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A spatial beam property analyzer
based on dispersive crystal
diffraction for low-emittance X-ray
light sources

Nazanin Samadi***?, Xianbo Shi*®, Cigdem Ozkan Loch?, Juraj Krempasky?, Michael Boege?,
Dean Chapman? & Marco Stampanoni+*

The advent of low-emittance synchrotron X-ray sources and free-electron lasers urges the
development of novel diagnostic techniques for measuring and monitoring the spatial source
properties, especially the source sizes. This work introduces an X-ray beam property analyzer based
on a multi-crystal diffraction geometry, including a crystal-based monochromator and a Laue crystal
in a dispersive setting to the monochromator. By measuring the flat beam and the transmitted
beam profiles, the system can provide a simultaneous high-sensitivity characterization of the
source size, divergence, position, and angle in the diffraction plane of the multi-crystal system.
Detailed theoretical modeling predicts the system’s feasibility as a versatile characterization tool
for monitoring the X-ray source and beam properties. The experimental validation was conducted
at a bending magnet beamline at the Swiss Light Source by varying the machine parameters.

A measurement sensitivity of less than 10% of a source size of around 12 pm is demonstrated.

The proposed system offers a compact setup with simple X-ray optics and can also be utilized for
monitoring the electron source.

The advent of synchrotron radiation light sources and X-ray free-electron lasers (XFELs) has advanced almost all
areas of science'~. New sources are continuously being developed to provide X-ray beams with higher brightness
and coherence. As a result, demands on the full characterization of the spatial source properties are growing
significantly. Accurate measurement of the source size, divergence, and real-time monitoring of its position and
angle is essential, not only for the accelerator diagnostic but also for the X-ray beam control and experiment
optimization.

Due to the ultra-small source size and divergence and the extended distance from the source points, special
methods and considerations are needed to measure the beam properties of these advanced X-ray sources. Exist-
ing measurement techniques include pinhole imaging*®, interferometry-based®, and K-edge-based'*-!? meth-
ods, each with advantages and limitations'?. Pinhole imaging has the advantage of a simple setup and provides
the two-dimensional beam profile but with limited spatial resolution. Interferometry-based technique, such
as double-slit interferometry, has high resolution but limited detectable size range. Both pinhole imaging and
interferometry-based methods rely on the accurate modeling of the point spread function, which is challenging.
The most recently developed K-edge-based system can measure source size and divergence in one dimension and
provide real-time information on the source position and angle, but with a flux-limited resolution.

This work reports on a newly developed X-ray beam property analyzer (XBPA), providing high-sensitivity
measurements of spatial properties of the source. The XBPA system is based on a multi-crystal diffraction
geometry. It measures the source size, divergence, position, and angle simultaneously in the diffraction plane of
the system at a single location in a beamline. This versatile system can be used at a bending magnet, wiggler or
undulator beamline, and even at XFELs for X-ray beam characterization. It can also help understand the effects
of source and optics instability in the experiments, which will help enhance the performance of the beamlines>.
The XBPA can be utilized as a dedicated diagnostic tool for monitoring the electron source in addition to other
methods'>'*.
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Figure 1. Schematic of the X-ray beam property analyzer setup in (a) the side view and (b) the top view. Note
that the partial beam (green) in (a) represents the downwards diffracted beam by the Laue crystal.
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Figure 2. DuMond diagrams of (a) the diffracted beam of a Si (1,1,1) DCM, (b) the transmitted beam of a thin

Si (1,1,1) Laue crystal (0.35 mm thick), and (c) the transmission of a DCM-Laue system in the dispersive setting.
The energy deviation is relative to the central energy at 18 keV. Figure (c) is a multiplication of Figs. (a) and (b).

Figure (d) is the normalized transmission profile obtained by projecting Fig. (c) onto the divergence angle axis.

System and theory description

A crystal-based monochromator, especially Double Crystal Monochromator (DCM)", is commonly used at
synchrotron sources to prepare variable energy X-ray beams for research. The crystals used in these monochro-
mators are typically highly perfect and their diffraction properties are best described by dynamical theory'®".
The XBPA system we report here makes use of such a monochromator along with an additional crystal element
in a dispersive setting to the monochromator. Figure 1 shows the schematic of the arrangement in both the side
(diffraction plane) and top views. In this case, a thin crystal in Laue geometry (the diffracted beam and incident
beam are on the opposite sides of the crystal surface) is placed downstream of a DCM covering half of the hori-
zontal part of the beam, which allows for simultaneous measurement of the Laue transmitted beam and direct
beam (hereafter referred to as the flat beam). In this report, the technique is described by using a DCM as the
first optical element, but note that it can be replaced with one crystal. For example, a thin crystal can be used
as the first optics to diffract a small portion of the source energy bandwidth and combine with a Laue crystal
to form an XBPA system at a diffraction angle off the mainline. The transmitted beam through the first crystal
can still be used for other purposes. Also, a thin Bragg transmission crystal can be used instead of the thin Laue
crystal with potential problems of higher absorption and crystal strain.

