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Abstract

The advance in low-emittance X-ray sources urges the
development of novel diagnostic techniques. Existing sys-
tems either have limited resolution or rely heavily on the
quality of the optical system. An X-ray beam property an-
alyzer based on a multi-crystal diffraction geometry was
recently introduced. By measuring the transmitted beam
profile of a dispersive Laue crystal downstream of a dou-
ble-crystal monochromator, the system can provide a high-
sensitivity characterization of spatial source properties,
namely, size, divergence, position, and angle in the diffrac-
tion plane of the system at a single location in a beamline.
In this work, we present the experimental validation at a
super-bending magnet beamline at the Swiss Light Source
and refine the method to allow for time-resolved character-
ization of the beam. Simulations are then carried out to
show that the system is feasible to characterize source
properties at undulator beamlines for fourth-generation
light sources.

INTRODUCTION

Fourth-generation synchrotron facilities [1-3] have
brought the needs and challenges in developing advanced
source property diagnostics. A complete characterization
of the source position, angle, size, and divergence is critical
for not only the electron source study but also the beamline
experiment optimization. Many efforts have been dedi-
cated to searching for the best diagnostic tools with differ-
ent approaches, such as direct imaging [4-6], interferome-
try-based [7-9], and dispersion-based methods [10, 11].
Since each technique has advantages and limitations, we
have concluded in a recent review [12] that the combina-
tion of multiple techniques may be advantageous.

Most recently, an X-ray beam property analyzer (XBPA)
based on a multi-crystal diffraction geometry has been pro-
posed and demonstrated to measure source properties with
high resolution and sensitivity [13], showing great poten-
tial for X-ray beam quality characterization at next-gener-
ation light sources. Here, we first review the theoretical
model of the XBPA system, followed by an experimental
demonstration at a super-bending magnet beamline at the
Swiss Light Source (SLS), performed with an ultra-fast de-
tector. Finally, we summarize the simulation results of the
XBPA for analyzing the source properties of an undulator
beamline, as proposed in the course of the SLS upgrade.

XBPA SYSTEM DESCRIPTION

The XBPA system together with the physical model and
fundamental equations is described in detail in [13]. A
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schematic is shown in Fig. 1. The XBPA system uses a
crystal monochromator (e.g., a double-crystal monochrom-
ator (DCM) is the most commonly used) to generate a nar-
row-bandwidth (in the order of AE/E =~ 10™#) beam with
the energy spread in the diffraction direction (e.g., vertical
direction for a vertical deflecting monochromator), as
shown in Fig. 1(a). The flat beam downstream of the mon-
ochromator is a near-Gaussian profile, as shown in
Fig. 1(b), that contains the source angle and divergence in-
formation. By placing a Laue crystal in the dispersion ge-
ometry tuned to the central energy of the monochromator,
a small spatial portion of the beam will be diffracted away,
leaving a valley in the transmitted beam profile, as shown
in Fig. 1(c). The width and location of the valley contain
the source position and size information. By analyzing both
the flat and transmitted beam profiles, the spatial properties
of the photon source in the diffraction direction can be fully
extracted.

When the source has a fixed position, but the beam is
tilted by an angle, the flat beam will move vertically ac-
cording to the angle and the source-to-detector distance.
However, the Laue-transmitted beam valley location will
not move, as the monochromator will select out the same
energy from the angular distribution of the source, or the
central energy line (dashed line in Fig. 1) will not move.
On the other hand, if the source is fixed in angle but moves
vertically in position, not only the flat beam will move ver-
tically, but the valley position will also move vertically the
same amount as the source motion (i.e., a parallel vertical
shift of the dashed central energy line in Fig. 1). Thus, there
is a simple relationship between the vertical source angle
(v4) and position (y,) and the measured flat beam location
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Figure 1: Schematic of the XBPA system containing the
crystal monochromator, the Laue crystal in dispersion ge-
ometry downstream of the monochromator, and the detec-
tor. (a) shows a double-crystal monochromator geometry,
(b) and (c) show the flat beam without the Laue crystal and
the transmitted beam with the Laue crystal tuned to the cen-
tral energy of the monochromator, respectively.
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(¥f1at) and Laue-transmitted beam vally location (Yyaiiey)-
This can then be used to determine the vertical source po-
sition and angle [13] by,
Vs = yvalley (1)
and
f Vflat — Vs
%=
where d is the source-to-detector distance.
Similarly, the source size and divergence information
can be extracted from the measured flat beam profile and
the Laue-transmitted beam (valley) profile. Since the val-
ley profile is not Gaussian, a simple Gaussian fitting will
not work. Instead, we extract the source profile I;(y)
through curve fitting the measured valley profile 4116y ()

