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The influence of the X-ray mirror errors on the performance of the beamline
increases as the X-ray beam’s coherence improves in advanced light sources.
The spatial dispersion of the X-ray beam is crucial for spatial resolution and field
of view. However, selecting the appropriate merit function for expressing light
distribution and identifying its relationship to optical error is very important in
beamline design. We develop a high-efficiency wave-optics simulation
platform and a deterministic analysis model to address this issue. The
simulation experiments evaluated merit functions, including Strehl ratio,
root-mean-square spot size, and encircled energy radius. We proved that
the encircled energy radius is a good metric of the x-ray beam spatial
dispersion, which matches the results of the Church-Takacs theory. In
addition, it is found that limiting the contribution of the low frequency
(wavelength>%L) error is effective for specifying the requirements of X-ray
mirrors.
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Introduction

X-rays emitted by advanced light sources, including free-electron lasers (FELs) and
synchrotron radiation facilities, have advantages such as high flux and brightness. The
fourth-generation synchrotron radiation source can achieve sub-micron spatial
resolution. It can be used in many applications such as materials science,
spectroscopy, chemistry, biology, etc. However, due to the high coherence of X-rays,
various optical devices and equipment of beamlines will cause wavefront errors, which
will reduce the system’s spatial resolution or the peak intensity of beams. Therefore, these
advantages of synchrotron radiation make high demands on optics quality for beamline
transmission. For example, the surface shape accuracy of the High Energy Photon Source
(HEPS)[1] for the X-ray nano-focusing mirror is required up to 2 nm peak-to-value (PV)
or 0.5 nm root-mean-square (RMS), and the slope error is required to be better than
50 urad RMS.

The influence of X-ray mirror shape errors have always been an essential issue in
synchrotron radiation facilities. X-ray optical elements’ specifications have been studied
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over the past few years. Church and Takacs [2] performed a
systematic analysis of the errors of optical focusing elements as
early as 1993, and they used the error statistics of the focusing
elements to predict the imaging degradation of simple imaging
systems. Church’s article presents a model of errors and proposes
two types of error, including the figure error left by the molding
process during manufacturing and the finish error left by the
finishing and polishing process. At the same time, R. Signorato
and M. Sanchez del Rio[3] researched X-ray mirrors based on
geometric ray tracing. They proposed that the power spectral
density (PSD) does not contain all the information about the
intensity and position of the light spot. On this basis, Pardini[4]
finds that for diffraction-limited systems, within a critical spatial
wavelength, the optical focusing element can appropriately relax
the slope error requirements and still maintain a good light
intensity distribution. Yashchuk[5] studied the effect of the
specular error on the quality of the X-ray beam delivered to
the sample location at different spatial frequencies. It shows that
for a surface irregularity comparable to the mirror length, a
significantly reduced photon flux density results in reduced beam
quality. On the basis of the theoretical model, the power spectral
density function[6-8], surface finish function[9,10] can be used
to express the specific requirements of X-ray optical components.

According to the requirements for the manufacturing
parameters of optical elements, adequate progress has also
been made in manufacturing high-precision optical elements.
Many researchers[11,12] have investigated high-precision optical
components suitable for X-rays. But inevitably, high-precision
optical components are expensive and difficult for manufacture.
Also, not all experiments require highly coherent or diffraction-
limited light, which means imperfect mirrors can suffice for
application. For example, most conventional beamline experiments,
including the experiment of small-angle scattering and absorption,
only requires regular quality light spots. Westfahl [13] found that in
the partially coherent beams of fourth-generation synchrotron
radiation sources, use of mirrors with smaller errors caused
wavefront distortions, but their coherence lengths were virtually
unchanged. Moreover, in Church’s article[2], it is also theoretically
demonstrated that the imaging properties of surfaces with fractal
errors perform well even if the fractal power spectrum diverges at low
spatial frequencies.

In addition, how to implement the construction of such
beamlines with low risk and low cost makes it necessary to
carry out error evaluation of X-ray optical components for
applications. With the improvement of the coherence of the light
source, the application of wave optics is increasing, with the problems
caused by the wave characteristics of light becoming the key to
beamlines and experiments. The beamline simulation platform is
important to study these problems. High-level beamline design
requires a simulation platform that fully combines wave optics
with traditional geometric optics tracing methods. The Ray tracing
method can quickly evaluate the beamline’s energy spectrum, the
optics layout device’s position, etc. Moreover, the existing simulation
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softwares are relatively mature, such as SRW, SHADOW, XRT
[14,15]. Wave optics can more accurately evaluate the changes in
coherence and wavefront errors caused by various device errors and
vibrations. How to quickly carry out the wave simulation of optical
problems is still difficult for many researchers. To slove the problem,
we will introduce our simulation strategy.