The effect of the multi-crystal system can be visualized using a DuMond diagram?’, which describes the
relationship between the photon energy (or wavelength) and the beam divergence angle, as shown in Fig. 2.
Figure 2a shows the energy-angle dispersion of the Si(1,1,1) DCM in Bragg geometry (the diffracted beam and
incident beam are on the same side of the surface of each crystal). The beam diffracted upwards by the first
crystal of DCM is already dispersed so that the photon energy has a near-linear relationship with the beam
divergence angle, as also represented as the rainbow color in Fig. 1a. The second crystal of DCM diffracts the
beam downwards, forming a non-dispersive setting to preserve the energy-angle relationship. Figure 2b shows
the DuMond diagram for the transmitted beam of a thin symmetric Si (1,1,1) Laue crystal in a dispersive setting
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Figure 3. Schematic showing effects of the source position and angle displacements and size broadening. The
first column gives the source position, angle, and size, the second column is a schematic of the propagated
beam, the third, fourth, and fifth columns show the flat, transmitted, and valley (normalized transmitted) beam
profiles, respectively. The green solid line in each row represents the beam position and angle zeros, the blue
dashed line shows the centroid of the beam, and the red dotted line shows the valley location.

relative to the DCM. Figure 2c¢ is the combination of the DCM and Laue crystal (multiplication of Fig. 2a,b),
where the Laue crystal is set to diffract only near the center angle of the DCM diffraction beam. As also shown
in Fig. 1a, the beam downstream of the DCM transmits through the Laue crystal with a partial beam diffracted
downwards by the Laue crystal. The transmitted beam profile at this setting of the DCM-Laue system is the
projection of the DuMond diagram (Fig. 2¢) on the divergence angle (A0) axis. The normalized transmission
profile (Fig. 2d) is given by the transmitted profile divided by the flat beam profile (angular projection of the
DCM DuMond diagram in Fig. 2a).

Owing to the dispersive geometry and narrow diffraction bandwidth of perfect crystals, the normalized
transmission profile in Fig. 2d contains a very sharp valley. The asymmetry of the two edges of the valley is due
to anomalous transmission effects'® and depends on the thickness of the Laue crystal. The angular distribution
as a function of A in Fig. 2d can be measured as a spatial profile in the transverse coordinate y on a detector
perpendicular to the transmitted light, as depicted in Fig. 1. The coordinate transformation follows y = D - A#,
where D is the distance from the source to the detector.

Using this DCM-Laue system to analyze the spatial properties of a synchrotron X-ray beam can be illustrated
through a geometric approach summarized in Fig. 3. Let’s first consider a 1D point source (o), = 0) with a finite
divergence (a Gaussian profile with the angular size of 0,/) propagated to a distance D. The flat beam profiles in y
will be also Gaussian (blue solid curves in Fig. 3). The transmitted beam profiles through the DCM-Laue system
will have a valley on the overall Gaussian baseline (black solid curves in Fig. 3). The normalized transmission
profiles (transmitted beam profile divided by the flat beam profile) are shown as red solid curves in Fig. 3. For
a point source, the shape of the normalized transmitted beam profile, I,(y), can be accurately predicted using
dynamical theory', as also shown in Fig. 2d.

