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We present a novel method to map the two-dimensional transverse coherence of an x-ray beam using

the dynamical near-field speckles formed by scattering from colloidal particles. Owing to the statistical

nature of the method, the coherence properties of synchrotron radiation from an undulator source is

obtained with high accuracy. The two-dimensional complex coherence function is determined at the

sample position and the imaging optical scheme further allowed us to evaluate the coherence factor at the

undulator output despite the aberrations introduced by the focusing optics.
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The development of high brilliance x-ray sources has
generated great interest in coherence based methods that
have already been successfully tested in the optical region.
This includes intensity fluctuation spectroscopy (IFS),
phase contrast imaging, holography, etc. [1]. Knowledge
of the beam spatial coherence is a necessity both for the
appropriate planning of experiments and data reduction.
Quantitative experimental characterization of the spatial
coherence at two points is determined by the quality of
fringe patterns generated by the interference of radiation
from these two points, the classical arrangement being
Young’s double-slit straight fringe method [2,3]. X-ray
coherence measurements have already been performed
with similar interference schemes which require specially
fabricated optical elements [4–8] though simpler diffrac-
tion studies with a single aperture or obstruction have also
been used [9,10].

Here, we present a method for measuring the two-
dimensional spatial coherence by exploiting the circular
fringes that are generated by the interference between
perfectly spherical scattered waves from a colloidal sus-
pension and the transmitted partially coherent beam ob-
served at a distance from the sample. The superposition of
many of these interference patterns leads to a speckle
intensity distribution. If these speckles are recorded in
the near-field region [11–14], the square root of the two-
dimensional power spatial frequency spectrum yields the
two-dimensional distribution of the modulus of the com-
plex coherence factor (CCF), spatially averaged over the
scatterer positions. Furthermore, the imaging optical ge-
ometry allowed us to estimate the dimension of the coher-
ence areas at the source. We found that the strongly
elongated source is nearly incoherent in the horizontal
direction, but almost coherent in the vertical direction.

The colloidal sample consisted of silica spheres of di-
ameter 450 nm with a narrow size distribution (<5%)
suspended in water (volume fraction �0:06, without sig-
nificant interactions) contained in a 2 mm diameter capil-
lary. As the particles are executing Brownian motions, the

interference fringes change, and consequently the speckles
fluctuate. The advantages of using a dynamic sample are
enormous, as time delayed image differences can be ana-
lyzed, and any static stray signal due to imperfections of
optics is erased. Equally important is the accumulation of
many statistical images, which leads to the great finesse
typical of statistical methods like IFS.
The method was tested at a high brilliance undulator

beam line ID02 (ESRF, Grenoble) [15]. The source (two
undulators of period 21.4 mm and gap 11 mm) is nominally
19 �m in vertical and 950 �m in horizontal (full-width at
half maximum values). A channel-cut Si(111) monochro-
mator at 30 m from the source selects the fundamental
wavelength ð�Þ of 0:1 nm with a bandwidth ��=� �
10�4. The focusing toroidal mirror is situated at 33 m

FIG. 1 (color online). The direct image of the beam depicting
two brighter stripes which are distorted images of the undulator
source. The mean square width of the intensity distribution is
�100 �m which is comparable with the calculated value by ray
tracing (�90 �m). The beam profile appears roughly as a
Gaussian with usual SAXS detector resolution (�60 �m).
Insets (a) and (b) display magnified regions of the beam without
and with colloidal particles, respectively.
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from the source, and the beam is collimated by primary and
secondary slits (with square apertures of 400� 400 �m2

and 300� 300 �m2, respectively) at distances of 27 m and
49.5 m from the source. The detector (FReLoN CCD
camera with a conversion phosphor coupled to a micro-
scope objective of magnification 50 corresponding to an
effective pixel size � 0:28 �m) was placed at 52.5 m and
the scattering sample was placed at various distances z
from the sensor (5 mm< z < 250 mm).

