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Abstract

In this paper we extensively describe the heterodyne near field speckle method (HNES) to
characterize both spatial and temporal coherence of synchrotron radiation (SR). The method
relies on Fourier analysis of near field speckles generated by scattering from nanoparticles
suspended in a liquid. A criterion based on master curves of power spectra is introduced and
validated by measurements on the visible light produced by the ALBA bending dipole. While
spatial coherence measurements with HNFS have been reported, we present for the first time
measurements of the temporal coherence of SR wavefronts with the HNFS method both for
narrowband and white light beams. In the former case, using a band-pass filter, a coherence
time of 40 _ 10 fs is measured, in good agreement with the expected value of 43 fs for the
filter inverse linewidth. Moreover, by exploiting the self-reference scheme of the technique, we
show that coherence areas propagate carrying nonvanishing curvature. In the latter case, the
measured coherence time of the incident SR without any monochromator is 1.6 _ 0.4 fs,
corresponding to a bandwidth of 240 nm at a peak wavelength of 350 nm. Exploiting the
Wiener-Kintchine theorem, we also retrieve the SR power spectral density at the sample
position from the measured temporal coherence function. Results are in good agreement with

the measurements performed using a standard spectrometer, yielding a coherence time of 1.4
fs.
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In this paper we extensively describe the heterodyne near field speckle method (HNFS) to characterize
both spatial and temporal coherence of synchrotron radiation (SR). The method relies on Fourier analysis of
near field speckles generated by scattering from nanoparticles suspended in a liquid. A criterion based on
master curves of power spectra is introduced and validated by measurements on the visible light produced by
the ALBA bending dipole. While spatial coherence measurements with HNFS have been reported, we
present for the first time measurements of the temporal coherence of SR wavefronts with the HNFS method
both for narrowband and white light beams. In the former case, using a band-pass filter, a coherence time of
40 £ 10 fs is measured, in good agreement with the expected value of 43 fs for the filter inverse linewidth.
Moreover, by exploiting the self-reference scheme of the technique, we show that coherence areas propagate
carrying nonvanishing curvature. In the latter case, the measured coherence time of the incident SR without
any monochromator is 1.6 4 0.4 fs, corresponding to a bandwidth of 240 nm at a peak wavelength of
350 nm. Exploiting the Wiener-Kintchine theorem, we also retrieve the SR power spectral density at the
sample position from the measured temporal coherence function. Results are in good agreement with the

measurements performed using a standard spectrometer, yielding a coherence time of 1.4 fs.
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I. INTRODUCTION

Synchrotron radiation (SR) is nowadays an outstanding
research tool thanks to the development of third-generation
light sources delivering photon beams with high brightness
and high degree of coherence [1]. Many experimental
techniques exploiting coherent radiation are routinely
implemented at large-scale facilities, e.g., scattering, pho-
ton correlation spectroscopy and phase contrast imaging
[2]. In this framework, characterization of spatial and
temporal coherence properties of the radiation at the sample
position is fundamental for proper planning of the experi-
ments and for unbiased data reduction. Measurements
of spatial coherence of SR also provide a noninvasive
diagnostics tool for the particle beam itself, yielding
information on the electron beam transverse distribution
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[3,4]. More recently, the X-ray and gamma-ray betatron
radiation from laser-plasma acceleration has been studied
both theoretically and experimentally [5—7] to diagnose the
particle beam inside the plasma through the emitted
spectral density [7] and related temporal coherence proper-
ties [6,8]. Consequently, accurate characterization and
control of spatial and temporal coherence properties of
the SR is an increasingly challenging demand in modern
synchrotron and laser-plasma based light sources.

Widespread techniques for the characterization of spatial
coherence of SR are based on interference from a double
aperture or on Fresnel diffraction by a slit [9,10]. Several
solutions have been adopted to perform two-dimensional
(2-D) coherence measurements and to extend such tech-
niques to x-rays [11-15]. They typically require moving
and orienting probing devices, careful engineering of
masks and gratings, fine alignment of the optical compo-
nents and implementation of dedicated x-ray optics. The
same drawbacks arise for temporal coherence measure-
ments, usually performed with amplitude-division interfer-
ometers based on the Michelson scheme [16,17].

Alaimo et al. [18] recently proposed a novel technique
based on Fourier analysis of heterodyne near field speckles
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(HNFS) obtained with a scheme that is reminescent of the
in-line Gabor holography [19]. It exploits the staggered
interference between the spherical waves scattered by
nanoparticles in a colloidal suspension and the intense
transmitted beam to measure the full 2-D transverse
coherence function of SR without any a priori assumption
[20]. Remarkably, the experimental setup is minimal and
free of any severe alignment requirement. Moreover, the
method can be easily scaled to any wavelength. For x-rays,
it can be operated without any dedicated optics [18,21].
Furthermore, it has been recently shown [22] with table-
top optical sources that the same technique allows careful
measurements of temporal coherence thanks to small
optical path differences between the scattered and the
transmitted wavefronts.

Here we rigorously discuss how to apply the HNFS
technique to the characterization of the full spatio-temporal
coherence properties of SR and we show for the first
time results regarding temporal coherence properties of
the visible part of synchrotron light produced by a
bending dipole. Moreover, we investigate the possibility
of measuring the wavefront curvature by scanning different
sample-detector distances.