Assuming the source position is at the origin (y; = 0) and the central source angle is along the zero-reference
axis (y, = 0), as shown in Fig. 3a, the centroid of the flat beam ( ¥peam, blue dashed line) and the valley in the
transmitted beam (pyayiey, red dotted line) will be both on the reference axis (green solid line). If the source only
moves in position along y, (Fig. 3b) the flat beam centroid and the valley in the transmitted beam will both shift
the same amount in y direction on the detector. This is because the energy distribution of the beam is not altered
by this motion. However, if only the source angle changes (Fig. 3¢), the valley position will not move. In this case
the overall beam position will shift by Dy, but the energy along the reference axis will not change because the
angle is set by the DCM. The diffraction on the Laue crystal will still happen at the same location on the crystal
surface, leaving the valley position in the transmitted beam unaltered. Therefore, the valley position, yy,liey, is @
direct measure of the source position, ys, or

Vs = Yvalley- (1)

When the source moves in both position and angle (Fig. 3d), the flat beam centroid will move by
Ybeam = ¥s + Dy.. Thus, the source angle ( y]) can be extracted as

Ybeam — )s
Vo= )
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For a source with a finite size (Fig. 3d), the flat and transmitted beam profiles can be viewed as overlapping mul-
tiple point sources with shifted positions (Fig. 3b). The valley profile is then a convolution of the valley profile of
a point source, I, (y), and the projected spatial profile of the source on the detector, I;(y) = L (yo), which gives
a broadened valley width. Therefore, the source profile I;(yo) can be obtained by deconvolving I, (y) from the
measured valley profile, I,,(y).

Instead of using numerical deconvolution, the source size can be extracted by curve fitting the measured
valley profile, I,,,(), supposing the model of the source profile is known, by minimizing the root-mean-square
(rms) error given by

n

1
err =\ |~ > O # L) = In ), (3)

i=1

where * is the convolution operator, y; is the coordinate of the ith pixel on the detector, and  is the total number
of pixels. The profile of the Gaussian source is given by I;(y) = exp[—(y — y5)?/ (20}?)] with the source size, 0y,
and source position, y;. Both 0y and y; can be extracted from a single measurement of I, (y).

For an undulator source, I;(y) is the convolution of the electron beam distribution, I, (y), (a Gaussian pro-
file with size 0y,) and the single-electron radiation distribution, Is,, (»). The latter can be accurately calculated
analytically or approximated as a near-Gaussian profile with a size oy, for simplicity*'. Using Eq. (3), one can
then extract the total source size, oy, assuming a Gaussian distribution, or the electron source size, 0Oy,> Can be
extracted as long as I 5o (y) can be calculated.

For a bending magnet source, oyisa direct measurement of the electron source size, Oy because the photon
contribution from the single-electron radiation is negligible.

Once the source size and position are obtained, the source divergence, o}/, can also be derived from the flat
beam profile. In most cases, the flat beam profile can be well represented as a Gaussian distribution. Then, o,/
can be extracted from the Gaussian fitted beam size, opeam, by

1
Oy = D Ulfeam - (7)2. (4)
At a bending magnet beamline, the photon divergence from the single-electron radiation can be calculated
accurately®” and fit to a Gaussian distribution with the sigma divergence, Oy when the photon energy is well
above the critical energy of the bending magnet®. Therefore, the electron source divergence can be determined
as follows,

oy = |0y =0 . (5)

Note that all size and divergence values in this paper are Root Mean Square (RMS) values.

Experiment

Experimental validation of the XBPA system was carried out at the optics beamline (X05DA dipole magnet
at the Swiss Light Source (SLS), with geometry as shown in Fig. 1. A cryogenically cooled channel-cut Si (1,1,1)
DCM located at 7.1 m from the bending magnet source was used to provide photon energies around 18 keV.
A thin Si (1,1,1) Laue crystal was put in a dispersive geometry against the DCM at a distance of about 15.8 m
from the source. The Laue crystal thickness, ¢ = 0.35 mm, was chosen such that the crystal remains in the thin-
crystal regime (put < 1, where u is the linear attenuation coefficient) and is still rigid enough to avoid significant
straining. The Laue crystal was tuned close to the center angle of the DCM to diffract only the center energy.
A detector system containing a sSCMOS pco.edge 5.5 (PCO AG, Kelheim, Germany) camera, a 2x Plan Apo
infinity-corrected objective (Mitutoyo), and a 100 um thick Ce:YAG scintillator (Crytur, Czech Republic) was
placed downstream of the Laue crystal at 16.0 m from the bending magnet source to record beam images. The
effective pixel size of the detector system is 3.25 pm.

In a dedicated special-operation machine-study shift, a skew quadrupole was used to change the source size
at the bending magnet source point. The electron source size was changed by varying the current in the skew
quadrupole yet keeping the machine’s beta functions constant. The skew quadrupole used is located at a posi-
tion without horizontal dispersion. In this way, the skew quadrupole current alters only the betatron coupling
between horizontal and vertical planes without spurious vertical dispersion. As a result, the electron beam
emittance remains constant.

