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Abstract

Several experiments were done to measure the transverse
beam size at the NCD ALBA beamline using the Heterodyne
Near Field Speckles (HNFS) technique. Inside the FCC
collaboration, it was decided to move these experiments to
the ALBA Front End 21, where currently an x-ray pinhole
camera is working since 2021. The goal is that the two
measurement techniques can work alternatively and measure
the electron beamsize of the same source point, so that a
direct comparison between both techniques can be done.
This paper reports the SRW simulations performed in order
to investigate the feasibility of the HNFS experiments at
this new location. In particular, it focuses on the effect of
the dipole radiation and the design of the high energy and
high bandwidth monochromator required to perform HNFS
experiments at this location.

INTRODUCTION

During standard operation, the transverse beam profile
of the electron beam at ALBA Synchrotron is measured via
the X-ray pinhole camera technique [1]. This direct imaging
technique allows a fast rendering of the transverse profile
but presents a limited beam-size resolution due to diffraction
effects. Amongst other options, the X-ray Heterodyne Near
Field Speckle technique (XHNFS) promises to solve this
issue and also provides an effective measurement of the
spatial coherence properties of the radiation beam.

The XHNFS method is based on the interference between
the weak spherical wavefronts scattered by small obstacles
(with size in the sub-pum range, in our case a water-based
suspension of colloidal particles) and the intense transmitted
X-ray beam. This interference is called ”speckle” pattern.
From the Fourier analysis of the speckle pattern, we measure
the coherence length, which ultimately allows to measure the
source (electron) beam size. This method has been already
tested at the NCD-Sweet ALBA Beamline [2], but also at
other labs [3, 4].

This method is one of the candidates to measure the beam
size at the Future Circular Collider (FCC) [5]. As part of
the FCC collaboration between ALBA, CERN, and the Uni-
versity of Milano, and with the goal of properly calibrate
this technique, it was decided to move these experiments
to the ALBA Front End 21 (FE21), where an x-ray pinhole
camera is working since 2021 [1]. The goal is that the two
measurement techniques can work alternatively and measure
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the electron beam size of the same source point, so that a
direct comparison between both techniques can be done.

The sketch of the FE21 is shown in Fig. 1, with com-
ponents (already installed) for the x-ray pinhole and the
required XHNFS components currently under design. The
black elements show the fixed components, whereas the
components in green need to be designed. Using remote
control motors, either pinhole measurements or XHNFS
measurements can be taken alternatively.
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Figure 1: Sketch of FE21, with the elements of the x-ray
pinhole and the components that need to be designed for the
XHNEFS (in green).

Note that FE21 is equipped with an Al-window with a
thickiness of 1.5 mm, which filters out the soft x-rays for
the pinhole camera. Although this radiation is enough to
produce a good image using the pinhole technique, it might
not be enough for the XHNFS experiments. Actually, Fig. 2
compares the flux produced by the In-Vacuum Undulator at
the NCD beamline (red) with the flux produced by the bend-
ing dipole at FE21 (blue). The green trace shows the flux
remaining after the Al-window in the FE21. Note that there
is around 2-3 orders of magnitude difference. Therefore
the design of the XHNFS experiments needs to optimize as
much as possible the flux impinging on the detection system.

In order to increase the flux arriving at the sample, we
look for a high bandwidth monochromator allowing more
intensity to pass through the optical system and onto the de-
tection screen. However, in this case, the effects of temporal
coherence might start to be noticeable reducing the visibility
of the interference fringes. Thus, the goal of this work is to
find the appropriate monochromator bandwidth, providing
a good trade-off between 1) the high flux at the detection
system (to properly see the speckle interference pattern) and
2) the speckle pattern is not affected by the temporal coher-
ence due to the large bandwidth. These effects have been
simulated using the code Synchrotron Radiation Workshop -
SRW [6].
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Figure 2: Flux for the In-Vacuum Undulator at the NCD
beamline compared with the dipole flux at FE21. The green
trace marks the remaining flux after the 1.5 mm Al-window
in FE21, whose peak is at 23.7 keV.