The presence of optical components along the beamline
prior to the detection point might introduce some changes
in the SR spectrum and related coherence properties. In
coherence-based experiments this is of no concern as one is
interested in the coherence properties of the radiation at the
sample position. Conversely, coherence-based electron
beam diagnostics would demand the extraction line to be
absent or at least its spectral response to be characterized in
order to retrieve properties of the electron bunch from the
measured coherence functions. Either way, knowledge of
the coherence properties of SR at some position along the
beamline is of fundamental importance and it represents
the aim of our work. The reader should be aware that for
diagnostics purposes a characterization of the spectral
response of the extraction line is also demanded.

The paper is organized as follows: in Sec. II we provide
an introduction on the HNFS diagnostics technique; in
Sec. III we describe the ALBA facility and experimental
setup installed on the Xanadu beamline; Sections I'V and V
show experimental results regarding temporal coherence of
narrowband and white SR beams, respectively, as well as
the effects of wavefront curvature on the technique; finally,
we collect our conclusions in Sec. VI

II. THEORY OF THE HETERODYNE NEAR
FIELD SPECKLE METHOD

The HNFS method [23,24] is a self-referencing tech-
nique based on the interference between the weak field
scattered by spherical nanoparticles suspended in a liquid
and the strong transmitted radiation (heterodyne condition).
Similarly to in-line holography [19], this condition pre-
serves phase information and it therefore allows to probe

coherence properties of the incoming beam. The continu-
ous Brownian motion of the particles guarantees a complete
statistical renewal of the sample in times that can be easily
set large enough to not affect data but short enough with
respect to subsequent measurements [24].

The typical experimental layout of an HNFS experiment
is sketched in Fig. 1. A colloidal particle illuminated by the
impinging SR scatters a weak, almost perfect spherical
wave which is heterodyned by the strong transmitted
wavefront. The superposition of the two fields at a distance
z downstream the particle generates instantaneous interfer-
ence fringes of the form

2
|S]E(:)|EO(X[,yi,O)€ikr , (1)

1™ (x,y,2) = |Eg(x.y.2) +

where E is the electric field of the incoming beam and
S(0) is the forward scattering amplitude of the particle i.
The coordinates (x,y) denote the transverse position on
the detection plane at a distance z from the cuvette and
(x;,y;) correspond to the coordinates of the particle i
inside the cuvette. The distance r is defined as r=
2+ [(x = x;)? + (y — v,)*]/(22) in paraxial approximation
and k = 2xz/2 is the radiation wave number, with 4 the
radiation wavelength.

In heterodyne conditions, the term |S(0)E (x;, y;, 0)e*"/
(kr)|? can be neglected and Eq. (1) becomes simply

I™(x, y,z) = Iy(x,y.2)
215(0
L 280

o Ne{Eo(x. v, 2) Eg(x, 3, 0)e ™"},
(2)

where Iy(x,v,z) = |Ey(x,y,z)|> and Re denotes the real
part of complex numbers.

scattering detection
plane plane
SR wavefront ¢ n i X

cuvette | (XiYi) / imaging

optics

z

FIG. 1. Typical HNFS experimental setup. A SR wavefront
impinges onto a quartz cuvette containing many scattering
particles suspended in a liquid at random positions (x;,y;).
The interference between the scattered spherical waves and the
transmitted radiation is observed across the detection plane (x, y)
at a distance z from the scattering plane (7, £) by means of a CCD
camera (the case of a single-particle is shown here for illustrative
purposes). Magnifying imaging optics may be used, depending
on the spatial resolution to be achieved.
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Next we show how to retrieve the spatial and temporal
coherence of SR wavefronts with the HNFS technique.

A. Spatial coherence

Typically, SR wavefronts by charged particle beams of
finite emittance can be described as a disordered ensem-
ble of many patches where the phase of the electric field
E, is constant, in a way similar to the speckled intensity
distribution characterizing diffuse laser light [25]. Due to
the finite bandwidth of SR, the coherence patches are
short-lived, changing in shape and position with a
characteristic time 7., typically ranging between
10717 s and 107! s [26,27]. Detection of the interference
fringes described by Eq. (2) with an exposure time shorter
than 7z, would probe such coherence areas by means of
the features of distorted fringes, as depicted in Fig. 2(a).
Actually, only temporal averages of a large number
of ensemble realizations are accessible. Statistical pro-
perties of SR wavefronts can then be described by
J

Li(ry.2) = (16,32 2)) = (Io(x.3.0)) {1 n

where Ax; =x—x;, Ay;=y—y; and the phase of
u(Ax;, Ay;) has been put to zero without loss of general-
ity since it just causes a phase shift of the interference
fringes.