)24

Results

Figure 4a gives an example image of the flat beam without the Laue crystal and Fig. 4b shows the transmitted
beam image with the Laue crystal in the beam and tuned to the Bragg angle. The measured 2D beam images
were then integrated horizontally to form the 1D profiles as a function of the vertical position, y, as shown in
Fig. 4c. Note that the flat beam, taken at the same horizontal portion of the beam without the Laue crystal, was
used to remove the intrinsic beam aberrations from the DCM because the single-crystal channel-cut design
of the DCM makes the finishing of the crystal surfaces very difficult. The normalized transmission is given by
Iim(¥) = Itrans(¥) /Ifac (), as shown in Fig. 4d. The source size, 5, was determined to be 12.3 um by fitting I,,, ()
using Eq. (3). The best-fit profile is also plotted in Fig. 4b, which shows excellent agreement with the measure-
ments. To further validate the system, ray-tracing simulations were carried out under the same experimental
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Figure 4. Images of (a) the flat beam without the Laue crystal and (b) the transmitted beam with the Laue
crystal. (c) Measured (black curves) and ray-tracing simulated (blue curves) integrated 1D profiles of the flat
beam, If,¢ (y) (dotted curves), and the transmitted beam, Iiyans(y) (solid curves). (d) Normalized transmission
profiles from the experiment, I,;,(¥) = Iirans(¥)/Iflat (v) (solid curve), the numerical fit (dashed curve), and the
ray-tracing simulation (dotted curve). Note that the speckle structures in the experimental beam profiles are
caused by the DCM crystal surface finish, which can be removed mainly by the normalization, as shown in (d).
The simulation noise is dominated by statistics due to limited number of rays.
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Figure 5. Measured source size as a function of the skew quadrupole current. The dashed curve is a model fit
using Eq. (6).

condition with oy = 12.3 um using ShadowOui*® in the OASYS environment?. The transmission profile of
the thin Laue crystal required in ray-tracing was generated using the XOPPY-CRYSTAL module based on the
dynamical theory within the same OASYS environment. The ray-tracing simulated beam profiles and normal-
ized transmission profiles are included in Fig. 4c and d, respectively, showing a good match with experimental
results. The slightly shifted valley location relative to the overall beam center is caused by the misalignment of
the Laue crystal angle. However, this misalignment does not affect the determination of the source size and the
relative beam motion as long as the Laue crystal is stable.

The extracted source sizes with different skew quadrupole currents are shown in Fig. 5. The current values
were not linear but were chosen to generate an exponentially increasing series of source sizes. A primary source
of the measurement error is the speckle structures in the beam profile caused by imperfections in monochroma-
tor crystals surface.

A model fitting was first carried out for an ideal machine using the TRACY-2 accelerator library”. The size
of the electron beam were determined using a formalism for the evaluation of beam distribution parameters in
the model®®. Calculations were performed for an SLS accelerator optics excluding imperfections. At the bending
magnet source point, the model gives a linear dependence of the ideal beam size, oige,), 0n the skew-quadrupole
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Skew quadrupole Source divergence o)y | Beam position ypeam | Source position y; Source angle y/
current A, Source size 0y, | (urad) (um) (um) (urad)

0.454 12.31 £0.59 28.15+£0.03 0+0.97 0+1.40 0+£0.13
0.244 12.95 +0.34 28.39£0.03 -2.05+1.02 5.06 +0.48 -0.44+0.10
0.024 14.31 £ 0.87 28.50 £0.02 -0.49+0.73 10.82 £2.38 -0.71£0.15
-0.516 17.96 £ 0.42 28.70 £0.03 0.14£1.92 20.19 £ 1.06 -125+0.18

Table 1. Summary of experimentally extracted source properties. The measurement at 0.454 A current was
taken as the reference for the relative source positions and angles.

current, Apodel, With a ratio of b = 8.512 um/A. However, to account for the non-ideal machine condition, the
model fitting need to be extended using

Omodel = \/Ur%zin + Ui%leal = \/Uz%ﬂn + bz(Am - A5)2’ (6)

where oy is the smallest achievable beam size, A, is the measured skew-quadrupole current, and A; is the
current shift from the ideal model (i.e. Apodel = Am — As). The dashed curve in Fig. 5 is the model fitting using
Eq. (6) with A;=1.19 A and omin = 10.38 pm. The residual vertical machine optics error (beta beat) at the SLS
is about 5%, leading to a variation of the vertical beam size of 2.5% at the bending magnet source point with
respect to the ideal lattice. The contribution of spurious vertical dispersion to the beam size in the presence of
these optics errors is smaller than 1 um. The agreement between the measured data and the model fit shown in
Fig. 5 confirms that the XBPA can provide source size measurements with a sub-micron sensitivity.