Table 1: FE21 Parameters used for SRW Simulations

Parameter Value
beam energy 3 GeV
dipole field 142T
dipole length 1.4 m
dipole bending radius 7.04 m
X-ray energy peak 23.7 keV
Monochromator bandwidth ~ 10™# - 10~!
horizontal beamsize 60 um
vertical beamsize 30 um
horizontal divergence 5 prad
vertical divergence 2 prad
Energy spread 0.001
SRW SIMULATIONS AT FE21

The geometrical system depicted in Fig. 1 is reproduced in
SRW. After the bending magnet, the first optical elemement
is a fixed mask with an aperture of (3.6x1.8) mm. Then, the
radiation passes through an Al-window, a monochromator
and through the colloid system, to finally end up in the detec-
tion screen. The colloid system is taken as the one in our old
studies [2], a water suspension of SiO, nanospheres whose
diameter is 500 nm. Table 1 shows the beam parameters
used as input for the SRW simulations.

In order to avoid very large time-consuming simulations,
our wavefront is cut by a about a factor 10 with respect to
the fixed mask aperture ~(0.4x0.2)mm. This produces slight
diffraction effects at the borders of the wavefront, whereas
the interference patterns concentrating in the centre remain
unperturbed. Furthermore, we also found that meaningful
results are obtained sampling the electron beam with (only)
500 particles. This means that we ran our programme for
500 loops, changing in each one the position and momentum
of the initial electron generating the X-rays, and then we sum
the resulting intensity distributions. This way, using parallel
processing and the ALBA HPC Cluster, a full simulation
(for one single wavelength) lasts ~ 5 hours.
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We further speed-up the CPU time by running simulations
for a single nanosphere only, as the 2D FFT of one single
colloid produces the same results of multiple scatterers [2,
7]. This stems from the heterodyne regime of the XHNFS
technique, allowing to decompose the speckle pattern s(x)
at a distance z into the intensity (incoherent) sum of many
equal single-colloid interference images i (X, z) [8]:

N
s(®,2) =) i(%2), e
j=1
Using the linearity of the Fourier transform operation [9]:

N
§(G:2) =) 3¢, 2) 2
J=1
where § = FT{s} and i; = FT{i;}.
By taking the squared modulus of Eq. (2), we obtain the
following convenient form for the power spectrum PS(q, z)

of the speckle patterns at a distance z:

Finally, by the shift theorem of the Fourier transform op-
eration [9], the random positions of the colloidal particles
in the suspension are transformed into pure random phase
factors in the Fourier transform of the single-particle interfer-
ence images. Therefore, the first term in Eq. (3) reduces to
N -1(4,z), where I1(§,7) = |5(4,z)|? is the power spectrum
of the single-colloid interference image, whereas the second
term averages to zero. As a result, under heterodyne condi-
tions the power spectrum of the single-colloid interference
pattern yields the same result as the power spectrum of the
actual speckles (from many colloids), apart for inessential
multiplicative factors [8].

Figure 3 (left) shows the interference pattern produced
by a single colloid using the beam parameters in Table 1
for a monochromatic beam of 23.7 keV. The right hand side
picture shows the 2D power spectrum of it. Although the
intensity fringes in Fig. 3 (left) may seem a bit blurry, the
Fourier transform in Fig. 3 (right) shows that both the hori-
zontal and vertical profiles follow very well the theoretical
predictions. This is shown in Fig. 4, where the horizon-
tal (top) and vertical (bottom projection given by SRW (in
blue) are very well fitted with the theoretical model of the
so-called Talbot oscillations (pink) [2]:

2

Ia.0 = T@25@]u (2 )] @

where ¢ is the spatial frequency, defined as g = kr/z with
7 = (x,y) being the vector at the detection plane, z the dis-
tance between the colloids and the screen, and k = 271/ A.
The function T'(g,z) = 2 sin® % is the Talbot transfer func-
tion, S(q) is the particle form factor, and p represents the
Complex Coherence Factor. More details about these for-

mulae can be found in [2].
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We note that the small perturbations in the horizontal fit
(around g=+3) are due to numerical artefacts. In fact, we saw
that by reducing the mesh size these artefacts go away. Most
importantly, they do not intefere with the central part of the
Fourier transform, from where the physical parameters are
inferred. With these parameters, we reproduce an horizontal
and vertical beam size of (59.2, 30.5) um, which are very
close to the original parameters in Table 1.

Figure 3: Speckle pattern of one single-colloid (left) and 2D
FFT of it (right). The simulation corresponds to a perfectly
monochromatic x-ray beam of E;=23.7 keV.
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Figure 4: Theoretical fits with Eq. (4) of the horizontal
(a) and vertical (b) profiles of the Fourier transform of the
intensity distribution simulated with SRW. The fit parameters
were the measured beam sizes 65 = 59.2um and 6y =
30.5 ym.

