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The recently developed vertical phase-space beam position and size monitor

(ps-BPM) system has proven to be able to measure the electron-source position,

angle, size and divergence simultaneously in the vertical plane at a single

location of a beamline. The optimization of the ps-BPM system is performed by

ray-tracing simulation to maximize the instrument sensitivity and resolution.

The contribution of each element is studied, including the monochromator, the

K-edge filter, the detector and the source-to-detector distance. An optimized

system is proposed for diffraction-limited storage rings, such as the Advanced

Photon Source Upgrade project. The simulation results show that the ps-BPM

system can precisely monitor the source position and angle at high speed.

Precise measurements of the source size and divergence will require adequate

resolution with relatively longer integration time.

1. Introduction

The new-generation synchrotron facilities are being designed

and built to achieve an ultra-small emittance utilizing multi-

bend achromat (MBA) lattices (Einfeld et al., 2014).

Measurements of electron-beam position and size are

challenging and important for the operation of these new light

sources (Eriksson et al., 2014; Tavares et al., 2014). The existing

and planned diagnostics for measuring the source size for the

MBA sources include pinhole imaging (Elleaume et al., 1995;

Thomas et al., 2010), �-polarization imaging (Andersson et al.,

2008; Breunlin & Andersson, 2016), double-slit interferometry

(Mitsuhashi, 1999; Naito & Mitsuhashi, 2006; Corbett et al.,

2016) and Kirkpatrick–Baez (KB) mirrors (Renner et al., 1996;

Zhu et al., 2018). Most of these systems use dedicated bending

magnet (BM) beamlines. The larger size of the BM source,

resulting from larger beta function, compared with other

locations in the lattice, allows for more precise measurements.

The pinhole-camera measurement with X-rays is the

simplest system, but for source sizes of less than 10 mm it is

impractical because diffraction by the pinhole complicates

extracting information about the source size from the image.

The double-slit interferometry system has better resolution

compared with pinhole imaging because the blurring caused

by the source size reduces the contrast. In this case, the

contrast is a measure of the source size, which does not rely on

direct imaging. These measurements are photon hungry, and

wavefront distortions caused by optical components can result

in inaccurate source-size measurements.

The �-polarization technique, another interference-based

method, utilizes the out-of-orbital plane vertical (�) polar-

ization of the BM beam and, similar to the double-slit method,
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depends on source size to reduce the intensity ‘null’ at the

midplane.

KB mirror systems use two cylindrical mirrors, one focusing

the photon beam horizontally and the other focusing it

vertically onto a CCD to measure the source size. In order to

beat the diffraction limit, the KB mirror system must use

short-wavelength synchrotron radiation.

In all of these methods, knowledge of the point-spread

function of the detection system is essential for the source-size

deconvolution. The contribution from the detector resolution

has to be minimized for small source-size measurements.

The vertical phase-space beam position and size monitor

(ps-BPM) system (Samadi et al., 2015, 2019) developed at the

Canadian Light Source (CLS) has demonstrated the ability to

measure the source size and divergence, as well as the source

position and angle in the vertical plane, at a single location and

time. In this article, we will report on the process of optimizing

the ps-BPM system for ultra-small electron-source-size

measurements and provide an example for the Advanced

Photon Source Upgrade (APS-U) project (Borland et al.,

2018).

1.1. ps-BPM system

A ps-BPM system, as shown in Fig. 1, contains a crystal-

based monochromator, a K-edge filter and an area detector.

The monochromator is tuned to the photon energy of the K-

edge of the filter element. The system utilizes the large hori-

zontal photon fan of the BM beamline to simultaneously

measure the direct beam (unfiltered beam) and the part going

through the K-edge filter (filtered beam). These beams include

both � and � polarizations, and the polarization effect is

negligible in the analysis.

The natural vertical opening angle of the photon beam

(Schwinger, 1949) provides a Gaussian-type profile for the

unfiltered side of the beam at photon energies well above the

critical energy of the BM source. It is the central location and

width of this unfiltered beam that is used in the data analysis.

The photon-beam opening angle also provides a range of

incident angles onto the monochromator crystal. This range of

angles can give an energy range about the central K-edge

energy. The K-edge will introduce a step-type function

through this energy range. The location and width of the K-

edge are used in the analysis of the filtered data.

