the
correlation functions are oscillating in time. A temporal Fourier transform of the correlation functions yield the
dynamic structure factor S(Q,ω) (Fig. 7). By analyzing the oscillation frequency as a function of Q it becomes
possible to directly acquire the dispersion relation of the plasma and the cross-over from inelastic to quasielastic
excitation can be monitored.
As can be seen in Fig. 6(a), along the Qx-axis, corresponding to vertical structure patterns in the electron density

due to electron filaments and front side structure, the oscillation frequency is the plasma frequency, which represents
just the fastest possible plasma dynamics time scale. In Fig. 6(a), for small Qz-values around Qx = 0, the correlation

Kluge,	Gutt et	al.	Plasma	Physics 2014



The end