Figure 1 presents the image as acquired from the sensor
without the sample in place. The beam profile appears as a
stack of (distorted) images of 40 �m high with most of the
beam power falling in the two brighter patches. Classical
statistical optics predicts that a snapshot with an exposure
short compared to the reciprocal of the beam linewidth
would capture the speckled image of the source, and the
statistical properties of the field could be established by the
analysis of these speckles. However, such extremely short
exposures cannot be implemented experimentally. Here we
demonstrate that this problem can be circumvented and
obtain diffraction-limited information. Since the mono-
chromator bandwidth is much smaller than the on-axis
undulator bandwidth and much larger than the inverse
bunch duration, radiation is quasimonochromatic, and the
process is quasistationary. Thus, the method can be based
on the classical definition of CCF and the interference law
for stationary fields [3,16]:

�ðP0; P1Þ ¼ hEðP0ÞE�ðP1Þi=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hIðP0ÞihIðP1Þi
q

; (1)

where E and I are the amplitude and intensity of spherical
waves at points P0 and P1. Its modulus is strictly related to
the fringe visibility (V), that can be introduced in terms of
the intensities of the twowaves at the observation points, I0
and I1 [16]:

V ¼ 2j�ðP0; P1Þj
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hI0ihI1i
q

=ðhI0i þ hI1iÞ: (2)

Figure 2 depicts the conceptual scheme of the method

based on quantitative simulations using the parameter val-
ues indicated. The wave front from a partially coherent
source can be considered as composed of adjoining coher-
ent patches over which phase and amplitude are stationary.
These patches are extremely short lived, they change shape
and position, and the averages in Eq. (1) imply averaging
over many patch lifetimes. In the present scheme, the
interference is between one (weak) spherical scattered
wave and the (strong) transmitted coherent patch wave.
A scattered wave originated at P0 by the coherent patch
interferes with the same coherent patch at the displaced
point P1. The optical scheme is reminiscent of the point
diffraction interferometer scheme (PDI) [5,6,17]. Since V
changes with r, the distance between P0 and P1, the
relevant parameter is r ¼ q=kz. Where q is the scattering
wave vector with magnitude, q� 2k sinð�=2Þ � k� (with �
the scattering angle and k ¼ 2�=�). The direct relation
between r and q holds good because we are in the near-
field regime corresponding to z� < a, the average size of
the coherent patches [11,13]. Figure 2 also shows how V
could, in principle, be measured in this ideal, one particle
setup. As z is varied, the fringe pattern also changes and at
a given position the fringe intensity oscillates. Once values
of I0 and I1 are estimated, V can be derived after proper
normalization.
Experimentally, single-particle scattering is not practical

and a colloidal suspension is used. Therefore, many ran-
domly staggered interference patterns are added up leading
to a speckle intensity distribution. Insets of Fig. 1 show two
enlarged views of a small region of the beam. When the
sample is in place, tiny well-defined speckles float over the
direct beam image. Over time, they move in a disordered
manner typical of the laser light scattered from Brownian
particles. Below we present how transverse coherence can
be determined from the speckle analysis.
Quantitative characterization of speckle statistics is best

done via intensity power spectra analysis. While the infor-
mation about the fringe centers is lost, the method yields
the mean square value of fluctuations around a chosen
scattering wave vector, q. An azimuthally averaged power
spectrum SðqÞ as a function of q (for z ¼ 68 mm) is
depicted in Fig. 3. If we had a perfect detector with flat
transfer function, so that each interference pattern would
have an infinite number of fringes with the same amplitude,
the power spectrum would then coincides with the Talbot
function TðqÞ ¼ sin2ðq2z=2kÞ [12]. The amplitude of the
Talbot oscillations decays because of multiple reasons, the
limited spatial coherence being one.
The field scattered by the sample, es, interferes with the

unperturbed transmitted field, e0. The phosphor placed at a
distance z from the sample records a signal fðx; z; tÞ which
can be expressed as

fðx;z;tÞ¼�fi0ðxÞþ2Re½e�0ðxÞesðx;z;tÞ�g�pðxÞþkðx;tÞ;
(3)