given by,

(2)

Itrans (y )

Ivalley (J’) Iﬂat(y) ’ (3)
where lians (¥) and I, (y) are the measured Laue-trans-
mitted and flat beam profiles, respectively. The curve fit-
ting is performed by minimizing the error function in a dis-
crete form defined as [13],

n 1/2
1 2
err = {EZ[Ipoint(yi) * Is(yi) - Ivalley(yi)] } ’ (4)

where i is the pixel index on the detector along the vertical
direction, n is the total number of pixels and * is the con-
volution operator. The I,4inc(y) is the theoretical valley
profile that can be accurately calculated using dynamical
theory [14]. Assuming a Gaussian source profile,

Y
LG) = exp [— St O ] (5)
y

The sigma source size o, can thus be extracted from the
curve fitting process. Finally, the source divergence g,/
can be derived from the flat beam size, oq,¢, assuming a

Gaussian flat beam distribution, given by,

1 /
Oy = E(Oﬁat - 0'33)1 2'

EXPERIMENTAL DEMONSTRATION

The first experimental demonstration of the XBPA sys-
tem was carried out at the SLS optics beamline (X05DA
dipole magnet) [15], and the results were reported in [13].
Here we show data from a new experiment performed at
the X02DA TOMCAT beamline (2.9 Tesla super-bending
magnet) at the SLS. A Si (1,1,1) fixed-exit double-crystal
monochromator (DCM) at approximately 7 m from the
source was used to tune the X-ray energy to around 20 keV.
A 1% objective lens coupled to a 300-micron LuAG scintil-
lator and an ultra-fast CMOS detector [16] was used to cap-
ture images with an effective pixel size of 11x11 pm?.

A 350 pm thick Si (1,1,1) Laue crystal was placed in a
dispersive geometry against the DCM at 25.1 m from the
source. The Laue crystal was tuned to the central energy of
the DCM to diffract at 20 keV. The detector was placed at
25.2 m from the source and collected the flat beam (without
the Laue crystal) and the transmitted beam images through
the Laue crystal. The measurements were performed with
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different acquisition times (down to milliseconds level),
thanks to the high flux provided by the super-bending mag-
net source. The results presented here use an acquisition
time of 40 ms for a single image.

Figure 2(a) shows the dark-corrected flat beam image
and its integrated 1D profile, If,:(y), (black dashed curve),
and Figure 2(b) shows the dark-corrected transmitted beam
image through the Laue crystal with its integrated 1D pro-
file, Iiyans (¥), (black solid curve). Note that the 1D profiles
were obtained by integrating over the central 500 horizon-
tal pixels of each 2D beam image. Figure 2(c) shows the
valley profile, Iyaney (), (solid curve) and the numerically
fitted profile (dashed curve). The vertical source size was
measured to be g, = 172 pm (rms), as compared to a re-
cent result (17-18 pm rms) using zone plate imaging [17]
and the previously measured values (15 pm rms, or 35 um
FWHM) based on the fractional Talbot effect [18]. The er-
ror bar was determined as the standard deviation of 20
measurements (each measurement was an average of 10
images). Note that the beam profile in Fig. 2(a) is not a
perfect Gaussian shape with a brighter central part, which
is caused by the superposition of the third-harmonic beam
(Si(3,3,3) diffraction of the 60 keV beam). Thus, the fitting
has been performed using Eq. (4) with I,4i5¢(y) con-
structed as a sum of the first and the third harmonic contri-
butions assuming a specific ratio (4:1, estimated from the
bending magnet spectrum and scintillator photon yield).
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Figure 2: Images of (a) the flat beam and its 1D integrated
profile, I, (y), (dashed curve) and (b) the Laue-transmit-
ted beam and its 1D integrated profile, li;ans(¥), (solid
curve). (¢) Normalized transmission (valley) profiles from
the experiment, I, 416y (¥), (solid curve) the numerical fit
(dashed curve).
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Since the bending magnet source size is dominated by the
electron beam, I;(y) in Eq (4) stays the same.

