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COMPUTATIONAL PROGRAMS FOR PHYSICS

ScatterX: A software for fast processing of high-throughput
small-angle scattering data

Fei Xie(#f &), Mei Xie(f¢#f#), Baoyu Song(‘RF k), Qiaoyu Guo(FHFr), and Xuechen Jiao(fE22F)T
National Synchrotron Radiation Laboratory, University of Science and Technology of China, Hefei 230029, China
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Scattering experiments become increasingly popular in modern scientific research, including the areas of materials,
biology, chemistry, physics, etc. Besides, various types of scattering facilities have been developed recently, such as lab-
based x-ray scattering equipment, national synchrotron facilities and large neutron facilities. These above-mentioned trends
bring up fast-increasing data amounts of scattering data, as well as different scattering types (x-ray, neutron, laser and
even microwaves). To help researchers process and analyze scattering data more efficiently, we developed a general and
model-free scattering data analysis software based on matrix operation, which has the unique advantage of high throughput
scattering data processing, analysis and visualization. To maximize generality and efficiency, data processing is performed
based on a three-dimensional matrix, where scattering curves are saved as matrices or vectors, rather than the traditional
definition of paired values. It can not only realize image batch processing, background subtraction and correction, but also
analyze data according to scattering theory and model, such as radius of gyration, fractal dimension and other physical
quantities. In the aspect of visualization, the software allows the modify the color maps of two-dimensional scattering
images and the gradual color variation of one-dimensional curves to suit efficient data communications. In all, this new
software can work as a stand-alone platform for researchers to process, analyze and visualize scattering data from different
research facilities without considering different file types or formats. All codes in this manuscript are open-sourced and can

be easily implemented in matrix-based software, such as MATLAB, Python and Igor.

Keywords: scatter, fractal, correlation function, high-throughput, SVD

PACS: 01.50.hv, 13.85.Dz, 98.35.Ce, 87.14.E-

1. Introduction

With the development of light source technology (e.g.,
synchrotrons and lasers), the brightness and stability of light
beams have been greatly improved. In recent years, small
angle scattering equipments with synchrotron radiation light
sources,'™* high brightness desktop x-ray source spallation
neutron sources,> 8! and reactors as light sources have been
developed rapidly and widely used.[>!%1 After long-term de-
velopment, the application of this technology has been so de-
veloped that covers many research fields such as porous car-
bon materials,[11-13] Catalysts,m’m] carbon fibers,[17-191 pj-
ological macromolecules (including DNA, 0211 RNA, 22231
proteins, 1324261 etc ), polymer,!?7-?8] metal-organic frame-
work materials,?>3%! chiral supramolecular gels,3!3?] etc.
Small-angle scattering (SAS) finds very broad applications be-
cause of its unique capability to investigate multi-scale struc-
tures within a single measurement. This feature makes it
suitable for the structural investigation of complex materi-
als, which are usually difficult topics for imaging methods.
With the help of SAS, many specific research contents ap-
pear and receive tremendous development, such as porosity in
porous carbon materials, 33! fractal types and their dimensions

(34

in catalysts,3#! distance distribution function in active protein
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research,*>! aspect ratio and orientation degree of micropores
in carbon fiber research, % long period and lamellar thickness
in polymer®”! and other complex structural information. Al-
though the data collection is easy, data processing and analysis
of SAS are time-consuming and complicated, as well as re-
quire a high level of expertise and knowledge. At present, sev-
eral softwares stand out, such as SAXSutilities,*® BioXTAS
RAW, 3T SASView, ! ScatterBrian,*!! Fit2d,**] NIKA, [+
EDFplot,[** pyFAL*! IRENA, 4% ATSAS,#71 McSAS, 48]
and SASfit.1*”! Based on our humble experience, the major
features of several representative softwares are listed in Ta-
ble 1.