FIG. 2. Simulation of the interference patterns between a
spherical wave (� ¼ 1 �A) and a single coherent patch of beam
with limited transverse coherence. The size of the coherence
patch at the origin (z ¼ 0) is approximately 8 �m in diameter.
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where � is a constant depending on the sensor, i0ðxÞ ¼
je0ðxÞj2 is the time-independent intensity of the strong
transmitted field which includes also stray light, pðxÞ is
the sensor point spread function and kðx; tÞ is a fluctuating
term due to shot noise and camera readout noise. Since the
scattered field is much weaker than the transmitted one
(jesj � je0j) the term e�ses has been neglected. If fðx; z; tÞ
and fðx; z; tþ �Þ are two signals acquired with a time
delay �, the normalized difference signal is defined by

sðx; z; �Þ 	 fðx; z; tÞ � fðx; z; tþ �Þ
fðx; z; tÞ þ fðx; z; tþ �Þ
� fRe½esðx; z; tÞ � esðx; z; tþ �Þ�g � pðxÞ
þ kðx; tÞ � kðx; tþ �Þ; (4)

which is not dependent on i0. The time averaged two-
dimensional Fourier power spectrum is given by [18]

Sðq; z; �Þ 	 hjFfsðx; z; �Þgj2it � ½IðqÞTðq; zÞ
�Gðq; �Þ�Cðq; zÞPðqÞ þ KðqÞ; (5)

where F is the Fourier transform operator, Gðq; �Þ is the
Fourier transform of the field-field correlation function,
PðqÞ ¼ jF½pðxÞ�j2 is the sensor transfer function, and
KðqÞ ¼ hjF½kðx; tÞ�j2it is the power spectrum of kðx; tÞ.
Complete decorrelation between speckle images
(Gðq; �Þ ¼ 0) is brought about by both diffusion and con-
vective motions. Typically a delay time, � of 2 sec brings
decorrelation even at the lowest q vectors, mostly because
of convective motions. Equation (5) is the square of the
field relation used in phase contrast imaging [19] and the
shadowgraphy in the optical region [20]. IðqÞ is the power
spectrum of the radiation scattered by the colloidal parti-
cles (almost flat) and CðqÞ ¼ j�j2, where CðqÞ ¼ CðrðqÞÞ
with q introduced via the r ¼ q=kz relation, and it can be
shown that this is a consequence of the ‘‘near-field’’ con-
dition. CðqÞ is the function we want to evaluate quantita-

tively. PðqÞ can be determined according to the method
outlined in Ref. [14] that for the present setup is shown in
Fig. 3 (squares). The first step in data reduction is the
subtraction of the noise term, KðqÞ, which was determined
by taking power spectra of the signal for a cell filled with
water (continuous line in Fig. 3).
The raw power spectrum, SðqÞ spans over more than

three decades, but almost 99% of the decay is due to the
sensor response alone. This underlines the extreme accu-
racy and stability of the raw data, typically a few parts in
104. The influence of Talbot oscillations which modulate
between 0 and 1 can be eliminated by plotting the data as a
function of r. The value of CðqÞTðqÞ oscillates between
zero and TðqÞ at a given r due to contributions from
different z. By plotting the maxima of these oscillations,
we can generate the curves for the visibility V, a method
that has also been used by Pfeiffer et al. [7]. V along the
vertical (curve a) and horizontal (curve b) directions are
shown in Fig. 4 and the inset displays a two-dimensional
plot. The width in the horizontal direction is roughly
5 �m, and oscillations are fairly pronounced and show a
sequence of minima typical of a diffraction pattern from a
slit. Whereas in the vertical direction the modulations are
weaker and have the typical minima structure of an inter-
ference pattern.
As we are dealing with fully developed speckles where

the circular Gaussian statistics holds, the optical aberra-
tions do not modify the speckle size [21]. If no slits were
present, we would have measured the transverse coherence
properties of the source around the optical axis in both
horizontal and vertical directions. The horizontal coher-