Equation (5) describes circularly symmetric interference
fringes whose visibility V = {n& — [min} /{ymax 4 ymin} jg
reduced according to the 2-D CCF of the incident SR [27,28],
as shown in Fig. 2(b). Here I™*=1+{2(S(0)|/(kr)}
[u(Ax;, Ay;)| and I =1—={2[S(0)|/ (kr) } |u(Ax;, Ay;)]-

Using a colloidal suspension, the interference between
the synchrotron radiation and the N spherical waves
scattered by the suspended particles results in the super-
position of many single-particle interferograms as in

introducing the complex coherence factor [CCF or
u(Ax, Ay)] [27]

(E(x,y)E*(x + Ax,y + Ay))

u(Ax, Ay) = T (3a)
Iy = (E(x.y)E*(x.y)) (3b)
I, = (E(x+ Ax,y + Ay)E*(x + Ax,y + Ay)), (3c)

where (-) denotes ensemble averages over many electron
bunches and Ax and Ay are the deviations from (x,y).
Furthermore, with the assumptions of uniform intensity
(I, = I,), of the paraxial approximation and of plane
wave propagation for the coherence areas

Eo(x,y,2) = Eg(x,y,z = 0)e'* (4)
we can rewrite Eq. (2) as

2|S(0)]
kr

Ax2 + Av?
S et (5)

27

|
Fig. 2(c), which eventually provides a stochastic hetero-
dyne speckle field for large N, as shown in Fig. 2(d):

N

N
Itot:ZIi(x’y’Z):;(x’y’z)®za(xi’yi)’ (6)

i=1 i=1

where [ (x,y,z) is Eq. (5) for a particle at position (0, 0),
&(x;,y;) describes a pointlike scatterer at position (x;, y;)
and ® denotes convolution.

Despite fringe visibility is not directly measurable,
spatial coherence is probed by means of Fourier analysis
as the 2-D power spectrum of heterodyne speckles 1(g) is
directly related to the single-particle interferogram:

FIG. 2. Fundamentals of the heterodyne near field speckle technique. Simulation parameters are A = 440 nm and z = 2 mm. A 2-D
Gaussian coherence factor of the form exp(—[x? + y?]/ agoh) has been used, with 6., = 60 um. (a) Time-resolved interference fringes
generated by the superposition of the spherical wave scattered by one colloidal particle and the transmitted partially coherent SR
wavefront. (b) Time-integrated single-particle interferogram. (c) Sum of N = 10 heterodyne interferograms: interference fringes are still
visible and may allow coherence measurements through their visibility. (d) Speckle field from N = 10000 colloidal particles:

interference fringes are no more visible but coherence properties are still retrievable in Fourier space.
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1) = |F Iy D} @P
_ 'f{nx,y,z) ®Zj <x,,y>}

{Z(S x,,y)}

where ¢ = (g,. q,) is the 2-D Fourier wave vector and F
denotes the 2-D Fourier transform.

Replacing point-like scatterers with spherical spheres of
finite extent and performing a further convolution of Eq. (6)
with the response function of the detection optics, Eq. (7)
can be generalized to [18,20]

1(q) = S(9)T(9)C(q)H(q) + P(9), (8)

where S(g) is the particle form factor of the scattering
spheres [29], T(q) = sin*{z|¢|?/(2k)} is known as the
Talbot transfer function and it describes the power spectrum
oscillations visible in Fig. 3(a) and 3(b) and related to
the oscillating term in the single-particle interferogram
described by Eq. (5), C(q) = |u(q)]* is the squared
modulus of the radiation CCF, H(g) is the response
function of the detection optics and P(g) accounts for
spurious contribution in power spectra, mainly shotnoise
and readout noise of the detection system.

The information on the coherence is carried by the
envelope of the Talbot oscillations, the term C(q)7T(q)
oscillating between 0 and C(g). To obtain this curve, one
has to consider the other components of Eq. (8). In
particular, the shotnoise contribution P(g) can be measured
without the colloidal suspension, the particle form factor
S(g) can be calculated according to the Mie theory or
measured with scattering experiments and the instrumental

= [F{I(x.y, 2)}( - (7
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FIG. 3. (a) Simulated 2-D power spectrum I(§) of heterodyne
speckles and (b) radial profiles along the horizontal (solid black
line) and vertical direction (solid red line), showing Talbot
oscillations enveloped by the radiation CCF. Here ¢ = |q].
Simulation parameters are 4 =440 nm and z =2 mm. A 2-D
Gaussian coherence factor of the form exp(—x?/c% )
exp(—y? /Gcohy) has been used, with oy, =30 yum and
Oeony = 90 um. A flat particle form factor S(¢g) and response
function H(q) have been assumed for simplicity.

8
B 7

FIG. 4. Geometry relating Fourier wave vectors g to transverse
displacements Ar. IB represents the incoming beam of wave-
length A, SP the scattering particle and TB the transmitted beam.

transfer function H(g) can be accurately characterized with
the same experimental setup, as we will show later.
Since the Talbot oscillations in power spectra arise from
the cosinusoidal term in the single-particle interferogram,
they ultimately describe the effects of the superposition of

the scattered and transmitted waves at an angle 0= Ax/z,
as presented in Fig. 4. Here AX = (Ax, Ay), as in Eq. (3a).
Standard interferometry and Fourier optics [19] relate
the Fourier wave vectors ¢ (in reciprocal space) and the
angles 6 between interfering waves (in direct space)
through ¢ = k6. This allows to probe spatial coherence
over an extended 2-D domain from power spectra of
speckle fields, as the Talbot envelope C(g) actually
corresponds to C(Ax), with AX given by [20]