As different applications have different requirements on the
image quality, Figure 1 shows the HEPS strategy on the error
solution in order to give the over-/under- specification of the
optics. In this paper, we studied the focusing partially coherent
light and give a simplified model of the beamline system. Based
on the DABAM numerical simulation, we focus on the study of
the energy spatial dispersion characterization of the focused
beam, and giving the general requirements for the mirror
quality of the beamlines.

Simulation methods

In order to give an explicit explanation, this paper focuses on
the wavefront distortion and features of the beam spot on sample
in a simplified optical system. The optical system is shown in the
Figure 2, where the phase modulation function f (x, y) = A (x, y)
€™ is used to model the X-ray optics. The simplified system
setup is beneficial for improving the simulation speed and
performing theoretical calculations. Numerical simulation
tools have been adopted to study the issues related to the
X-ray optics imperfection. It has been proved that the insert
device or bending magnet can be simulated with very high
precision. Optimizing the source mainly depends on the
energy spectrum requirement and has little relationship with
the beamline issue we are concerned about in this paper. We will
perform the simulation for the specified source.

In vpartially coherent light sources, the wave-optics
calculation of beamline simulation software is very time-
consuming, which also limits its applications in the study of
beamline design engineering techniques. The physical basis of the
simulation is to modulate the wavefront of the light source into
the detected and received data through Fresnel diffraction and to
perform calculation and analysis. It can be divided into four
parts: model and calculation of the light source of the insert,
model of optical components, optical wave-optics propagation,
and data analysis. Among them, the first and third steps are the
most time-consuming processes. Figure 3 shows our strategy for
the simulation platform development. In order to improve the
calculation efficiency, we integrated the mature software package
(XRT/SRW) and adopted the following calculation strategies:

1) Optimizing light source and beamline set up separately. The
source field by multiple electrons is calculated and saved to
the local hard disk to avoid the repeated SR source
calculations, which are time-consuming. In the beamline
design stage, the data is loaded and used to perform
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FIGURE 3
Roadmap of the calculation platform for partial coherence system simulation.
beamline simulation. Replacing numerical calculations with 2) Optical wave propagation. Bluestein algorithm[16,17] is used
local data access also reduces the requirement on the large to accelerate the Fresnel diffraction calculation. It can avoid the
memory. sampling issue in the traditional fast Fourier transform process.
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FIGURE 4
Comparison chart of SRW and new method.

TABLE 1 Parameters for the Storage and undulator.

Specification Value
Circumference [m] 1,360
Electron energy (GeV) 6
Current (mA) 200
Electron energy spread 0.0011
Emittance horizontal/vertical [pm rad] 27.5/2.75
Horizontal/vertical size [um] 8.8/2.3
Horizontal/vertical diver. [urad] 3.1/1.2
Undulator

period [mm] 16.8

number 175

TABLE 2 Parameters of X-ray light source at 10 keV for low beta
beamline.

X z
Single electron radiation size [pym] 4.310
Single electron radiation divergence [yrad] 5.636
Source size [ym] 9.818 4918
Source divergence [urad] 6.320 5.636

3) MPI-based[18] parallel calculation for multiple electron
loop. It has been successfully adopted in SRW.

Through these three optimization, this project’s calculation
time is significantly reduced. In modeling the optical element, the
optical element error directly converts into wavefront error.
Figure 4 shows the comparison of the SRW and our method
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in multi-electron simulation. The parameters of the undulator
and X-ray light source are given by Tablel, 2. In the debug
process, the beamline parameters optimization (including
sampling range, resolution, etc.) is suggested to be first carried
out for single-electron calculation. After the debugging is
completed, the multi-electron calculation is finally carried out.