0 3 6 9 12 15 18
0.0

0.2

0.4

0.6

0.8

1.0

(a)

(b)

V
is

ib
ili

ty
 

x, y (µm)

x (µm)

y
(µ

m
)

FIG. 4 (color online). Modulus of complex coherence factor
(visibility) as a function of transverse displacements x and y
represented by curves (a) and (b), respectively. These two curves
are obtained from a stack of power spectra taken at various
distances (5 mm< z < 250 mm) denoted by different symbols
and represent the maxima of the oscillating Talbot function. Inset
shows the full two-dimensional distribution.
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FIG. 3. Azimuthally averaged power spectra of the speckle
intensity distribution generated by the colloidal suspension re-
corded at z ¼ 68 mm, sensor power transfer function, and cu-
mulative shot and readout noise.
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ence length at the source is related to the rms electron
bunch divergence �0

x ¼ 10:7 �rad by inverse proportion-
ality. Because of the small vertical emittance of the elec-
tron bunch, the vertical coherence length is related [22]
both to the rms electron bunch divergence �0

y ¼ 3:2 �rad

and to the single-particle diffraction-limited divergence,
which are of the same magnitude. If we take into account
the acceptance angle determined by the slits �A ¼
16 �rad, and compare it with the horizontal and vertical
FWHM divergence of the electron beam, it turns out that
the measurement of the coherence properties at the sensor
site are influenced by the presence of the slit in the hori-
zontal, but not in the vertical direction, where the diver-
gence is smaller. This means that the horizontal speckle
size, of the order of ax ¼ 5 �m, carries information on the
slits acceptance angle only. Whereas in the vertical direc-
tion, the source has an average coherent patch at its output
front, whose dimensions can be determined by the magni-
fication ratio m ¼ 0:6 and the observed vertical size of
speckle at the sensor surface, ay ¼ 8 �m. It follows that at

the source the coherent patch is about 13:6 �m. This
number compares fairly well with expectations from an
idealized model, where calculations are made at resonance
for a single 3 m-long undulator with minimal betatron
function at its center [22]. The above results show that
the size of the coherent patch is similar to the source size in
the vertical but significantly smaller in the horizontal
direction.

The oscillations in the vertical section can be tentatively
assigned to the presence of multiple images in the vertical
direction (Fig. 1) corresponding to an apparent double
source angle of 4 �rad. A rough estimate suggests that
these oscillations are due to an interference between waves
angularly separated by 4 �rad, and the position of the
minima are compatible with the observed pattern. Note
that the vertical coherence length at the source is of the
order of the horizontal coherence length estimated from
theory. This seems paradoxical, because of the tiny vertical
emittance of the electron beam compared to the horizontal
one. However, measurements have been donewith a high�
section, where the electron bunch divergence in the vertical
direction is only a factor 3.3 smaller than in the horizontal.
We found the experimental evidence for this nontrivial
character of the spectral degree of coherence of the source
in the vertical direction. Since measurements cannot be
performed very close to the undulator (the closest distance
at ESRF is 27 m), the use of imaging optics is essential as
in this work. Equally important is the fact that speckle size
determination is independent of aberrations and conse-
quently, the measure of ay yields a direct estimate of the

coherence length at the source.
Finally, we emphasize that the near-field speckle method

can be applied for any narrowband source, but in the case
of wide spectral band, both spatial and temporal coherence

contribute to the shaping of the two-dimensional visibility
plot. Furthermore, the presented scheme is capable of
detecting subtle time dependent coherence instabilities
that cannot be evidenced with traditional beam monitoring
methods. While such instabilities may not significantly
affect the performance of traditional techniques like low
angle static scattering or even IFS, they can have undesir-
able consequences in coherent imaging methods. Our ap-
proach is of interest for routine monitoring of coherence
properties as well as shot to shot analysis of FEL beams.
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