From Table 1, it is seen that not all softwares are equally
suitable for image processing, data reduction, and analysis.
Besides, arbitrary platforms have been adopted for software
coding. Although certain platforms are popular (i.e., Python,
C, and C++), some are obsolete (i.e., Fortran) or limited to
use (i.e., IDL and Igor Pro). The low popularity of platforms
certainly brings some drawbacks to the development of SAS
software. For example, it is well known to the SAS commu-
nity that the data processing and analysis algorithm in Nika is
decent and highly efficient, but the relatively less-known Igor

Pro platform stops many from studying or modifying the well-
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documented coding. To guarantee a balance between func-
tionality, algorithm, and community openness, MATLAB® ) is
chosen as the platform for ScatterX. A large number of signif-
icantly different data formats have emerged in various exper-

imental types. As a software with rich application scenarios,
MATLAB® supports multiple complex import functions, in-
cluding but not limited to TXT, DAT, TIF, EDF, and H5 for-

mats.

Table 1. Lists of data analysis tools.

Function
Application .
Image Data process Data analysis
IP HDF BP BS Al Fractal Porod Guinier PDDF PSD MF
ScatterX v v VAR v v v v VAR
SAXSutilities V4 V4 V4 Vv X X X X X v vV
BioXTAS RAW v X V4 Vv X X X 4 V4 X N4
SASView Vv Vv 4 X X 4 X X X X Vv
ScatterBrian V4 X Vv Vv X X X X X X X
FIT2D V4 X X Vv X X X X X X X
Nika vV Vv 4 Vv X X X X X X X
pyFAI V4 V4 V4 Vv X X X X X X X
IRENA v ox o x v oox v v Vv Vv v
ATSAS Vv X X v Vv X X v Vv X X
SASfit vV X X X X X X X v X
MCcSAS V4 X X X X X X X X Vv X

*Note: IP: images processing; HDF: HDFS5 file system; BP: batch processing; BS: background subtraction; Al: absolute intensity calibration.

PDDF: pair distance distribution function. PSDF: particle size distribution function. MF: model fitting.

With the steadily increasing application of SAS plat-
forms, involving synchrotron-based, neutron-based, and lab-
based ones, users are not limited to narrow choices of equip-
ments. For example, many users ordinarily travel between
different synchrotrons worldwide all year round for differ-
ent beamtimes, and build their own lab-based SAS instru-
ment in the meantime. This revolutionary condition brings
several noteworthy points. (i) Widely varying brands of de-
tectors used by different SAS platforms deliver many distinct
data types, which renders the previously developed SAS anal-
ysis software hard to accommodate all these data formats in
a single framework. (ii) Abundant SAS hardware resources
provide the users the opportunity to collect a large amount of
data, the sheer volume of which makes it a challenge to pro-
cess all the data in a fast and efficient way. (iii) The flux of
various light sources changes in an exponential way, which
makes a single color rendering scheme difficult to settle this
huge intensity scale in a single run. (iv) Data visualization
has been developing steadily, which makes the operational
interfaces designed by the previously built software less ef-
ficient to deliver important scientific points. All the above
points will be addressed by ScatterX, which is a highly inter-
active SAS data analysis program with flexible format com-
patibility. Functionally, the program can calculate the radius
of gyration, long period, fractal dimension and other related
physical quantities, one-dimensional electron density correla-
tion function, and distance distribution function for different
types of data sources, including synchrotron, neutron, and lab-
based sources. Moreover, all functions can realize automatic

or semi-automatic batch processing, which will greatly im-
prove the analysis efficiency of high flux scattering data. The
ScatterX software introduced in this paper is developed based
on the GUI application program in MATLAB R2022B (Math-
Works Inc., Natick, Ma, USA).50

2. Concepts
2.1. Reciprocal space

There is a reciprocal relationship between the distribution
of scatterers in real space and the space where x-ray scattering
occurs. P!l This reciprocal correlation can be expressed math-
ematically as ¢ =27 /d, where d and ¢ are the distances in real
space and reciprocal space, respectively.

Meridian

Tt < Equotorial

Fig. 1. Scattering diagram of an anisotropic sample.