The vertical profiles of the filtered and unfiltered beams

contain the information of the electron-source position, angle,

size and divergence (Samadi et al., 2015). The position of the

K-edge location in the filtered beam, yedge, is a direct measure

of the electron-source position, yeSource. In other words,

yeSource ¼ yedge: ð1Þ

The electron-source size, �yeSource
, can be extracted from the

spatial width of the measured K-edge on the detector, �edge, by

(Samadi et al., 2019)

�yeSource
¼

�
�edge

�2
�
�
D�y0

K edge

�2
�
�
D�y0mono

�2
h i1=2

; ð2Þ

where D is the source-to-detector distance, �y0
K edge

is the

natural width of the K-edge of the filter element translated

from an energy width to an angular width (see Section 2) and

�y0mono
is the angular acceptance of the monochromator

(Warren, 1969; Zachariasen, 1945). The electron-source

emission angle, y0eSource, and divergence, �y0
eSource

, can be

obtained from the simultaneously measured unfiltered beam

position, ybeam, and width, �beam, by

y0eSource ¼
1

D

�
ybeam � yedge

�
ð3Þ

and

�y0
eSource
¼

1

D

�
�beam

�2

�

�
�yeSource

�2

�

�
D�y0

Ph

�2
� �1=2

; ð4Þ

respectively, where �y0
ph

is the natural opening angle of the

photon beam (Schwinger, 1949). In the following sections,

each term in equations (1)–(4) will be quantitatively analyzed

with numerical simulation.

1.2. Simulation tools and method

The system measures the beam along the direction

perpendicular to the orbital plane, which is also the diffraction

plane of the monochromator that is typically vertical. Taking

this direction, the system can be described by the propagation

of the photon beam through phase space, which minimally

includes three dimensions, the energy, E, the vertical spatial

coordinate, y, and the vertical angular coordinate, y0. To

describe the system in sufficient resolution each dimension

needs at least a grid size of 103, which gives a total matrix size

of 109. To reduce the computation effort, Monte Carlo based

geometrical ray tracing is used for this work.

All simulations are performed using the ShadowOui

program (Rebuffi & Sánchez del Rı́o, 2016) in the OASYS

(Rebuffi & Sanchez del Rio, 2017) environment. In

ShadowOui, each type of source and optical element is defined

as an individual ‘widget’. The BM source is simulated using the

‘Bending Magnet’ widget, which requires input of electron-

source size, electron emittance (/ �yeSource
�y0

eSource
) and magnetic

field of the BM. A BM point source (zero emittance) (PS) can

be created by setting both �yeSource
and �y0

eSource
to zero, which is

used to generate the photon-beam distribution representing
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Figure 1
Schematic of the ps-BPM system including a Bragg (a) or Laue (b) crystal
monochromator, a K-edge filter in (d), and a detector which records both
the unfiltered beam side (c) and filtered edge side (d) of the beam.



the single-electron emission or single-electron point-spread

function from the BM. The BM source includes both hori-

zontal (�) and vertical (�) polarization components; however,

only about 4% of the total intensity is contained in the �
polarization.

The monochromators considered in this work are single

crystals in the Bragg and Laue geometry. All crystals are

simulated using the ‘Plane Crystal’ widgets in ShadowOui,

where the crystal Bragg angle is set to be auto-tuned to the K-

edge energy, EK, of the selected filter element.

The K-edge filter is the next optical element downstream of

the monochromator. The built-in module in ShadowOui for

filter absorption does not contain lifetime broadening for the

K-edge spectrum, which is the main contributor to the edge

width, �edge, in real measurements. Therefore, a dedicated

Python script was made inside the OASYS environment to

simulate the filter absorption by assigning each ray an inten-

sity scaling factor based on its photon energy and the trans-

mission curve. The transmission through the filter is calculated

by

T ¼ exp �
�

�
ðEÞ�t

� �
; ð5Þ

where ð�=�ÞðEÞ is the energy-dependent mass-attenuation

coefficient around the K-edge of the filter, � is the concen-

tration and t is the effective filter thickness. The K-edge

spectrum depends on the core-level width, which is normally

described by a Lorenz function (Babanov et al., 1998). In this

work, to be consistent with the experimental results (Samadi et

al., 2015), a Gaussian function is used.