Table 1 shows a summary of all extracted source properties when the source size was changed by varying
the skew quadrupole current. The measurement sensitivity (shown as the * error values in the table and the +
error bars in Fig. 5) was determined as the standard deviation of ten independently extracted values from ten
10 s measurements. The source size measurements have less than 1 pm error values, and the source divergence
remains near-constant with negligible error. Both size and divergence results are consistent with the machine
prediction. On the other hand, the extracted shifts of the source position, y;, and source angle, y/, are in oppo-
site directions and have amplitudes much beyond the electron beam position stability (< 1 um and < 1 prad,
respectively, controlled by the fast orbit feedback system®). In contrast, the overall beam position, peams is stable
within the measurement error. This is a typical signature of the channel-cut DCM angular drift as described
in previous studies'’. When both crystals of the channel-cut DCM rotate together by the same angle, the size
and position of the exit beam downstream of DCM will not change (ignoring the small offset distance between
the two crystals). However, the photon energy will shift following the DuMond diagram shown in Fig. 2a. As
a result, the Laue crystal set at the original angle will no longer diffract the center part of the beam. The meas-
ured transmitted beam will then show a shifted valley position, resulting in a misinterpretation of the source
position, y;. Since the source angle, y., is extracted from the measured beam position, Ybeam, (not shifted) and
ys using Eq. (5), it will have the same corresponding value divided by D but with the opposite sign. Based on
the values in Table 1, the drift angle of the DCM dominates the extracted source position and angle values. The
total DCM drift during the four measurements is thus close to 1.25 prad (approximately the y; value). From the
source measurement point of view, it is essential to have a stable monochromator. On the other hand, the XBPA
can also be utilized to analyze the beamline optics. Similarly, the measurement error in the positions and angles
shown in Table 1 is not limited by the systematic error of the method but is an indication of the vibration level
of the beamline optics (e.g., cryo-cooled DCM). A complete characterization of vibration sources would require
detailed power spectrum analysis'4, which is beyond the scope of this work. Yet, such information is critical for
beamline operation, feedback control, and experiment optimization.

Finally, to demonstrate the sensitivity of the XBPA system, ray-tracing simulations were performed by vary-
ing all the source parameters by known amounts. The nominal values used in the simulation were o, = 10 um,
oy, = 30 urad, y; = 0, y; = 0, and all other parameters were the same as the experimental setup. Each simula-
tion was carried out with 108 rays. At each condition, ten independent simulations were performed for the error
analysis. The simulated flat and transmitted beam profiles were used to extract the source properties using the
same data analysis process described by Egs. (1)-(5). Figure 6 shows the predicted output source parameters
as a function of input values. The source size and position were varied by as low as 5% of the nominal oy value
(0.5 um), the source divergence was varied by as low as 5% of the nominal oy, value (1.5 prad), and the source
angle was varied by as low as 0.15 prad. The results of the simulation reproduce the similar performance of the
experiments. The error bar (standard deviation of the ten independent simulations) of the output source size
is about 1 um (10% of 0y), as shown in Fig. 6a. Note that this uncertainty can be higher or lower as the number
of rays for each simulation decreases or increases, indicating that the sensitivity of the XBPA system is flux
driven, similar to the K-edged-based method®’. Experimentally the signal-to-noise ratio can be increased by
averaging multiple images. The uncertainty of beam divergence extraction is approximately 0.1 prad (0.3% of
ay), as shown in Fig. 6b. Also, the changes in oy, or 0, can be extracted without affecting the other parameters,
for example, the constant output o), when varying input o), values in Fig. 6a. Figure 6c and d show simulation
results for varying source positions and angles, indicating a source position sensitivity of 0.36 um and a source
angle sensitivity of 0.07 prad.
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Figure 6. Predicted output source size (circles) and divergence (bullets) values from different input values of
size (a) and divergence (b). Predicted output source position (open triangles) and angle (closed triangles) values
from different input values of position (c) and angles (d). The error bars shown in the corner of each plot are the
standard deviation of ten independent simulations.