In the experiment, the incident monochromatic light pen-
etrates the sample and projects the reciprocal spatial infor-
mation to the two-dimensional detector in the direction of
beam propagation. The two-dimensional grayscale image col-
lected by the detector can qualitatively and quantitatively de-
scribe the scatterer structure information. For example, differ-
ent scattering images appear in isotropic protein particles!?!
or ellipsoids with anisotropic regular arrangements.>3] As
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shown in Fig. 1, when the scatterer’s distribution is isotropic,
the two-dimensional scattering image is symmetrical around
the central spot of the beam. When the distribution of the
scatterer is anisotropic, the two-dimensional scattering image
takes on an asymmetric form along the meridian and equato-

rial directions.[4

2.2. Absolute intensity and data normalization

In small-angle scattering, the sample scattering intensity
measured by the detector is a relative intensity. The absolute
intensity is the ratio of the scattering intensity to the incident
intensity, also known as the differential scattering cross sec-
tion per unit volume. The user can obtain physical parameters
related to mass and density (such as molecular weight and vol-

1331 There are usually

ume fraction) through absolute intensity.
two methods for converting the relative intensity into abso-
lute intensity, namely, the attenuation method and the standard
sample method. The attenuation method is to physically atten-
uate the incident light intensity by absorbing foils (such as Ni
sheets, Si sheets, etc.) of different thicknesses or rotating disks
to reach a range that can be accurately measured, and then ex-
trapolate the incident intensity. When x-rays pass through a

substance, the attenuation law is
1
— = M, (1)
Iy

Specifically, a batch of Ni sheets with gradient thickness is
used to test the intensity / after attenuation by the Ni sheets at
a scattering angle of 0. At this point, there is

Inl =1Inly — ut. 2)

Plot the thickness ¢ of the Ni sheet using In/, and when
t is extrapolated to 0, the intercept is the zero-degree angle
incident intensity.

A
Ini,

Inl

slope=p

Y

t

Fig. 2. The thickness 7 of the Ni sheet with In/.

The standard sample method uses samples with known

differential scattering cross sections, such as water, 371 sil-

ica suspension,*%% gold sol, [ polyethylene, -9 glassy

carbon, ™! etc. as standard samples.[%! The scattering inten-
sity of the standard sample is tested under the same test con-
ditions as the experimental samples. The relative scattering
intensity of the investigated sample is converted into the abso-
lute intensity.

The following are the principles and steps of absolute in-
tensity calibration. The intensity value recorded by the detec-
tor in the small-angle scattering experiment follows the rela-
tionship

I(q) oz

where I(g) is the measured scattering intensity at the location
of g, g is the scattering vector, [ is the incident light flux, A is
the area illuminated on the sample, AQ2 is the solid angle cen-
tered on the specific scattering direction related to g, 1 is the
detector quantum efficiency, T is the sample transmittance, d
is the sample thickness, dX/dQ is the differential scattering
cross section per unit volume, and ¢ is the exposure time.

When measuring using the standard sample method, keep
the test conditions the same, that is, the spot irradiation
area, solid angle and detector quantum efficiency remain un-
changed. At this time, the following formula can be obtained,
in which the subscripts s and st represent the sample to be
tested and the standard sample, respectively:

L (q) _ L4 @
92z o 9Xy 47
I(J,sthtdst( 00 )Sltst I(),sTsds( %) )Sts

Hstdst(%)sttst Hsds(%)sfs '

The product of light intensity I (i.e., Iy and Iys) and trans-
mittance T (i.e., Ty and T;) is the light intensity after passing
through the sample, which is recorded as H (i.e., Hy and Hy)
using an ionization chamber or diode. In short, the calculation
formula for the absolute intensity of the investigated sample is

X
(82) 1 (g) (55 ) Hstdstst

20 Iy (Q) Hgdt 2

Therefore, it is necessary for the user to provide thickness and
ionization chamber counts for all samples in addition to scat-
tering images to obtain accurate absolute intensities.