AX = (Ax,Ay) =z 9)

»IQl

The scaling of Eq. (9) introduces the possibility of
building one master curve from power spectra at different
sample-detector distances, as depicted in Fig. 5. The squared
modulus of the 2-D radiation CCF as a function of transverse
displacements Ax can thus be obtained by merging the
envelopes of the Talbot oscillations at different z since,
according to Eq. (9), higher sample-detector distances allow
to access higher transverse displacements, and viceversa.
Furthermore, a precise calibration of the detector transfer
function can be obtained by acquiring speckle fields very
close to the colloidal suspension [30]. In fact, after shot noise
and particle form factor reduction, the envelope of the Talbot
oscillations is given by C(g)H(§). Then we exploit the fact

that for very small sample-detector distances Ax = 0 accord-

ing to Eq. (9), hence C(G) ~ 1. This procedure is funda-
mental for X-ray applications due to the anysotropic
emission of the phosphors typically used for light conver-
sion, causing a highly q-dependent transfer function.

B. Temporal coherence

The radiation emitted by a single electron moving along
any trajectory is fully temporally coherent regardless of the
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FIG. 5. (a) Simulated horizontal profiles of power spectra for
different sample-detector distances. (b) Master curve for spatial
coherence obtained through the scaling described in Eq. (9). The
common envelope of the reduced power spectra fits the theo-
retical squared modulus of the radiation CCF of the form
exp(—Ax?/c%,). Parameters used in the simulation are A=

440 nm and oy, = 50 um.

frequency content of the electric field. This is due to the
lack of any stochastic process behind the emission from a
single particle, therefore making the field at any time
perfectly correlated with the field at any other time.
However, a loss of longitudinal coherence might be
observed when dealing with electron beams of finite
duration within which the electrons are distributed at
random times due to shot noise, with such random
distribution varying shot by shot. If the observed wave-
lengths are shorter than the bunch duration, the fields
emitted by different electrons add up with random phases
and temporal coherence is reduced. Opposite to this case,
full temporal coherence would be observed for wavelengths
longer than the bunch length as all the emitted wavelets
would be endowed with the same phase [26,31]. It follows
that to make a statement on coherence, one should compare
the single-electron bandwidth with the inverse bunch
duration of the electron beam. If the former is much larger
than the latter, the stochastic process can be model as
(quasi-) stationary and the Wiener-Khinchine theorem can
be applied, relating temporal coherence properties of SR
along the beamline to the SR spectral density.

Under these assumptions and referring to Fig. 6, the
temporal delays 7 between the wavefronts of the scattered
spherical waves and the transmitted radiation beam may be

Dy

SP

1B 5

FIG. 6. Geometry relating Fourier wave vectors ¢ to the
temporal delays 7 associated to the optical path difference Ap.
As explained in the text, only g = |g| is relevant, due to circular
symmetry in power spectra dominated by temporal coherence. IB
represents the incoming beam of wavelength A, SP the scattering
particle and TB the transmitted beam.

comparable to, or larger than, the radiation inverse band-
width. In this case, it is useful to work with the average
wavelength 1 and k = 27/A. In the rest of the paper we
will indicate them with A and k, respectively, for the sake
of simplicity. Furthermore, the CCF u(Ax;, Ay;) shall be
replaced by the normalized mutual coherence function
[MCF or I'(Ax, Ay, 7)] of the radiation [27]

(E(x,y,)E*(x + Ax,y + Ay, t + 7))
1,(0)15(0)

['(Ax, Ay, 7) =
(10a)

1,(0) = (E(x. y, )E* (x, y. 1)) (10b)

1,(0) = (E(x + Ax,y + Ay, t)E*(x + Ax,y + Ay, 1))
(10c)

which accounts for both spatial and temporal coherence.

For coherence areas large enough, I'(Ax,Ay,7) =
I'(0,0,7) and the power spectra of speckle fields carry
the information on the complex degree of self coherence
[CDC or y(7)]

(E(E (1 + 7))
(EOEQW)

which describes the effect of temporal coherence only.

Due to the spherical wavefront of the wave scattered by
one particle, temporal delays are the same regardless of the
azymuthal angle ¢. Therefore, 2-D power spectra exhibit
circular symmetry, in contrast to the case of dominant
spatial coherence (compare, e.g., Fig. 4 and Fig. 6).

Similarly to narrowband light, Fourier wave vectors can
be related to scattering angles, which in turn correspond
to optical path differences between the spherical and the
transmitted wavefronts, according to Fig. 6:

v(e) = (11)
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2

0

where 0 = |5| due to the circular symmetry previously
described. Dividing by the speed of light ¢ and substituting
0 = q/k where g =|q|, the squared modulus of the
radiation CDC is then retrieved with high accuracy from
the envelope of Talbot oscillations as a function of temporal
delays through the following scaling:

zq*
= (13)

This scaling of the time delays immediately brings to the
possibility to build another master curve where the Talbot
oscillations superimpose, as depicted in Fig. 7. This is
another peculiar feature of power spectra where the effects
of the temporal coherence are dominant, in contrast to the
case of spatial coherence treated above.