Discussion and conclusion

A novel multi-crystal X-ray diffraction geometry system, XBPA, to characterize X-ray beam properties (source
size, divergence, position, and angle) is presented. The high resolution of the XBPA results from the narrow dif-
fraction widths of perfect crystal diffraction of the DCM and the Laue crystal visualized by an imaging detector.
The ability to extract the information comes from predictions using the well-established dynamical theory for
the crystal system and the known models of the source size and divergence.

A measurement sensitivity (error value) of less than 10% of a source size of around 12 pum is demonstrated,
which is desirable for synchrotron and XFEL light source diagnostics. The error values of the divergence measure-
ments are at the 0.1% level, as shown in Table 1. Similar performance has also been demonstrated by ray-tracing
simulations, as shown in Fig. 6. Two orthogonal XBPA systems can be used to provide 2D characterization of
the source. The XBPA can also be applied to measure a wide range of source sizes and divergences, as long as the
detector can resolve the valley shape and cover the entire size of the transmitted beam.

The XBPA system can be easily implemented on beamlines equipped with DCMs for research or diagnostic
purposes with good performance. A well-prepared monochromator should allow the simultaneous measure-
ment of the flat and transmitted beam side-by-side, as shown in Fig. 1, and thus enable real-time operations and
rapid source characterizations. Another possibility is to measure only the transmitted beam and fit it directly
with a Gaussian beam baseline multiplied by a valley function, with all four fitting parameters (ys, ¥, oy, and (r}ﬁ).

The lattice planes used in the DCM and the Laue crystal do not need to be the same as was the case in this
experiment. However, since the resolution is determined by the cross area of the DuMond diagram in Fig. 2¢, it
is dominated by the crystal element that has the wider reflectivity width. With an existing DCM at a beamline
(e.g., the SLS Optics beamline in this case), the best resolution can be achieved by matching the lattice planes of
the DCM and Laue crystals. In the case of a beamline designed solely for diagnostic purposes, higher resolution
can be obtained by the use of higher index reflections in both the monochromator and Laue analyzer for their
crystal sets. However, this will come at the expense of flux.

As is true with any diagnostic system, mechanical and thermal stability is of critical importance to ensure
that the measurements reflect the properties of the source and not the system. As was noted earlier and in previ-
ous work', a drift in the crystal system can give misinformation on the source position and angle motion. As a
source diagnostic, this can be a problem but also an opportunity to assess the stability of the system given the
coupling between the position and angle measurement. Also, the thermal bump or optics error can affect the
measured apparent (effective) source size and divergence. These problems are common to any radiation-based
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system. From the electron source diagnostic point of view, these systematic errors must be reduced or at least
understood and calibrated to extract the electron beam information. For the beamline diagnostic purpose, effects
of the (already existing) monochromator are embedded in the measured result of the apparent source, which is
seen by the downstream optics and sample, and is the direct information of interest.

Finally, the XBPA offers a compact setup with rather simple X-ray optics and can be utilized for X-ray beams
of different energies at any beamline and source. Its potential applications may also include vibration evaluation
of the source and optical components, transverse coherence length (inversely proportional to the source size)
measurements of partially coherent sources, and user experiment data correction.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 1 March 2022; Accepted: 21 October 2022
Published online: 29 October 2022