Surface error analysis
Characterization of the surface error

Reasonable specification on the x-ray mirror quality should
consider the features of the error data for real mirrors. In Church
& Takacs [19] article, the specification of mirrors is studied based
on their performance in the optical system. The Strehl Ratio (SR)
and the power spectral density (PSD) of the mirror’s surface
error, is selected as a merit function of image quality. Because the
PSD curve changes significantly with different mirrors, the RMS
slope error, RMS height error, and PV height error are commonly
used to specify the optics. The surface error statistical data (1D) is
obtained from the DABAM database. By subtracting the original
shape of mirrors, we extracted residual height and slope error.

As shown in the Figure 5, the raw data of height error
(Figure 5A), slope error (Figure 5B) and the PSD (Figure 5C)
of mirror M2 from DABAM database is displayed as an example
with the coordinates of Figure 5C expressed in logarithmic form.

fmax
0 (frmax) = J psd(f)df (1)

min

O Normalized (fmux) = G(fmux)/ max (0 (f)) (2)

Where there are equal interval df between sampling frequencies
during the frequency range finin = 1, fmax = 7> with L the length of
the mirror, dy the spatial interval between sampling points.

Figure 6 shows the o (f,,) calculated for the mirrors in the
DABAM database. The 0nopmaiized Values exceed 0.8 when the
horizontal coordinate is 0.1 for all of the mirrors, which means
that low-frequency error accounts for the major component of
the total error. Further, we calculate the position f,, where the
ONormalizea Value reaches 0.8, the results are shown in Figure 6B
demonstrating that the wavelength of the corresponding shape
error is mostly greater than 0.1L. Figure 6) shows the relationship
between PV and RMS of height error is approximately linear,
which simplifies the analysis procedure later.

Deterministic analysis on the beamline
performance

From the point of view of integration calculation, it is

challenging to perform an analytical analysis of the low-
frequency error. However, the physical rules behind the
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(A) The height error of mirror M2 in the DABAM database. (B) The slope error of mirror M2 in the DABAM database. (C) The PSD of the mirror in
the DABAM database.
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appearance are more important for practical beamline design
work than simulation. In Section 2.2, it can be seen that the low-
frequency error is the main component of the machining error.
In order to study the influence of the spatial distribution
characteristics of the surface shape error on the optical system
performance, considering the statistical dilemma, here we
develop the deterministic analysis method. In the case of a
coherent light field, the entire aperture function t (x;) is
divided into many segments, and the transmittance function
in each segment can be expressed as

X1 —C;
i

ti(x)) = rect< >fi(x1) (3)

Where w; and ¢; are segment width and center position.
- 4h (x)) sin 9]
A

fi(xi) = exp[-j
(+-+)is the rectangular function. It is easy to obtain the light field

is error distribution function. rect

distribution on the focal plane as

.7'-[U(XI> yl)]lfx:;_g)fy:y_o

Az

=C z exp (—j2nf ¢;)[wisine (wi f )] * F [ fi(x:)] |fx:§—2 (4)

Where x, and y, are the coordinates of the focal plane, x; and
y are the coordinates of aperture, k is the wave number, z is the
distance to the focal plane, F[---] is the Fourier transform
function, f, is spatial frequency in the x-direction, and C is a
constant. The intensity of the light field is given by

I(x0, y0) = U (%0, ¥0)U (%0, ¥0) (5

According to the Formulas 4 and 5, the final light field
distribution can be divided into three contributions: [a]. Single
slit diffraction factor w;sinc(wf,). Slit width determines peak
intensity and distribution width. [b]. Positional parameters exp
( = 27f.c;) is the phase factor due to distance between slits. [c].
Diffraction modulation within each single hole 7 [ f; (x1)]l, _s.
the filxy) =
exp[jcos(2mfox1)] and the Fourier transform function is

Consider Consine model, we have

f[fi (X1)]|fx=§—2: i (j)q]q(%)‘s(fx_QfO’fy) (6)

J4 (%) is q-order Bessel function of the first kind, f, is initial
frequency. Each level component is shown in the Figure 7. Only
the finite level can be considered when the error level is relatively
low. As the height error increases, the higher-order contribution
increases, leading to a dispersion of the light field over a large
angular range. For general smooth surfaces, choosing the
0 and * 1 order spreads of the Cosine wave is sufficient.

To demonstrate the effectiveness of this approach, Figure 8
presents the results of the piecewise approximation of the shape
error under parallel light illumination for Mirror-34 from the
DABAM database. It is shown that the piecewise approximation
can generate the profile of the light field similar to the result by
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FIGURE 7

Contributions of different diffraction order versus the

magnitude of the surface shape error under the cosine shape error
model.

the nature error. It also verifies that the low-frequency error
contributes to the structure in the focal spot. The structure
feature can be well analyzed by a deterministic method using
the segmented model with simple functions.