Dealing with polychromatic light, temporal coherence is
influenced by any change in the incoming power spectral
density (PSD), for which we need to account the effects of
the system transmission. Since the system will generally act
as a band-pass filter, these effects can be modeled as the
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FIG. 7. (a) Simulated radial profiles of power spectra for
different sample-detector distances. Here g = |g|. (b) Master
curve for temporal coherence obtained through the scaling
described in Eq. (13). In contrast to Fig. 5, Talbot oscillations
superimpose. The common envelope of the reduced power
spectra fits the theoretical squared modulus of the radiation
CDC of the form exp(—?/#,, ). Parameters used in the simu-

coh
lation are 1 = 440 nm and 7.y, = 2 fs.

multiplication of the radiation spectrum by the spectral
calibration function (SCF). In the HNFS technique, for
each wavelength it is given by the product of the scattering
amplitude, the transmissivity of the liquid of the suspension
and the walls of the cuvette and the spectral response of the
CCD, as shown in Fig. 8(a) (each curve has been normal-
ized to a maximum value 1).

The term |S(0)| can be computed from the exact Mie
theory of light scattering [29], since spherical nanoparticles
are used. Transmission of the liquid and the scattering cell
can be measured by means of a standard spectrometer,
while the quantum efficiency of the sensor is provided by
the CCD constructor. For the experiments at the ALBA
bending dipole, the effects of the SCF on the FWHM of
the radiation spectrum are negligible, as can be seen in
Fig. 8(b). Since the coherence time is of the order of the
inverse bandwidth of the radiation [27], we can conclude
that the decay of Talbot oscillation is actually a significant
measure of the temporal coherence of SR, without the need
to correct for the effects of the SCF.

1.0 T Ed ~ T T

RN . |—scF]]
0.8 j S o

-- IS(O)I]

0.6 . \

SCF

0.4 ’N . ]
021 7 S

O-O T T T -
200 400 600 800 1000
A [nm]

1.0

0.8 4

0.6 1
0.4 -
021 [

PSD [arb. units]

0.0 £~
200 400 600 800

1000

FIG. 8. (a) Spectral calibration function SCF (solid cyan curve)
taking into account the dependence of the forward scattering
amplitude |S(0)| on wavelength (dashed blue curve) and the
quantum efficiency of the CCD sensor (dash-dot orange curve).
The measured transmissivity of the liquid in the cuvette and of the
cell walls is almost constant over the wavelength range indicated
and it is not displayed. (b) Comparison between the incoming
power spectral density of SR radiation measured with a spec-
trometer [32] (PSD, solid black curve) and the detected spectrum
(PSD’, dash-dot cyan curve) obtained by means of multiplication
for the SCF. Its effects on the radiation bandwidth are negligible,
since the two spectra have full width at half maximum FWHM =
310 nm and FWHM' = 290 nm, respectively.
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III. ALBA EXPERIMENTAL SETUP
AND DATA PROCESSING

The method was tested at the ALBA third-generation
synchrotron light source. Electrons from a 100 MeV
Linac are accelerated to the final energy of 3 GeV by a
Booster hosted in the same tunnel as the storage ring. SR
generated at Bending Magnet 1 (BM1, radius of curvature
p =7.05 m) is extracted through an in-vacuum mirror
located at 8.635 m downstream the source point. The
mirror can be inserted from 25 mm down to 7 mm from
the orbit plane, in order to intercept the emitted visible
radiation and not to interfere with the x-rays. A system of 7
flat mirrors transports the selected radiation to the Xanadu
beamline where the HNFS diagnostics has been installed, at
a distance from the source plane of approximately 15 m. It
consists of a quartz cuvette with a colloidal suspension of
spherical particles 1 ym in diameter. Dilution down to a
volume fraction of approximately 10~ w/w guarantees
heterodyne conditions. The speckle fields are collected by a
4X magnifying microscope objective and imaged onto the
sensor of a Basler scA1300-32 cm/gc CCD camera (pixel
size is 3.75 um, with 1296 x 966 pixels). The sample-
detector distance z can be changed through a micrometric
translation stage and it ranges between 1 mm and 30 mm.
The experimental setup is depicted in Fig. 9.

The single-electron SR spectrum has been calculated
starting from the well-known expression of the angular-
spectral power density [31] and it is reported in Fig. 10
for a point-like aperture positioned at the average vertical

(x,y)

(x,y3)

FIG. 9. HNFS experimental setup at ALBA: SR is emitted at
Bending Magnet 1 (BM1) and visible light is selected by an
extraction mirror M,,,, that can be inserted from 25 mm to 7 mm
from the orbit plane (A#). A system of flat mirrors M; delivers the
radiation (Eg) to the scattering cell SC and the interference with
the scattered field E; is imaged by the microscope objective O
onto the CCD. A micrometric translation stage allows to scan the
distance z from the particle plane (x;, y;) to the image plane (,y).
Whether the monochromator M is used defines narrow-band or
broad-band conditions, respectively. The dashed red lines allow
to relate the parameter Ax of the radiation CCF and the parameter
7 of the radiation CDC to the geometry of the HNFS setup, as also
previously explained in Sec. II A and Sec. II B, respectively.