2.3. Basic principle

2.3.1. Guinier law

In SAXS, the radius of gyration (Ry) is an important pa-
rameter used to evaluate the size of scattering objects. It repre-
sents the average size of the scattering object during the scat-
tering process. It can be calculated using the Guinier law,
which describes the exponential decrease in scattering inten-
sity as a function of the scattering vector at small angles

lim I = Iyexp _lquz (7
q—0 3 &)’

120101-3



Chin. Phys. B 33, 120101 (2024)

where I is the zero-angle intensity after the transmission of
the sample, g is the scattering vector, and R, is the radius
of gyration, which describes the overall size of the scatter-
ing unit. If the experimentally determined R, is larger than
the theoretical radius, it may indicate the presence of aggre-
gates in the solution, which are slightly larger than individual
large molecules.!®”] Additionally, changes in R, may also re-
sult from radiation damage, differences in sample buffer con-
ditions, and alterations in molecular conformation. 8! There-
fore, the evaluation of R, provides valuable insights into
the microstructure, intermolecular interactions, and conforma-
tional changes of the sample, making it of significant impor-
tance in the fields of materials science and biophysics.

Furthermore, the intercept in the fitting process in the re-
gion above represents the scattering intensity at zero angle.
When calibrated to the absolute intensity, it can also provide
information about the molecular weight of the scattering par-
ticles. This calibration can be performed using the following
equation:

NAI(O
y= 20 ®)

C ( e U)
where 1(0) is the scattering intensity at zero-angle, Ny repre-
sents Avogadro’s constant, ¢ represents the concentration of
the solution, v is the partial specific volume, and r. is the clas-

sical electron radius.

2.3.2. Debye law

Debye law includes a one-dimensional electron density
correlation function () that describes the structural infor-
mation between scatterers and a paired distance distribution
function P(r) that describes the shape information of scatterers
themselves. To describe a system with internal non-uniformity
and complex electron density distribution, a correlation func-
tion is introduced into SAXS, represented by y(r). This func-
tion is defined as

(min;),
GBI

where (), represents taking the average of the product of elec-

y(r) =

€))

tron density fluctuations for scatterers at two ends ry; apart.
(n?) is called the mean square electron density fluctuation.

For two-phase systems, *>7% the correlation function is
defined as

y(r) = (ApaApg)/Ap*. (10)

Here Aps and App represent the fluctuations of the average
electron density values of two points A and B with a distance
of r, respectively.

In SAXS, there is an opposing relationship between I(g)

and y(r). According to the statistical theory of scattering,”!!

1g) =1v(n?) [ v(rexpl=i(an)] av. (11)

For spherically symmetric systems,

I(q) = 4LV (n?) / 2y(r) sin(ar) 4, 02
P qr
And the intensity distribution can be transformed into a corre-
lation function’?!
) foool(‘I)quinq@dq 0
Yir)= =
Jo 1(9)q*dq

Correlation function y(r) reflects the correlation between the
electron density function between any two points in the sys-
tem with a distance of r, which determines the distribution of
scattering intensity.

Common models include two-phase systems and polymer
chains, with Debye—-Bueche and Ornstein—Zernike equations,
respectively. The Debye—Bueche equation is

¥(r) = exp (—;) . (14)

The Ornstein—Zernike equation is

¥(r) = %exp (—g) , (15)

where € is the relevant length and r is the distance between
two scattering circles.

The scattering intensity profile cannot reflect the structure
information intuitively, which usually requires the appropri-
ate transformation of SAXS profile. When the scatterer is a
monodisperse system, the scattering signal is only contributed
by the particle shape. At this time P(r) = r?¥(r). P(r) is the
pair distance distribution function. Its definition is the number
of straight lines with a length of r found in a particle com-
posed of any small scattering element j and any other scat-
tering element k. By determining the pair distance distribu-
tion function, we can learn more about the structure informa-
tion. This function reveals the information about the molec-
ular shape, which can explain the intensity distribution more
intuitively.!”3! Through Debye scattering formula,

1(q) = LV(n?) / 4P (r) Sinq(;”) dr. (16)

And the pair distance distribution function can be written as

1 oo
P(r)= ﬁ/o I(q)gqrsin(gr)dg. an

In addition, it is also very important in the construction of
real-space 3D models. The calculated pair distance distribu-
tion function can be used to reconstruct the three-dimensional
spatial structure of the scatterer. For example, the Dammif
method needs to be accurately determined to obtain a vir-
tual atomic model corresponding to the scattering profile.!”#]
The distance distribution function P(r) can measure the length
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and frequency of the carrier between atoms within protein
molecules, providing information about the shape of the scat-
tered particles.