On the other hand, quantitatively, the simplest single-bump
case can be considered to analyze the impact of low-frequency
errors. The bump is set in the middle of the section. The width of
the bump is wy, the center position ¢y, and the width of the entire
aperture of the amplitude PV is w.

In the case of complete coherence, the distribution of the light
spot on the focal plane is shown in the Figure 9 when considering
the effect of position, width, height, and shape. The bump’s
position will cause the symmetry of the light field distribution,
and the width will cause the intensity distribution of the
interference fringes. The smaller the width of the bump, the
smaller the error contribution of this part. As the height of the
bump changes, multiple cycles of wavefront oscillations are
formed in the bump, which also causes structural changes.
Although the cosine distribution model is used in the above
calculation, it does not affect the conclusion of the light field
distribution structure compared with the calculation results of
the parabolic and flat-topped model.

Merit function selection

In this section, we perform error experiments in a low-beta
beamline of the HEPS light source. The parameters of the HEPS
storage ring and the insert device are shown in Table 1, and the
corresponding light source parameters are shown in Table 2. The
Figure 10 uses the beamline tracing and mode decomposition
modules to calculate the coherence and the angular distribution

frontiersin.org
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of the light field in different angular ranges. The source can
provide X-ray with perfect coherence in the vertical direction,
and the coherence ratio in the horizontal direction is less than
20%. The focusing characteristics in these two directions can
reflect the relationship between the degree of coherence and error
characteristics. At the same time, considering the efficiency of the
optical field flux, the acceptance angle range to be studied in this
paper is 10 yrad in the vertical direction and 18 yrad in the
horizontal direction.

Strehl ratio

SR is the illuminance ratio at the center of the system’s Airy
disk to the comparable value in an ideal imaging system. It is
widely used as a standard function for diffraction limited
systems. SR shows the degree of energy dispersion, the effect
of diffraction and aberrations on the Airy disk. When SR is above
0.8, it is usually dependable in most optical system. The closer SR
approaches to 1, the better the imaging quality are.

The relationship between the RMS optical path difference
W,,.s and SR is

2 .
D, = e (n™)" _ o (2n2)’

Where h is height of mirror. The aberration is relatively
modest for SR> 0.8, and the SR can be approximated as
Wrms 2
D, = 1- (2np (=) @)
A
The surface error in the DABAM library is added on the

horizontal and vertical directions in our simulation process,

respectively. In the numerical experiment, the residual shape

Frontiers in Physics 08

error is added on the vertical direction for the beamline
acceptance angle 8 = 10 yrad and on the horizontal direction
for 3 = 18 prad, which corresponds to the different coherence of
the light field. Figure 11 is the SR of simulation in which we
calculate the theoretical value of SR and the RMS height error
using the Formula 7. SR scatter plots for 10urad and 18 yrad
receive angles in response to height error are shown in
Figure 11A,B. When 1) and 2) are compared, it is clear that
the 10 prad results differ from the 18 yrad results. The 10 yrad
results are more associated in theory than 18 yrad results. This
demonstrates that, in good coherence, especially more than 0.8,
the theoretical value of SR related to the height error can be
utilized as a mirror selection criterion. We also noticed that the
correlation between the theoretical and actual values reduces
when the SR drops. Figure 11C,D give scatter plots of slope error
versus SR value, which do not show a clear correlation between
them. The above results show that the SR value can describe the
dispersion degree of the light field only in the system close to the
diffraction limit. SR is closely related to the height error.

Root-mean-square spot size

The extension of the spot is another measure of the energy or
flux spread caused by the error. It should consider three
contributions, including diffraction, geometric magnification,
and the surface error given by

D geometry = OsourceM (8)
21

DAiry = CBq (9)

Derror = 20 gope Sin 0 (10)
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angle.

where M = % = 4, q is image distance and p is object distance. Cis
a constant, D is aperture diameter, 0oy, is the residual surface
error and 0 is the gracing angle. The convolution of the three
parts will all contribute to the final spot width:

172
Dmtul = (Diuurze + Dirrur + Diir}/) (1 1)

For single slit diffraction, the distribution of the light field
isI (t) = sinc (t)*,t = %5"”9 = "A—[))f‘. We pay attention to the
positions of the first minimum ¢ ,,;,, = +7. The position of
half width is at £z = +1.39, thus the FWHM is x = 0.88%L. If
the transformation relationship of 2.35 times between FWHM
and sigma is defined according to the Gaussian distribution, there
is a relationship of opy = 0.37 %. From the distribution of the
real light field, the RMS size of the light field size is given by

oo [1(p)rat
It
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RMS spot size calculation for single slit diffraction.
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encircled energy spot radius width is 70%.