1.2 T T T
—— Single-particle Z —300nm

1.0 spectrum
AA=1100nm

0.8

0.6

0.4 4

0.2 4

Normalized
single-particle spectrum

1000 10000

A [nm]

10 100

FIG. 10. Computed single-electron spectrum for the ALBA
case (radius of curvature p =7.05 m and Lorentz factor
y = 6000) at the vertical angle y, = 1.835 mrad corresponding
to the average vertical position of the in-vacuum extraction
mirror. The inverse bandwidth 1/Avpwim = A2/ (cAdpwim) =
0.33 fs is much shorter than the bunch duration zy,,, = 16 ps.
This ensures the validity of the Wiener-Khinchine theorem
and temporal coherence properties are thus determined by the
incident SR spectrum.

angle y = (16 mm)/(8.635 m) = 1.853 mrad of the in-
vacuum mirror. The inverse bandwidth at FWHM is
1/Avpwim = 0.33 fs, much smaller than the bunch dura-
tion Ty = 16 ps. When considering a realistic electron
beam, this implies that the associated stochastic process is
(quasi) stationary and that the SR temporal coherence at
any position along the beamline is determined by the SR
spectrum by virtue of the Wiener-Khinchine theorem, as
discussed in Sec. II B. The actual SR spectrum is affected
by the finite solid angle acceptance of the extraction
system, by the finite emittance of the particle beam and
by the elements of the extraction line (mirrors are out of
plane one with respect to the other and their reflectivity
depends on the incident wavelength and polarization, and
the extraction window further acts as a spectral filter). This
results in the actual detected spectrum plotted in Fig. 8. It is
worth noting how the measured peak wavelength (350 nm)
is in agreement with the expected one (300 nm).

For each distance z a stack of 100 images I; separated by
a 1 s time lag is acquired. A square area of 900 x 900 pixels
is selected from each image and pre-processed by sub-
tracting the dark noise iy, and by normalizing to the
average value ()15 [20]:

. Ii = iganc
=tk (14)
l <Ii - ldark)pixels

The speckle signal i ; is then obtained by removing
the static stray light by means of the double frame
analysis [23]:
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I — I
ls,j _ .Jl .Jz , (15)
4, 1,

where i; and ij, are two independent images with a total
temporal separation of at least 50 s. The average power
spectrum

I(q) = > _|F{is;}. (16)

J

with F denoting the 2-D Fourier transform, is then reduced
according to Eq. (8).

IV. RESULTS USING NARROWBAND BEAMS

Accordingly to the Van Cittert-Zernike theorem, coher-
ence areas generated by an electron beam with rms
horizontal size o,,5x = 50 ym emitting radiation at
440 nm are as large as o.onx = A2,/ (TOmsx) =4 cm at
a distance from the source plane z; = 15 m, in agreement
with independent SR interferometry (SRI) experiments
[32]. This value exceeds by more than one order of
magnitude the accessible range of transverse displacements
Ax,.« =2 mm given by Eq. (9) for a typycal value of
Gmax = 1 ym~! at a sample-detector distance z = 3 cm.
The approximation I'(Ax,Ay,z) =1(0,0,7) made in
Sec. IIB is valid and it allows to measure temporal
coherence effects even for narrowband beams. By contrast,
the SR spatial coherence would be easily accessed at
shorter x-ray wavelengths, because the generated coher-
ence areas would then be much smaller [18,21].

Narrowband conditions are ensured by a band pass filter
with FWHM bandwidth of 10 nm by Thorlabs, centered at
an average wavelength of 440 nm [33]. Figure 11 shows the
resulting 2 dimensional power spectra. Perfect azimuthal
symmetry of the Talbot oscillations is the signature of
limiting temporal coherence.

This is further confirmed in Fig. 12, which shows how
power spectra for different distances z superimpose in
one master curve under the scaling law of Eq. (13). The

z=7mm Zz=9mm z=11mm z=13 mm

z=21mm

z=15mm z=17 mm z=19 mm

FIG. 11. Raw power spectra in narrowband conditions. Perfect
azymuthal symmetry is a clear signature of predominant temporal
coherence, as discussed in Sec. II B.

= /mm e 9mm a 11 mm

v 183mm ¢ 15mm « 17 mm
) 154 ¢ 19mm <« 21mm » 23mm b
c
=}
o > e %
‘i 1.0 e ig E
© 0.5-
'_

0.0
0.1 1 10 100

T [fs]

FIG. 12. Power spectra fit the master curve under the scaling of
Eq. (13). Inset shows the enlarged region corresponding to
7 < 5 fs to evidence the fine superposition of Talbot oscillations.

good fit to the temporal master curve proves full spatial
coherence over the accessible transverse displacements of
roughly 1 mm.

The finite thickness of the sample and the walkoff effect
related to the limited sensor size [34-36] induce a tapering
on Talbot oscillations clearly visible for 7 < 10 fs. This
prevents to generate the master curves upon the scalings
described in Eq. (9) or Eq. (13) from the term C(q)T(q),
unless the average of the upper and lower envelopes is
computed, as shown in Fig. 13.