References
1. Eriksson, M., Van Der Veen, J. E & Quitmann, C. Diffraction-limited storage rings-A window to the science of tomorrow. J.
Synchrotron Radiat. 21, 837-842. https://doi.org/10.1107/S1600577514019286 (2014) arXiv:1001.0781.
2. Pellegrini, C. X-ray free-electron lasers: From dreams to reality. Physica Scr. T169, 014004. https://doi.org/10.1088/1402-4896/
2a5281 (2016).
3. Dunne, M. X-ray free-electron lasers light up materials science. Nat. Rev. Mater. 3, 290-292. https://doi.org/10.1038/s41578-018-
0048-1 (2018).
4. Elleaume, P, Fortgang, C., Penel, C. & Tarazona, E. Measuring beam sizes and ultra-small electron emittances using an X-ray
pinhole camera. J. Synchrotron Radiat. 2, 209-214. https://doi.org/10.1107/s0909049595008685 (1995).
5. Thomas, C., Rehm, G., Martin, I. & Bartolini, R. X-ray pinhole camera resolution and emittance measurement. Phys. Rev. Accel.
Beams 13, 022805. https://doi.org/10.1103/PhysRevSTAB.13.022805 (2010).
6. Naito, T. & Mitsuhashi, T. Very small beam-size measurement by a reflective synchrotron radiation interferometer. Phys. Rev. ST
Accel. Beams 9, 122802. https://doi.org/10.1103/physrevstab.9.122802 (2006).
7. Vartanyants, I. A. et al. Coherence properties of individual femtosecond pulses of an X-ray free-electron laser. Phys. Rev. Lett. 107,
144801. https://doi.org/10.1103/PhysRevLett.107.144801 (2011).
8. Pfeiffer, E. et al. Shearing interferometer for quantifying the coherence of hard X-ray beams. Phys. Rev. Lett. 94, 164801. https://
doi.org/10.1103/PhysRevLett.94.164801 (2005).
9. Lin, J. J. A. et al. Measurement of the spatial coherence function of undulator radiation using a phase mask. Phys. Rev. Lett. 90,
074801. https://doi.org/10.1103/PhysRevLett.90.074801 (2003).
10. Samadi, N. ef al. A phase-space beam position monitor for synchrotron radiation. J. Synchrotron Radiat. 22, 946-955. https://doi.
0rg/10.1107/S1600577515007390 (2015).
11. Samadi, N, Shi, X., Dallin, L. & Chapman, D. A real-time phase-space beam emittance monitoring system. J. Synchrotron Radiat.
26, 1213-1219. https://doi.org/10.1107/S1600577519005423 (2019).
12. Samadi, N., Shi, X., Dallin, L. & Chapman, D. Source size measurement options for low-emittance light sources. Phys. Rev. Accel.
Beams 23, 024801. https://doi.org/10.1103/PhysRevAccelBeams.23.024801 (2020).
13. Owen, R. L., Juanhuix, J. & Fuchs, M. Current advances in synchrotron radiation instrumentation for MX experiments. Arch.
Biochem. Biophys. 602, 21-31. https://doi.org/10.1016/j.abb.2016.03.021 (2016).
14. Samadi, N., Shi, X, Dallin, L. & Chapman, D. Application of a phase space beam position and size monitor for synchrotron radia-
tion source characterization. Phys. Rev. Accel. Beams 22, 122802. https://doi.org/10.1103/PhysRevAccelBeams.22.122802 (2019).
15. Wootton, K. P. et al. Design of the X-ray beam size monitor for the advanced photon source upgrade. In Proceedings of IPAC2021
956-959. https://doi.org/10.18429/JACoW-IPAC2021-MOPAB303 (JACoW Publishing, 2021).
16. Scheidt, B. K. Measurement of vertical emittance with a system of six -in-air-X-ray- projection monitors at the ESRE In 8th Euro-
pean Workshop on Beam Diagnostics and Instrumentation for Particle Accelerators, DIPAC 2007 72-74 (2007).
17. Golovchenko, J. A., Levesque, R. A. & Cowan, P. L. X-ray monochromator system for use with synchrotron radiation sources. Rev.
Sci. Instrum. 52, 509-516. https://doi.org/10.1063/1.1136631 (1981).
18. Batterman, B. & Cole, H. Dynamical diffraction of X rays by perfect crystals. Rev. Mod. Phys. 36, 681-717. https://doi.org/10.1103/
RevModPhys.36.681 (1964).
19. Zachariasen, W. H. W. Theory of X-Ray Diffraction in Crystals (Wiley, 1945).
20. DuMond, J. Theory of the use of more than two successive X-ray crystal reflections to obtain increased resolving power. Phys. Rev.
52, 872-883. https://doi.org/10.1103/PhysRev.52.872 (1937).
21. Onuki, H. & Elleaume, P. Undulators, Wigglers and Their Applications (CRC Press, 2002).
22. Schwinger, J. On the classical radiation of accelerated electrons. Phys. Rev. 75, 1912-1925. https://doi.org/10.1103/PhysRev.75.
1912 (1949).
23. Thompson, A. et al. X-ray Data Booklet 3ed edn. (Lawrence Berkeley National Laboratory, 2009).
24. Flechsig, U,, Jaggi, A., Spielmann, S., Padmore, H. & MacDowell, A. The optics beamline at the Swiss light source. Nucl. Instrum.
Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 609, 281-285. https://doi.org/10.1016/j.nima.2009.07.092 (2009).
25. Rebuffi, L. & Sanchez del Rio, M. ShadowOui: A new visual environment for X-ray optics and synchrotron beamline simulations.
J. Synchrotron Radiat. 23, 1357-1367. https://doi.org/10.1107/S1600577516013837 (2016).
26. Rebuffi, L. & Sanchez del Rio, M. OASYS (OrAnge SYnchrotron Suite): An open-source graphical environment for X-ray virtual
experiments. Proc. SPIE 10388, 103880S. https://doi.org/10.1117/12.2274263 (2017).
27. Bengtsson, J. Tracy-2 User’s Manual (SLS Internal Document, 1997).
28. Chao, A. W. Evaluation of radiative spin polarization in an electron storage ring. Nucl. Instrum. Methods 180, 29-36. https://doi.
0rg/10.1016/0029-554X(81)90006-9 (1981).
29. Schlott, V. Fast orbit feedback and beam stability at the Swiss light source. In AIP Conference Proceedings, vol. 732, 174-181. https://
doi.org/10.1063/1.1831145 (AIP, 2004).
30. Samadi, N., Shi, X. & Chapman, D. Optimization of a phase-space beam position and size monitor for low-emittance light sources.
J. Synchrotron Radiat. 26, 1863-1871. https://doi.org/10.1107/S1600577519010658 (2019).