ENERGY BANDWIDTH STUDIES

In order to evaluate the effect of the monochromator band-
width, we repeat the simulations in the previous section
for different wavelengths, adding them up according to the
reflectivity curve of the monochromator. Typical Si(111)
monochromators, as the one used in our previous experi-
ments [2], have a bandwidth of 10~4. Here we simulate
monochromators having Gaussian reflectivity curves with
rms of AE/E=10"3, 1072 and 10~1. Our goal is to have a
similar flux as the one in our previous experiments in the
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NCD beamline, while at the same time minimizing the ef-
fects of temporal coherence.

To this aim, we look at the error in the retrieved beam
size produced by the different monochromator bandwidhts.
That is, the difference between the horizontal and vertical
beamsizes obtained after the analysis of the speckle pattern
ox M for a given bandwidth, with respect to the theoretical
beamsizes o, ( in Table 1: thatis, (o, \ — 09) /0. This
is what is shown in Fig. 5, which shows the error for both
the vertical and horizontal directions at different bandwidths
and its corresponding flux. The flux at NCD is shown in
a red dashed line for reference. This demonstrates that our
monochromator should have a bandwidth in the order of
1072 to have meaningful results and still keep a flux similar
to the one at NCD.
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Figure 5: Computed beam size error for different monochro-
mator bandwidths for the horizontal (a) and vertical (b)
planes. For reference, the vertical red dashed line shows
the flux at the NCD beamline.

MONOCHROMATOR: TECHNICAL
CHOICES

After the studies in the previous section, we look for a
monochromator with an energy peak at E,=23.7 keV, with
an energy bandwidth of AE/E=1%. Increasing the band-
width of a monochromator is achieved by adding several
multilayers to a Si substrate. In this case, several bi-layer
options were studied: W/B4C or W/Si, with a thickness rang-
ing between 2.0 and 2.4 nm/bilayer. A comparison of both
materials is shown in Fig. 6: in both cases, the reflectivity R
at the peak energy of 23.7 keV is R~0.85 and the bandwidth
is around 1.2%, being slightly larger the bandwidth of W/Si.
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Figure 6: Comparison of the reflectivity curves for a mirror

with two different multilayers: W/B4C (blue) and W/Si (red).

The reflectivity curve for different materials is given by the
X-ray Oriented Program (XOP) [10]. The energy bandwidth
increases as the thickness of the bilayer increases, but at the
same time the Bragg angle 6y decreases with the bi-layer
thickness (see Fig. 7). Very shallow angles (in the order
of 0.5deg) implies that the mirror length needs to be large
to cover all the x-ray radiation, which in turn makes the
structure more complex and expensive. For example, for
an x-ray footprint with lateral size AL =3 mm and a Bragg
angle of 0z=0.5deg, the required monochromator length
would be AL/ g ~340 mm.
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Figure 7: Bandwidth (in FWHM) and Bragg angle for a
monochromator for different mono-layer thicness.

Finally, a good compromise is found for a 24 nm bilayer
made of W/Si (with 12 nm for each monolayer of W and
Si). Both W/Si and W/B4C offered similar results, and the
final decision was based on economical costs. Its reflectivity
curve is shown in Fig. 8, showing that the Bragg angle in
the range of (20 - 30) keV varies between ~[0.5 - 0.75] deg.
This is the final choice of monochromator, which is currently
under construction. We note also that the monochromator
is finally a single-crystal to again avoid long and expensive
structures.

CONCLUSIONS

SRW simulations show that the most appropriate band-
width for the monochromator in the proposed FE21 station
is around 1%, which guarantees a good trade-off between
the error produced by temporal coherence effects on the XH-
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Figure 8: Reflectivity curve relating the peak energy and the
Bragg angle for a monochromator of W/Si.

NFS technique (less than 1%) and the photon flux arriving
to the detection station.

Using the XOP code, we have found that a single crystal
monochromator of Si with a bi-layer 24 nm coating of W/Si
fulfills the requirements set by the FE21 layout: energy
peak of 23.7 keV, with a Bragg angle of 63=0.64 deg and
a bandwidth of 1.2%. The expected photon energy range
for the XHNFS experiments will be between (20-30) keV.
The monochromator is currently under fabrication and it is
expected to be delivered at the beginning of 2025.
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