A typical simulation to achieve sufficient statistics requires

5 � 107 to 5 � 108 rays, which is challenging to run and store

as a single simulation. Therefore, a recursive loop is imple-

mented to accumulate results of multiple runs (typically 100

to 3200), each of which contains 5 � 105 rays. The vertical

photon-beam profiles are recorded as histograms that collect

rays at the detector position. The histograms are weighted by

the ray intensity which contains information on the crystal

reflectivity and the filter transmission. The bin size of the

histograms is a representation of the pixel size of the detector.

The vertical profiles of the filtered beam, Ifiltered(y), and the

unfiltered beam, I0(y), are collected and stored for post

analysis [see Fig. 2(a)].

The simulated photon-beam profiles are then analyzed

based on the same data-analysis process developed for

experimental results (Samadi et al., 2019). The edge profile,

fedge(y), shown in Fig. 2(b), is obtained by

fedge yð Þ ¼
d � ln Ifiltered yð Þ=I0 yð Þ

� 	
 �
dy

: ð6Þ

The edge profile and the unfiltered beam profile are both fitted

to a Gaussian function with widths of �edge and �beam, and

center positions, yedge and ybeam, respectively, given by

I0 yð Þ ¼ A0 exp �

�
y� ybeam

�2

2�2
beam

" #
þ A1; ð7Þ

and

fedge yð Þ ¼ B0 exp �

�
y� yedge

�2

2�2
edge

" #
þ B1: ð8Þ

The position and angle at the electron-beam source are

extracted from the fitted ybeam and yedge values using equations

(1) and (3), respectively. The electron-beam source size is

obtained by deconvolving the edge width, �edge,PS, of a zero-

emittance point source from that of the BM source, �edge,BM,

with a finite electron-beam size, given by

�yeSource
¼ �2

edge;BM � �
2
edge;PS

� �1=2
: ð9Þ

Comparing equation (9) with equation (2), the simulated

�edge,PS term represents the total contribution of D�y0
K edge

and

D�y0mono
. The electron-beam divergence is then obtained from

the photon-beam widths for the BM source, �beam,BM, and for

the zero-emittance point source, �beam,PS, by

�y0
eSource
¼

1

D
�2

beam;BM � �
2
beam;PS � �

2
yeSource

� �1=2

: ð10Þ

The simulated �beam,PS term represents D�y0
ph

in equation (4).

The simulation error is calculated as the standard deviation

of results from 100 separate ray-tracing calculations unless

otherwise specified.

2. Optimization process

The optimization process involves aspects of the system that

determine its ability to best measure source properties. These

factors include the monochromator, the K-edge filter, detector

characteristics, and arrangement of these components

(measurement geometry).
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Figure 2
(a) The simulated vertical profiles of the filtered beam, Ifiltered(y) (dotted
curve), and the unfiltered beam, I0(y) (solid curve), and (b) the edge
profile, fedge(y) (solid curve), obtained from equation (6). The dashed
curves in (a) and (b) are the Gaussian fitting of I0(y) and fedge(y) using
equations (7) and (8), respectively.



Two cases are considered: a BM at the CLS and a BM for

the APS-U.

For the CLS, the simulation study is for a 1.354 T BM and

an electron beam with �yeSource
= 52.7 mm and �y0

eSource
= 6.35 mrad

(Bergstrom & Vogt, 2008). Unless specified, all simulations

were performed with a monochromator tuned to the barium

K-edge energy (37.441 keV), a 35 mg cm�2 barium K-edge

filter and a source-to-detector distance of D = 10 m.

2.1. Monochromator

The monochromator is one of the most critical components

of a ps-BPM system. The effect of the monochromator and the

choice of the K-edge filter are closely related to each other

through the angle–energy dispersion from Bragg’s law. The

dispersion effect of the monochromator crystal projects the

absorption-edge energy width, �EK edge
, into an angular width,

�y0
K edge

(measured by the spatial width on the detector at

distance D) through the relationship

�y0
K edge
¼

tan �K

EK

�EK edge
; ð11Þ

where �K is the Bragg angle of the monochromator crystal at

the filter K-edge energy, EK. In general, to achieve small �y0
K edge

requires a filter with small �EK edge
, a high K-edge energy and a

small Bragg angle. This section and Section 2.2 below show in

detail how these terms contribute to the measurement.

