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Abstract

Experiments using the Heterodyne Near Field Speckle
method (HNFS) have been performed at ALBA to charac-
terize the spatial coherence of the synchrotron radiation,
with the ultimate goal of measuring both the horizontal and
vertical electron beam sizes. The HNFS technique consists
on the analysis of the interference between the radiation
scattered by a colloidal suspension of nanoparticles and the
synchrotron radiation, which in this case corresponds to the
hard X-rays (12 keV) produced by the in-vacuum undulator
of the NCD-Sweet beamline. This paper describes the fun-
damentals of the technique, possible limitations, and shows
the first experimental results changing the beam coupling of
the storage ring.

INTRODUCTION

At the ALBA storage ring, beam size monitoring is rou-
tinely performed by means of an X-ray pinhole camera [1].
Furthermore, parallel reliable measurements are provided
by Young interferometry with visible synchrotron radia-
tion [2,3]. A novel and unconventional interferometric beam
size measurement technique is offered by the Heterodyne
Near Field Speckle method (HNFS). It relies on the statisti-
cal analysis of the speckled intensity distribution generated
by calibrated spherical nanoparticles of known properties en-
lightened by the Synchrotron Radiation (SR) extracted from
the accelerator. It was developed almost twenty years ago at
optical wavelengths as a particle sizing technique [4, 5] and
then extended to the X-ray region of the spectrum [6]. More
recently it has found applications in accelerator beam instru-
mentation [7-10] allowing to probe the SR two-dimensional
(2D) transverse coherence described by the Complex Coher-
ence Factor (CCF) [11,12]:

. _ (E(FE*(F + AF))
u(AF) = ———
VUF) (I(F + AF))

In Eq. (1), E is the electric field, I = (|E|?) is the asso-
ciated intensity, 7 = (x, y) denotes transverse position on a
x-y plane perpendicular to the propagation direction, and
finally (- --) denotes ensamble averages. Under the con-
ditions of validity of the Van Cittert and Zernike (VCZ)
theorem [11, 12], the 2D transverse profile of the electron
beam can then be retrieved from the measured 2D CCF.

We report here a proof of concept experiment for two
dimensional beam size measurement using the 12 keV hard
X-rays produced at the NCD-Sweet beamline at ALBA. The
paper is organized as follows: after briefly reviewing the
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fundamentals of the HNFS method, we describe the NCD-
Sweet beamline and the experimental setup therein installed;
then we show and discuss the first results obtained by chang-
ing the coupling in the storage ring; finally, we collect our
conclusions.

THE HNFS TECHNIQUE

The HNFS technique relies on the self-referencing interfer-
ence between the spherical waves scattered by the particles
of the colloidal suspension and the transilluminating field.
For a single scattering particle, the interference image is
composed by circular fringes whose visibility is reduced
according to the 2D CCF of the incoming radiation at the
scattering plane. An example is shown in Fig. 1(a) where
results of numerical simulations are reported for the case of
incoming radiation endowed with larger coherence along the
vertical direction to mimic the case typically encountered
in undulator beamlines. The random superposition on an
intensity basis of many of these single-particle interfero-
grams results in a stochastic intensity distribution known as
heterodyne speckle field, as shown in Figs. 1(b) and (c).

—_
Q
Penti}

=
—
.
S~
—

Figure 1: Fundamentals of the HNFS technique. (a) Single-
particle interferogram for incoming radiation with larger
coherence along the vertical direction. (b) and (c) The ran-
dom sum of many single-particle interferograms generates
a so-called speckle field. (d) The 2D power spectrum of
heterodyne speckles allows to retrieve the interferometric
information on coherence conveyed by the single-particle
interference image.