The measured squared modulus of the radiation CDC is
related to a coherence time

+o0 “+00
Teoh = / ly(z)Pde = 2/ C(r)dr = 40 + 10 fs,
o )

(17)

1.2 — ; . ;
2 - Binned upper
c g A
1.0 _Z 1.2 X envelope A
; © 1.0/% - Binned lower
» 0.8 — i
2 : « envelope
< 8 08
5 06 S .
‘i LE 0.6 Sb404
= 04 - 0 10 20 30 40 50 T
o T [fs]
0.2 4 .
—=— Binned C(1) ‘
0.0 y —
0 20 40 60 80 100
T [fs]
FIG. 13. Squared modulus of the radiation CDC as measured

with the HNFS technique. Data from the different 9 sample-
detector distances shown in Fig. 12 have been merged through
Eq. (13) and binned. Inset shows the corresponding upper and
lower envelopes. The tapering effect of the modified Talbot
transfer function is clearly visible for z < 10 fs.
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in good agreement with the value given by the filter inverse
bandwidth 7! = 0.66442/(cAl) = 43 fs, where the multi-
plicative factor 0.664 takes into account the Gaussian-like
line shape of the filter [27,28]. The error bar stems from the
dispersion of data around the binned curve.

Even if the large wavelength prevents full measurements
of SR spatial coherence, useful information can be obtained
by analyzing narrowband Talbot oscillations. In fact,
Fourier optics predicts that coherence areas should carry
the information on the wavefront curvature for visible
synchrotron radiation. Since the transition from the near
field to the far field of the electron beam occurs at
Zpp = O%ns/A = 7 mm, the sample lies in the Fraunhofer
zone of the source (z; = 15 m > zpr) where coherence
patches are homothetic with the same curvature of the
wavefront. For SR wavefronts with radius of curvature R,
the Talbot oscillations at a distance z from the colloids are
described in terms of an effective sample-detector distance
Zefr given by

1 1 1
— =, (18)
Zef Rz

Since this relation is nonlinear, the wavefront curvature
can be measured by comparing z.¢ (fitted from the position
of Talbot maxima and minima) to the nominal z (known by
the position of the translation stage). Results are reported
in Fig. 14 and the fitted value for the radius of curvature
according to Eq. (18) is R~ 15 m, corresponding to the
distance of the scattering cell from the center of the bending
dipole. However, due to the low signal caused by the
monochromator, data are widely scattered and affected by
large uncertainties. As a result, we can only conservatively
state that data are compatible with a radius of curvature
larger than 5 m.

1.08 —_—
« Data —— Fitted (R =15 m)
R=5m - - R=1m
104] R=05m 7 |

0.96 T T T T
4 8 12 16 20 24
z [mm]

FIG. 14. The periodicity of the Talbot oscillations is affected
by a non-vanishing curvature of the coherence areas. Since for
visible wavelength the coherence areas at the sample position
behave as far field speckles, they carry the same curvature as the
SR wavefront. Data are compatible with a radius of curvature
larger than 5 m.

z=3mm z=5mm z=7mm z=9 mm

z=17 mm

z=13 mm z=15mm

..

FIG. 15.
tion. Perfect azymuthal symmetry is a clear signature of pre-
dominant temporal coherence, as discussed in Sec. II B.

Raw power spectra of broadband synchrotron radia-

V. RESULTS USING WHITE BEAMS

Figure 15 shows the 2-D power spectra obtained using
the experimental setup in Fig. 9, but as opposed to the case
in Fig. 11, no band-pass filter is used.

The master curve from power spectra at different dis-
tances is shown in Fig. 16 and it displays less Talbot
oscillations than in Fig. 12, implying a shorter coherence
length.

This is also evident in the retrieved squared modulus of
the radiation CDC shown in Fig. 17, where data are much
less scattered than in Fig. 13 due to the high signal level in
the CCD camera without any monochromator. Integration
of the master curve C(7) [as in Eq. (17)] yields a coherence
time of 1.6 £ 0.4 fs, corresponding to a FWHM bandwidth
of the power spectral density A1 = 240 nm at an average
wavelength 2 = 350 nm. This value of the coherence time
is compatible within the experimental error with the inverse
bandwidth of 1.4 fs obtained from the spectrometer
measurements.

Since we can only access the modulus of the radiation
CDC, we cannot directly apply the Wiener-Kintchine

1.0 T T T T T
L e 3mm
08')- * 5mm |
) 2 o e 7 mm
S 06_;‘ .:;. v 9mm i
_(EU N {a“ s 11 mm
S 04fg ¢ o 13mm
e e & 72 a 15 mm
15} A
©o02{t¥ & « 17mm ]
|_ [
s kﬂ"‘ > 19 mm
0.0 . . B stk —

00 05 10 15 20 25 3.0

FIG. 16. Broadband power spectra fit the master curve under
the scaling of Eq. (13). The 9 probed distance are indicated in the
figure legend and range between 3 mm and 19 mm.
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FIG. 17. Squared modulus of the radiation CDC as measured

with the HNFS technique. Data from the 9 different sample-
detector distances shown in Fig. 16 have been merged through
Eq. (13) and binned. Inset shows the corresponding upper and
lower envelopes. By contrast with Fig. 13, the short coherence
time of the radiation makes any tapering effect negligible, as the
loss of Talbot visibility and the decay of power spectra to shot
noise level are entirely due to the radiation CDC.