UNDULATOR SOURCE PROPERTY
CHARACTERIZATION

The resolution of the XBPA system is determined by the
diffraction bandwidth of the monochromator and Laue
crystal. In order to measure an undulator source, especially
at low-emittance light sources, the crystal bandwidth has to
be significantly smaller than the angular divergence of the
source. Otherwise, the valley in the transmitted beam may
be too wide compared to the beam width, which makes it
challenging to extract the valley profile using Eq. (3). One
solution is to use a high-index reflection of the crystals.

We next simulate the feasibility of the XBPA system in
measuring undulator source properties using the Shadow-
Oui ray-tracing program [19] in the OASYS environ-
ment [20]. The photon source parameters (including both
contributions from the electron and undulator radiation)
used are 0y,= 5.9 pm and o,/ = 3.6 urad. The monochrom-
ator is a Si(333) Bragg DCM, and the Laue crystal is a sym-
metric Si(333) Laue crystal with a thickness of 0.25 mm.
The diffraction/transmission profiles of the Laue crystal
are generated by the XCRYSTAL module [21] before being
used in the ray tracing. The detector is at d = 15 m from
the source. For each simulation, 5x10° rays are used to
achieve sufficient statistics.

Five sets of simulations (virtual experiments) were car-
ried out: (1) the nominal case with no source parameter
changes, (2) the source position y; shifted by 1.77 pm, (3)
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the source angle y; tilted by 0.57 prad, (4) the source size
reduced to g,= 4.72 um, and (5) the source divergence re-
duced to 0,/= 3.43 prad. The simulated flat beam profiles
and transmission profiles are shown in Fig. 3. The ex-
tracted source parameters are summarized in Table 1. The
XBPA system can correctly isolate and measure source po-
sition, angle, size, and divergence changes, making it a
promising source diagnostic tool for undulator sources.

Table 1: Results of Source Property Simulation

#  Input change Output (extracted from simulation)
) 0y, =5.9 um ¥s=0,y.=0

o, =3.6urad 0, =572 pm, g,/ =3.64 prad
2) y,=177pum y,=1.76 pm, Ay, =—0.003 prad
(3) ys=0.57prad Ay, =0.00 pm, y; = 0.565 prad
(4) o0,=472pum 0, =4.66 um, Ao, =0.004 prad
(5) o0, =343 urad Aocy, =0.11 um, o,» = 3.47 prad

CONCLUSION

Here we have described how the XBPA system can be
used to characterize the source properties at synchrotron
light sources. Measurements of the TOMCAT super bend-
ing magnet beamline source size have been demonstrated
and give a good agreement with previous results. Simula-
tions were conducted to show the feasibility of using the
XBPA system to characterize the undulator source position,
angle, size, and divergence at low-emittance light sources.
The XBPA system is a promising source diagnostic tool for
different beamlines and photon energies.
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Figure 3: Simulated flat beam profiles (a and d) and Laue-transmitted beam profiles (b and e) of an undulator with differ-
ent source parameters (see text and Table 1 for details of the five sets of simulations). Figures (c) and (f) are the enlarged
regions (green boxes) of (b) and (e), respectively.
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