Coherence information is retrieved by Fourier analysis of
the speckle field — Fig. 1(d). In fact, the 2D power spectrum
closely resembles the single-particle interferogram. It ex-
hibits peculiar oscillations (Talbot oscillations) enveloped
by the squared modulus of the radiation CCF [7-10]:

1G.2) = | [AF@G. DI T(a.2) &)
where I(g, z) is the 2D spatial power spectrum of heterodyne
speckles at a distance z from the scattering plane, T(q,z) =
25sin’[z¢?/(2k)] is known as the Talbot Transfer Function
(TTF), g is the Fourier wavevector, ¢ = |G|, k = 2n/A where
A is the radiation wavelength, and finally
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Equation 3 is known as the spatial scaling of the HNFS
technique [7-10] and it allows to probe the SR CCF from
measurements of the power spectrum as a function of trans-
2 verse displacements. It is worth noticing how larger z allows
% better sampling of the radiation CCF in the transverse plane,
£ thus being more suitable in presence of higher coherence
£ properties. From the 2D power spectrum, profiles along
5 given directions can be extracted. To reduce noise, angular
= average within narrow angular sectors can be also obtained,
as depicted in Fig. 2 (a).
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Figure 2: Example of data reduction and visualization. (a)
Simulated 2D power spectrum. Vertical profiles are obtained
as averages within the highlighted angular sector. (b) Tal-
2 bot oscillations at two different distances fail to describe a
< unique master curve when plotted as a function of Fourier
& wavevectors. (c) The same profiles fulfill the spatial mas-
& ter curve criterion upon the spatial scaling. (d) Upper and
© lower envelopes identified by Talbot maxima and minima,
& respectively. The CCF is obtained from their average.
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Since the SR CCF is probed at the scattering plane, data
> obtained at different z must collapse onto one curve upon
v the spatial scaling, as shown in Figs. 2(b) and (c). We refer
% to this phenomenon as the spatial master curve criterion. In
f particular, we show in Fig. 2(d) how Talbot maxima and
~ minima identify two different unique curves, referred to as
§ the upper and lower envelopes of scaled Talbot oscillations.
5 The radiation CCF is obtained from their average.

EXPERIMENTAL SETUP

The experimental setup installed at the NCD-Sweet beam-
line is depicted in Fig. 3. The radiation source is an In-
2 Vacuum Undulator (IVU) with period 4,, = 21.3 mm and
E 92 periods. A channel cut silicon monochromator selects
S the photon wavelength 2 = 0.1 nm (E = 12.4 keV) with
2 a relative bandwidth AA/1 = 107*. The scattering sample
= s located at Z° =33 m from the undulator center. It is
S composed by an aqueous suspension of silica nanospheres
E 500 nm in diameter, stored in capillaries of 1.5 mm diameter.
‘q"é Speckles are acquired at a distance z downstream the sample,
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with z ranging from 20 mm to 900 mm. Usage of a YAG:Ce
scintillator 0.1 mm in thickness to convert the X-ray photons
into visible light allows to exploit standard visible optics
(20x microscope objective, N.A. = 0.4) and CCD cameras
(model Basler scA1300-32gm) for image acquisition. For
each fixed z, we acquire 50 images at a frame rate of 2 Hz
to increase statistics.
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Figure 3: Schematic drawing of the HNFS setup installed at
NCD-Sweet beamline at ALBA.

In order to validate the technique, two different sets of
measurements are taken: one with the nominal coupling
(k = 0.65%, used in standard operation), and a second one
in which the beam coupling is increased up to around « = 2%
using the skew quadrupoles. Thus, the beam size at the NCD
source point changes for different couplings, as depicted
in Fig. 4, especially in the vertical direction (from 6.3 to
10.7 um at the IVU center - values provided after a LOCO
measurement [13]).
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Figure 4: Theoretical evolution of the horizontal (top) and
vertical (middle) electron beam sizes around the NCD loca-
tion for two different couplings.

RESULTS AND DISCUSSION

Scaled horizontal and vertical profiles of power spectra
at all the sample-detector distances are presented in Fig. 5
for k = 0.65% and in Fig. 6 for k = 2%. For the ease of
visualization, only Talbot maxima and minima are shown.
The squared modulus of the SR CCF is computed from the
average between binned Talbot maxima and minima. Data
are then fitted to a Gaussian curve to extract a measure of
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Figure 5: Results for « = 0.65% along the (a) horizontal
and (b) vertical directions.
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Figure 6: Results for « = 2% along the (a) horizontal and
(b) vertical directions.

the transverse coherence length according to the definition
given by Mandel [11, 12]:
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with u the general transverse coordinate, x or y. It is worth
noticing how the HNFS technique provides a direct measure-
ment of the integrand in Eq. (4), from where we derive the
coherence lengths (07X, 07 ) = (7.4 + 0.4, 83 + 7) um for
k = 0.65%, and (7.1 £ 0.5, 57+ 5) um for k = 2%.