theorem to retrieve the SR spectrum at the sample position.
However, assuming that the SR spectrum is roughly
symmetric around the peak wavelength,

r(7) =Ir(z)]e™, (19)

being 7 = ¢/A the average frequency, and the Wiener-
Kintchine theorem takes the modified form [37]

Sw) = A " oly(e)| cos[(v = D)eldr.  (20)

Figure 18 shows the power spectral density (PSD)
obtained by applying Eq. (20) to the measured curve
C(z) of Fig. 17. Comparison with independent measure-
ments (red line in Fig. 18) performed with a standard
spectrometer shows how the overall shape of the SR
spectrum at the sample position is satisfactorily repro-
duced. The three narrow peaks are missing in the retrieved
spectrum mainly due to shot noise limitations. In fact, since
their width is less than one half of the spectrum FWHM,
they are expected to contribute the modulus of the radiation
CDC with some echoes at temporal delays larger than
T & 27,0, = 3.4 fs, where the decay of Talbot oscillations
has already reached the shot noise level, as can be seen in
Fig. 16, and where sampling is not properly done due to
the quadratic relation of Eq. (13). Moreover, referring to
Fig. 16, we also stress that C(r) is computed by inter-
polation on a small number of Talbot maxima and minima
and that we assumed specific symmetry properties for the
SR spectrum in order to write Eq. (20) which are rigorously
valid, in our case, only close to the peak wavelength.
Although this approach allows to correctly retrieve larger

- 1.0 | —— Spectrometer 1
= = _Interpolated data
= 0.8 .
=
S,
a 0.6 - .
[%2]
o
E’ 0.4 4 E
g
5 0.2 4 .
c
=
® 00 ; :
200 400 600 800 1000
A [nm]
FIG. 18. Synchrotron power spectral density PSD retrieved

with the HNFS technique (squares) and measured with a
spectrometer (red solid curve). The overall shape of the spectrum
has been satisfactorily reproduced, despite the three narrow peaks
have not been retrieved (see text for details).

structures of the SR power spectral density, it is currently a
limiting factor for the detection of finer details.

The comparison with the results from the spectrometer
has been used as a benchmark of the technique, which is
capable of retrieving the overall shape of the incident PSD
though finer details are missed. Nonetheless, the measured
FWHM spectral bandwidth, conveying the information
on the SR coherence time, is correctly retrieved (250 nm
to be compared with ~300 nm from spectrometry mea-
surements). Despite in the visible range there certainly are
more accurate methods to characterize the SR spectrum and
temporal coherence, we would like to recall the advantages
of the HNFS approach over other techniques: it is wave-
length independent, the setup is compact and it does not
require any dedicated optics, thus being suitable to be
operated at x-ray wavelengths; it is free of severe alignment
constraints; and it allows to investigate spatial and temporal
coherence by exploiting the same experimental setup.

VI. CONCLUSIONS

We have developed a diagnostics technique based on
heterodyne near field speckles for the characterization of
both spatial and temporal coherence properties of visible
synchrotron radiation. The method relies on the possibility
of building master curves under proper scaling laws for the
spatial and the temporal coherence. The experimental setup
is minimal and easy to implement and data processing is
model independent and free of any external parameter.

We have performed for the first time measurements of
temporal coherence effects in synchrotron radiation with
both narrowband and white beams. In the former case, a
coherence time of 40 4= 10 fs has been measured, compat-
ible with the filter inverse linewidth (expected value 43 fs).
The high quality of the master curve proves full spatial
coherence over the accessed transverse scale of 1 mm.
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Since for visible wavelengths the sample lies in the far
field of the source, coherence patches are homotetic and they
carry the information on the wavefront curvature. By study-
ing the periodicity of the Talbot oscillations as the sample-
detector distance is varied, we have estimated a wavefront
radius of curvature larger than 5 m (less conservatively, the
fitted value is compatible with the nominal distance of 15 m
from the center of the bending dipole). By contrast, it is
worth noting that for x-ray wavelengths the transition to the
far field of the electron beam occurs after tens or hundreds of
meters and the sample would be in the Fresnel zone of the
source (z; < zpp). Near field coherence patches behave as
diffraction limited wavefronts with a Rayleigh range of the
order of some meters, much larger than the typical sample-
detector distances z. The scattered spherical waves would
thus be heterodyned by a wavefront carrying vanishing
curvature.

Regarding white beams, the decay of speckle power
spectra yields a coherence time of 1.6 £ 0.4 fs, related to a
radiation bandwidth of 240 nm at an average wavelength
of 350 nm. From the measured squared modulus of the
radiatoin Complex Degree of Coherence, we have retrieved
the synchrotron power spectral density by applying the
modified Wiener-Kintchine theorem. Results are in good
agreement with independent measurements performed with
a spectrometer, showing how HNFS can be effectively
implemented as a powerful diagnostics technique.
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