The value of the integral spot size fluctuates with the range of the
light field using this connection. We get ospo = 0.4% for single
slit diffraction if we limit it to the first principal maximum range,
which is very close to the Gaussian assumption.

Then, we calculate the light SR field diffracted by the single
slit, where the selected acceptance angle is 10 yrad. In the

Frontiers in Physics

10

Figure 12, the first integral width sigma value is 0.538um, the
minimum position is 1.593um, and the ratio is 0.538/1.593 =
0.33. It is consistent with the theoretical slit diffraction width
characteristics. However, the integrated sigma value will increase
significantly with the increase of the integration range. For
example, the sigma value in this calculation is 1.8 ym over *
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30 um. In practical applications, the experiment will configure a
slit to block weak light from a large angle while only maintaining
intense light in the central lobe, which already holds 90% of the
light field energy and ensures a higher system spatial resolution at
the same time. Unlike a Gaussian distribution, the spot’s
standard deviation size cannot accurately reflect the spot’s
energy dispersion in advanced light sources. As a result, we
suggest that it is unsuitable for use as a light field standard.

Encircled energy radius

Encircled energy is another metric for specifying the
performance of traditional optical systems, which is defined
as the flux in a circle as a function of radius. However, it has not
yet been studied and used in the SR beamline design. In this
section, we will demonstrate that this metric is good for the
spatial dispersion of the light field considering different
coherence. The encircled energy distribution is calculated by
integrating intensity from the center. When no specular error is
loaded, the flux obtained by taking the FWHM of the intensity
curve of focal plane as the encircling radius which is 70.6% for
vertical direction and 72.2% for horizontal direction. And the
ratio of the flux at the FWHM of the standard Gaussian
distribution is 76%. Therefore, we calculated 76% flux of
encircling energy radius.

In Figure 13, 76% encircled energy radius of the focus spot is
plotted verse different surface error parameters with a linear
regression fit performed. Figure 13B shows a more significant
Pearson correlation coefficient and a smaller p-value for the
hypothesis test compared to Figure 13A, indicating that the
coordinate value of 18 urad with 76% light intensity is more
correlated with the slope error. Similarly, compared to
Figure 13D, Figure 13C has a more significant Pearson
correlation coefficient and a smaller p-value for the hypothesis
test, indicating that the coordinate value of 10 yrad containing
76% of the light intensity is more correlated with the height error.
This finding is similar to the result by Church & Takacs [19] that
the performance is related to the height error for the coherent
system while to the slope error for the low-coherence system. In
addition, the PV and RMS height errors have shown no
significant difference in the encircled energy radius in both
cases, suggesting that both can be used to specify the mirror
quality.

Conclusions

The influence of X-ray mirror error on beamline system
performance is studied in this paper. We employ a simplified
model and an accelerated simulation platform with improved
computational efficiency for error analysis. It is investigated
of error characteristics and the

through the analysis
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simulation of beamline performance in order to identify more
effective specification methods for various applications. As a
result, we arrive at the following conclusion:

1) While the statistics of individual mirrors are highly debatable,
the RMS and PV height error can be used together to
constrain mirror errors. Low-frequency component with a
period greater than 1/10 L is the major contributor to the
fabrication error.

2) It is required to reduce the residual surface error to get an
unstructured light spot. We discovered that a low-frequency
mistake of more than 1/10L period impacts system
performance through the deterministic analysis and bump
simulation.

3) The encircled energy spot size is a good measure for spatial
energy dispersion for partial coherence application.

Through the calculation and analysis in this paper, it is
helpful to determine the parameter requirements of low-risk
optical components. On the other hand, the calculation method
in this paper can also be used to study other problems, such as
vibration, coherence control, and others, which require
many wave calculations. In addition, some adaptive X-ray
mirrors have been reported to control and correct low-
frequency defects[20,21], and we hope to investigate such
mirrors in the future.
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