There are several choices for the crystal material, reflection

geometry and lattice planes that will now be considered.

2.1.1. Crystal material and geometry. Single-crystal mate-

rials are considered for the monochromator. High-quality

semiconductor crystals are commonly available as a conse-

quence of the semiconductor industry drive to improve device

performance. Dynamical theory (Zachariasen, 1945) can be

used to describe the diffraction properties of such crystals.

Silicon is the most common monochromator crystal used for

X-ray beamlines because of its availability, degree of perfec-

tion and ability to handle synchrotron-radiation heat loading.

The diffraction geometry from crystals falls into two broad

categories. The reflection or Bragg geometry has lattice planes

mostly parallel to the crystal’s surface; X-rays impinge upon

and diffract out of the same surface. In transmission or Laue

geometry the lattice planes are mostly perpendicular to the

crystal surface; X-rays impinge upon one surface and exit

through another by diffracting through the crystal.

Laue geometry has two practical advantages over Bragg

geometry because it allows a smaller footprint (a smaller

crystal) and reduced thermal deformation from the photon-

beam heat load. Nevertheless, based on the diffraction profiles

[see Fig. 3(a)] calculated using the XCRYSTAL module

(Sanchez del Rio et al., 2015) in XOP (Sánchez del Rı́o &

Dejus, 2011), Bragg geometry is preferred owing to the higher

reflectivity and narrower bandwidth compared with Laue

geometry.

Intensive efforts are being dedicated to the studies of crystal

quality and thermal mechanical design of monochromators,

which are not in the scope of this work. We limit the following

discussions to single Bragg silicon crystals and focus on the

optical optimization of the ps-BPM system.

2.1.2. Crystal lattice planes. The intrinsic angular band-

width of a monochromator, �y0mono
, can be modeled using

standard dynamical theory (Zachariasen, 1945). Reflection

from high-indices planes [e.g. Si(440)] has smaller angular

bandwidth, as shown in Fig. 3(b). This effect can be clearly

seen in the DuMond diagrams (DuMond, 1937) shown in

Fig. 4, where a zero-emittance BM source is monochromated

by a Si(111) crystal [Fig. 4(a)] and a Si(440) crystal [Fig. 4(b)]

to the barium K-edge energy. Assuming the photon beam is

absorbed by a barium filter with a sharp edge (�EK edge
= 0), the

intrinsic bandwidth of the crystal is spatially projected onto

the detector plane (the y axis in Fig. 4). The Si(440) reflection

contributes to a much smaller edge width, yet gives a larger

Bragg angle [steeper y versus energy slope in Fig. 4(b)]. This

has the effect of limiting the energy range that the mono-

chromator will cover with the photon-beam divergence from

the source. A limited energy range is not ideal when the filter-
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Figure 3
Diffraction profiles of the Si(111) reflection in the Bragg (dashed line)
and Laue (dotted line) geometry and in the Si(440) Bragg reflection
(solid line).

Figure 4
Simulated DuMond diagrams using a zero-emittance BM source that is
diffracted by (a) a Si(111) and (b) a Si(440) crystal, and filtered by a
barium filter with a sharp K-edge (�EK edge

¼ 0).



edge width, �EK edge
, is non-zero based on equation (11). Table 1

shows the angular width of the barium K-edge in angle, �y0
K edge

,

with different crystal reflections. For the same energy edge

width (�EK edge
= 5.6 eV, or a FWHM of 13.2 eV assuming a

Gaussian distribution) (Babanov et al., 1998), a crystal with

lower reflection indices is preferred.

2.2. K-edge filter

The choice of the K-edge filter determines the energy to be

selected by the monochromator. Also, the K-edge width

affects the ability to determine the source size [see equation

(2)] as it needs to be accounted for in the overall edge-width

measurement. Since the monochromator and energy will

determine the flux from the source, the ability to accurately

determine the center and width of the distribution will rely on

the statistical fitting of the vertical profile of the beam. The

same applies to the K-edge filter where a statistical fit to the

edge location and width is performed. The flux for those

measurements depends upon the K-edge filter element

attenuation (�=�), concentration (�) and thickness (t) [see

equation (5)]. The product of concentration and thickness is

commonly referred to as the projected concentration (mass

per area) of the filter.