Acknowledgements
We acknowledge the Paul Scherrer Institut, Villigen, Switzerland, for the provision of synchrotron radiation
beamtime at beamline X05DA of the SLS and would like to thank Mr. Uwe Flechsig and Mr. Philipp Zuppiger

Scientific Reports|  (2022) 12:18267 | https://doi.org/10.1038/s41598-022-23004-3 nature portfolio


https://doi.org/10.1107/S1600577514019286
http://arxiv.org/abs/1001.0781
https://doi.org/10.1088/1402-4896/aa5281
https://doi.org/10.1088/1402-4896/aa5281
https://doi.org/10.1038/s41578-018-0048-1
https://doi.org/10.1038/s41578-018-0048-1
https://doi.org/10.1107/s0909049595008685
https://doi.org/10.1103/PhysRevSTAB.13.022805
https://doi.org/10.1103/physrevstab.9.122802
https://doi.org/10.1103/PhysRevLett.107.144801
https://doi.org/10.1103/PhysRevLett.94.164801
https://doi.org/10.1103/PhysRevLett.94.164801
https://doi.org/10.1103/PhysRevLett.90.074801
https://doi.org/10.1107/S1600577515007390
https://doi.org/10.1107/S1600577515007390
https://doi.org/10.1107/S1600577519005423
https://doi.org/10.1103/PhysRevAccelBeams.23.024801
https://doi.org/10.1016/j.abb.2016.03.021
https://doi.org/10.1103/PhysRevAccelBeams.22.122802
https://doi.org/10.18429/JACoW-IPAC2021-MOPAB303
https://doi.org/10.1063/1.1136631
https://doi.org/10.1103/RevModPhys.36.681
https://doi.org/10.1103/RevModPhys.36.681
https://doi.org/10.1103/PhysRev.52.872
https://doi.org/10.1103/PhysRev.75.1912
https://doi.org/10.1103/PhysRev.75.1912
https://doi.org/10.1016/j.nima.2009.07.092
https://doi.org/10.1107/S1600577516013837
https://doi.org/10.1117/12.2274263
https://doi.org/10.1016/0029-554X(81)90006-9
https://doi.org/10.1016/0029-554X(81)90006-9
https://doi.org/10.1063/1.1831145
https://doi.org/10.1063/1.1831145
https://doi.org/10.1107/S1600577519010658

www.nature.com/scientificreports/

for technical assistance and support. This work was also supported by the U.S. Department of Energy, Office of
Basic Energy Sciences, under Contract No. DE-AC02-06CH11357. We also acknowledge Natural Sciences and
Engineering Research Council of Canada (NSERC) Discovery Grant, the Saskatchewan Innovation and Oppor-
tunity Scholarship, the Government of Saskatchewan, and the University of Saskatchewan.

Author contributions

N.S., D.C. and X.S.: conceptualization, methodology, experiment design; N.S., C.O.L., ].K. and M.B.: data acqui-
sition; N.S. and X.S.: software, data analysis, original draft preparation; N.S., X.S., C.O.L., M.B. and D.C.: data
interpretation; M.S.: administration, resources; All authors: draft review and editing, final version approval.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to N.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:18267 | https://doi.org/10.1038/s41598-022-23004-3 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A spatial beam property analyzer based on dispersive crystal diffraction for low-emittance X-ray light sources
	System and theory description
	Experiment
	Results
	Discussion and conclusion
	References
	Acknowledgements