From the coherence length, the rms electron beam size
in the transverse direction can be retrieved by applying the
VCZ theorem:

VA
PAVZ T ’
For the horizontal case, the inferred beam size agrees well
(within the error bars) with the LOCO results (see Table 1).

However, for the very small beam sizes in the vertical
case, discrepancies arise as the conditions of validity of
the VCZ theorem are not fulfilled [14]. In particular, the
radiation source cannot be modelled as quasi-homogeneous,
or equivalently as a thermal source [11, 12] and other effects
need to be taken into account to compute the coherence
length.

We performed simulations based on the formulas in
Ref. [14] and including other non-ideal behaviour of the
experimental set-up, such as detuning in the radiation wave-
length (undulator resonant wavelength at the 7 harmonic
is /152 0.0964 nm at K = 1.6) and finite energy spread of
the particle beam (AE/ E = 1.05 - 1073). Results are shown
in Fig. 7 for k = 0.65% and for k = 2%. The plot shows
the evolution of the horizontal and vertical transverse coher-
ence lengths as a function of the distance from the undulator
center for an electron beam with sizes as in Fig. 4.
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Figure 7: Simulations of horizontal and vertical transverse
coherence length as a function of the distance from the undu-
lator center (beam sizes as in Fig. 4). Results for x = 0.65%
and « = 2% are similar for the horizontal case and only one
curve is reported. The vertical line represents the HNFS
setup position.

The complete simulations give the same predictions as the
VCZ theorem along the horizontal direction, in agreement
with the conclusions in Ref. [14] and therefore confirming
the reliability of our measurements. As for the vertical case,
the VCZ theorem cannot be applied neither for x = 0.65%
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E nor for « = 2%. In particular, the VCZ predictions are 1.36
;;:f times larger for k = 0.65% and 1.30 times larger for « = 2%.
.Z The precise relation between vertical coherence length and
%beam size is still under investigation and we plan to per-
4 form thorough systematic simulations to derive it. As a first
£ approximation we assume that the same correction factor ap-
£ plies to the beam size, therefore yielding oy, = (8.1£0.7) um
g for k = 0.65% and oy = (12.5+1.6) um for x = 2%. Table 1
= gives the different beam size results according to the differ-
,;i ent methods to calculate them: VCZ stands for the direct
% use of the Van Citter and Zernike theorem, SIM refers to the
£ beam size calculations inferred from the coherence lengths
o simulated in Fig. 7, and LOCO stands for the theoretical
§ calculations inferred from the optics model.

=] . .

.2 Table 1: Horizontal and vertical measurements of the trans-
2 verse coherence lengths, and corresponding electron beam
£ sizes inferred from the different methods in the text.

g

= method «k =0.65% «=2.0%
'z

E g [um] 74+04  7.1+05
é O [um]  VCZ 125+5 130+ 10
k9 o [um]  SIM 124 £5 125+9
g Ox [um] LOCO 130 129

2 o [um] 83+7  57%5
S oy [m]  VCZ 1=+1 16 +2
S oy [um]  SIM 81+0.7 125+1.6
2 oy [um] LOCO 6.3 10.7

Z

E‘ CONCLUSIONS

2 We have performed a proof of principle experiment at the

5 NCD-Sweet beamline at ALBA to test the HNFS method
8 as a 2D beam size measurement technique. By changing
% the beam coupling, two different values of the beam sizes
% have been probed: (130, 6.3) um for x = 0.65%; and (129,
2 10.7) um for k = 2%. From the measurement of the co-
(?i herence length, the horizontal beam size is inferred using
E directly the VCZ theorem and agrees within the error bar
8 with the theoretical values provided with LOCO. However,
2 along the vertical direction we have experimental evidence
% that the VCZ theorem cannot be applied and yields to incor-
g rect results. We have performed simulations to support this
8 conclusion, as well as to provide a more reliable relation
& between the vertical beam size and the transverse coherence
5 length. A simple model yields to o, = (8.1 + 0.7) um for
€ k = 0.65% and oy = (12.5 £ 1.6) um for « = 2%, which
B provides a better agreement with the theoretical values. Fur-
§ ther effects, like the finite length (~2m) of the source point
2. are still to be carefully evaluated.
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