2.2.1. K-edge choice. The natural energy width of the K-

edge of an element is dominated by the lifetime of the electron

–hole in the K-shell. Both the K-edge energy and the edge

width increase with the atomic number (Keski-Rahkonen &

Krause, 1974). As described in Section 2.1, the K-edge selec-

tion must be considered along with the selection of the

monochromator crystal. Fig. 5 shows the simulated vertical

photon-beam profiles indicating the edge widths that contain

contributions from both the monochromator and the filter K-

edge. Even though the crystal bandwidth is smaller for the

Si(440) crystal (Fig. 4), the total edge width is spatially larger

in y (see Fig. 5) because of the increased energy dispersion of

the (440) reflection compared with the (111) reflection.

Quantitatively, the total contribution from both the mono-

chromator and the K-edge filter add in quadrature as

�y0
total
¼ �2

y0
K edge
þ �2

y0mono

� �1=2

: ð12Þ

The calculated �y0mono
, �y0

K edge
and �y0

total
values for different filter

elements and crystal reflections are summarized in Table 2,

where �y0mono
is the fitted Gaussian width of the diffraction

profile calculated using XOP (Sánchez del Rı́o & Dejus, 2011),

and �y0
K edge

is calculated using equation (11) with �EK edge

extracted from Fig. 1 in the work by Babanov et al. (1998). As

the element atomic number goes up, the total contribution

from the K-edge width and monochromator width becomes

smaller, which implies a better sensitivity for detecting the

electron-source size based on equation (2). Since the total

contribution is mostly dominated by the K-edge width, the

bandwidth of the monochromator has relatively less effect.

Therefore, crystals with lower reflection indices [i.e. Si(111)]

are preferred because of the smaller Bragg angle. Table 2 also

shows that the reduction of the total width is not that dramatic

when going to a higher atomic number than iodine. Consid-

ering that most of the BM sources have critical energies much

less than 30 keV, going to a higher energy leads to a rapid

reduction in flux as well. One should therefore choose as high

an energy as possible while maintaining sufficient flux.

2.2.2. Filter concentration. The choice of filter concentra-

tion and thickness (projected concentration) will affect the

sensitivity and accuracy of the source-size measurement. Fig. 6

shows the extracted (a) edge jumps, (b) edge profiles and

(c) source sizes calculated with different Ba filter concentra-
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Table 1
Barium K-edge width, �EK edge

, and the equivalent angular width, �y0
K edge

,
calculated using equation (11).

EK = 37.441 keV Si(111) Si(220) Si(311) Si(440)

�K (�) 3.027 4.947 5.804 9.931
�EK edge

(eV) 5.6 5.6 5.6 5.6
�y0

K edge
(mrad) 7.9 13.0 15.2 26.2

Figure 5
Simulated DuMond diagrams using a zero-emittance BM source that is
diffracted by (a) a Si(111) and (b) a Si(440) crystal, and filtered by a
barium filter with a finite K-edge width (�EK edge

¼ 5:6 eV).

Table 2
The angular width of the monochromator, �y0mono

, the projected filter K-
edge width, �y0

K edge
, and their total contribution, �y0

total
, calculated using

equation (12).

EK (keV) �K (�) �y0mono
(mrad) �y0

K edge
(mrad) �y0

total
(mrad)

Si(111)
Cu 8.979 12.72 13.4 13.3 18.9
Mo 20.000 5.674 5.8 9.2 10.8
Ag 25.514 4.445 4.5 8.6 9.7
I 33.169 3.418 3.5 8.0 8.7
Ba 37.441 3.027 3.1 7.9 8.5

Si(220)
Cu 8.979 21.08 10.1 22.8 24.9
Mo 20.000 9.291 4.2 15.1 15.6
Ag 25.514 7.270 3.3 14.1 14.5
I 33.169 5.586 2.5 13.0 13.3
Ba 37.441 4.947 2.2 13.0 13.1

Si(440)
Cu 8.979 45.99 4.8 61.2 61.4
Mo 20.000 18.84 1.5 31.4 31.5
Ag 25.514 14.66 1.2 29.0 29.0
I 33.169 11.23 0.9 26.4 26.4
Ba 37.441 9.931 0.8 26.2 26.2



tions. When the filter projected concentration is low (e.g.

7 mg cm�2), the absorption-edge contrast is low, which gives a

lower intensity edge profile and higher noise level. Therefore,

the extracted source sizes have larger uncertainties, shown by

the error bars in Fig. 6(c). On the other hand, when the filter

projected concentration is too high (e.g. 140 mg cm�2), the

filter absorbs most of the light on the high-energy side

(negative y-value side) of the spectrum, which tends to

broaden the fitted edge width and thus gives a larger source

size. The relative fitting error is also large in high filter-

projected-concentration cases. As a result, the best filter

projected concentration for Ba is around 35 mg cm�2. In

practice, it is easy to optimize the filter projected concentra-

tion experimentally by analyzing the measurement error and

accuracy as demonstrated by the simulation.

2.3. Geometry

The basic geometry of the ps-BPM system is shown in Fig. 1.

Other than the obvious arrangement where the system

elements must intercept the incident and diffracted beams, the

only relevant distance is the source-to-detector distance, D, as

indicated in equations (1)–(4).

The source-to-detector distance, D, must be optimized to

maximize the sensitivity of the ps-BPM system. Simulation

was carried out using the parameters described in Section 2

with variable distances, D. The standard deviation (RMS

error) of the simulated electron-source size and position,

which is a good measure of the sensitivity of the ps-BPM

system, is plotted as a function of D in Figs. 7(a) and 7(b),

respectively. The sensitivity for detecting the source position,

y, is linearly related to the choice of D [see Fig. 7(a)]. More

importantly, the sensitivity for measuring the source size is

inversely proportional to D2 [see Fig. 7(b)].

It is therefore beneficial to reduce D to optimize the

sensitivity of the ps-BPM system. Because of the physical

space limitation in a typical beamline, a distance of 10 m

would be a reasonable choice for existing or planned BM

beamlines that are dedicated to source diagnostics. Another

concern of having a short distance is that the quadratic

increase of the incident-power density will increase the

thermal deformation on the monochromator crystals, which

will degrade the accuracy of the size and angle measurements.

In that case, an aggressive cooling scheme will be required.

2.4. Detector

The determination of the unfiltered beam location and

width as well as the filtered beam K-edge location and width

relies on curve fitting to the measured I0(y) and fedge(y)

profiles using equations (7) and (8), respectively. The edge

width is normally in the range of a few tens of microradians as

shown in Table 2. There must also be enough spatial resolution

across the edge width to ensure an accurate fitting. Fig. 8

shows the simulated source size and divergence as a function

of the pixel size (bin size of the histograms) with the total flux

(number of rays) kept constant. A pixel size of a few tens of

micrometres is adequate to ensure the accuracy of the source

size and divergence measurements. Previous experiments

(Samadi et al., 2019) show that a detector with 100 mm pixel

size is sufficient to measure third-generation synchrotron

source sizes. Overall, the accuracy of the curve-fitting proce-
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Figure 6
Simulated barium K-edge steps (a) and K-edge profiles (b), and the
extracted source sizes (c) with different filter projected concentrations.

Figure 7
RMS error of the simulated electron-source position (a) and size (b) as a
function of the source-to-detector distance, D.



dure is more sensitive to the integrated flux than to the pixel

size of the detector.

The next-generation synchrotrons have the source size and

divergence one order of magnitude smaller. A similar study

shows that a pixel size of 10 mm is expected to be sufficient for

the APS-U source, assuming perfect detectors. However, the

noise level (dark noise and others) on the detector will affect

the curve-fitting results and reduce the measurement sensi-

tivity. The smallest measurable size of the ps-BPM system will

be limited by the flux, the detector resolution and the noise

level, which needs further study.

3. Example of a ps-BPM system
for APS-U

Based on all of the above studies, an

optimized configuration is proposed for

the low-emittance APS-U project. The

APS-U will have 42 pm rad natural

emittance (Borland et al., 2018). Simu-

lations were performed with the source

parameters at the M3 BM with �yeSource
=

4.9 mm and �y0
eSource

= 2.8 mrad, a single-

Bragg Si(111) monochromator tuned

to the barium K-edge energy

(37.441 keV), a 35 mg cm�2 barium

filter, a source-to-detector distance of

D = 10 m, and a detector pixel size

of 10 mm.

Using the simulation procedure

described in Section 1.2, the ability

of the ps-BPM to measure the source

properties was analyzed. Fig. 9 shows

the predicted output source properties

as a function of the input values that

varied relative to their nominal values

by as low as 5%. The source position

and angular position were simulated with 5 � 107 rays and

obtained from equations (1) and (8), and equations (3) and

(7), respectively. The source size and divergence were studied

with 5 � 108 rays and extracted using equations (9) and (10),

respectively.

The ps-BPM system has an excellent ability to measure the

source position and angular position as shown in Figs. 9(a) and

9(b). The measurement of source position and angular posi-

tion is fast and considered real time. The source size and

divergence can be extracted at the same time, which is one of

the main features of the ps-BPM system. The sensitivity to the

source-size variation is about 10% of the nominal source size

in these calculations because of the limited statistics. The

source-size measurement is the most photon-hungry compo-

nent of the system. In real measurements, increasing the

acquisition time will improve the sensitivity, but with limited

measurement speed.

The sensitivity of the ps-BPM system is flux driven, but non-

linearly. The required flux level can only be estimated with the

comparison of experimental and simulation results. One

feature of SHADOW ray-tracing is that rays can have frac-

tional intensities to account for the crystal reflectivity and

filter absorption. Therefore, a single ray can represent a large

number of photons. From the previous studies (Samadi et al.,

2019), simulation with 1 � 107 rays gives the same sensitivity

as the measurement of source size performed with a flux level

of 1.2 � 1010 photons Hmrad�1 (where H means horizontal)

To achieve the sensitivity shown in Fig. 9(c), simulation with

5 � 108 rays indicates that a flux level of 5.9 � 1011 photons

Hmrad�1 is needed for measuring the APS-U source size.
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Figure 8
Extracted electron-source size (a) and divergence (b) as a function of
detector pixel size (bin size of the simulated histograms).

Figure 9
Predicted output electron-source position (open triangles) and angular position (closed triangles)
values from different input values of position (a) and angular position (b). Predicted output
electron-source size (circles) and divergence (bullets) values from different input values of size (c)
and divergence (d).



Considering an Si(111) Bragg crystal monochromator with no

filter, this requires a minimum of 1.5 s exposure time.

4. Conclusion

The ps-BPM system can precisely measure electron-beam

source position and angle, which are relative to the K-edge

location in the filtered side of the photon beam as well as the

central location of the unfiltered beam. The system can also

provide accurate measurements of the electron-source size

and divergence from knowledge of the K-edge width and the

full photon-beam width. The simultaneous measurement of all

four source properties in the vertical plane is a unique feature

of the ps-BPM system. In principle, the system can also be

used to measure the source position and size in the horizontal

plane but a separate horizontally deflecting monochromator

will be required.

Factors that affect the sensitivity and resolution of the

system include the choice of monochromator, K-edge filter,

geometry of the system and detector. The optimized config-

uration contains low-index crystal reflections, a high-energy

K-edge filter and a relatively small source-to-detector

distance. The filter-element concentration must be selected

to ensure enough absorption contrast while maintaining a

reasonable transmission on the high-energy side of the K-

edge. Compared with other systems, the ps-BPM monitor has

less-demanding requirements on detector resolution, which

makes it capable of high-speed measurements.

It is also worth pointing out that the ps-BPM system can

measure a wide size range. The larger the source size, the

easier (or faster) it can be measured, as long as the source-size

contribution (�yeSource
=D) is smaller than the natural opening

angle of the photon beam.

A single-crystal monochromator may generate Compton

scatter at the detector location which reduces signal contrast.

To achieve a higher sensitivity, the use of a two-crystal

monochromator should be considered. Another concern is

fluorescence from the K-edge filter, some of which may also

provide background in the detector. Other considerations for

a practical system include mechanical stability and thermal

management of the monochromator.

Simulations validated by measurement show that the ps-

BPM system is suitable for next-generation light sources. An

optimized system for the APS-U source was presented as an

example to demonstrate the performance. The source position

and angular motion can be monitored with high precision and

at high speed; while the source-size measurement is photon

hungry, which creates a trade-off between measurement speed

and resolution. Because of the relatively simple configuration

of the ps-BPM monitor, it can coexist and operate in parallel

with other systems at the same beamline.
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