For example, for spherical scatterers, the distance distri-
bution function is usually a symmetric Gaussian like distribu-
tion, with the maximum width representing its diameter. For
rod-shaped scatterers, they usually exhibit a linear distribution
on one side.

Fig. 3. The three-dimensional spatial structure of proteins.

\
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Fig. 4. Pair distance distribution function of sphere and cylinder.

Figure 4(a) presents the distance distribution function of
spheres ranging from 10 nm to 50 nm. Figure 4(b) presents
the distance distribution function of rod-shaped bodies rang-
ing from 40 nm to 100 nm.

2.3.3. Porod law

Guinier analysis can only be used at the low-g region
where gR, < 1. This restriction makes it only applicable
for quantifying large features. In order to characterize small
features such as interfacial and fractural details, Porod anal-
ysis was invented. The theorem mainly indicates the asymp-
totic behavior of scattering intensity varying with scattering
angle.'>! Porod’s law points out that for an ideal two-phase
system, the trend of the tail of the measured scattering curve
should follow the equation described in Table 2.1%1 Because
in the experiment, when the high ¢ region satisfies the “—4”
power law, the scatterer is a sphere, when the high g region
satisfies the “—2” power law, the scatterer is a disc, and when
the high g region satisfies the “—1” power law, the scatterer is
arod.

Table 2. The power-law distribution of strength curves of three
standard models with respect to g.

models F(q) @

Sphere Flq) = <3]1;¢r]r)2> -4

Disc F(q)= (;)z <1 - Jl(f]i]’f) -2
_2Si(gL)  4[sin(qL/2)

Rod  Fl=" /2= 0 !

For uniform samples, Porod’s law is usually applicable,
but for non-uniform samples with fractal structures, fractal
theory is more commonly used. Fractal refers to the phe-
nomenon of self-similarity on a series of length scales, and the
very simple power-law relationship between the size of a mea-
surable attribute and the scale used to measure the existence of
the attribute. The main research involves the theoretical prop-
erties of fractal objects and the search for real physical systems
with fractal behavior. If the aggregated particles form infinite
fractal structures, the formula might be written as

1(q) =VP(q)S(q),

where ¢ indicates the scattering vector and I(g) indicates the

(18)

scattering intensity.

D 1
(qr)D (1 41 )(%)

(48)°
x sin(D — 1) arctan(g& ),
1
V2 22y

(1 + Tq VF)
where V denotes the volume of primary particles, P(g) is the

Debye function in this case, and S(g) is derived from Teixeira.
Via further simplification, it can be found that the intensity and

S(g)=1+ r(D-1)

19)

P(q) = (20)

fractal dimension satisfy the following equations:

I(qg)=q 7, ey
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where « is directly related to the fractal dimension. When
3 < a < 4, the sample would be surface fractal, and the di-
mension Ds would be (6 — a). When 0 < o < 3, the sample
would be mass or pore fractal, and the dimension Dy, would
be a.

3. Software frame and function details
3.1. Software frame

The raw data obtained from scattering experiments usu-
ally include images in two-dimensional matrix format and
associated experimental conditions, including incident light
wavelength, distance from sample to detector, detector pixel
size, incident light intensity, etc. These data should be prop-
erly handled before we can obtain accurate data analysis.
The main page of ScatterX is simple and easy to understand
(Fig. 5).

T8 HSE  Gunen | Dabye T

e

PorostEEe

PorodpIE

v 0
Xais  pivels

N WoeE
X oEsED [mrE  [WrkE  motsE [amon  |[MREm  |[mxem [k

R
SR
vahs [ o)) o] 1020

|G BEUER a1 HEM: MEC EE: Mom 500 Eom R |

Fig. 5. The graphical user interface of ScatterX is divided into three mod-
ules: (pre-)processing, data analysis/ interpretation and results visualization.

Table 3. Software architecture.

Process Analysis Visualization

data loading particle size . L

. image visualization
auto beamcenter correlation length
sector integration surface and interface N
o . curve visualization
normalization shape analysis

absolute intensity  integrate invariant  graphics user interface

The processing module has the unique advantage of fast
preprocessing speed, strong universality, and flexible format
of data storage; the analysis module includes the calculation
of many complex structural parameters, such as Guinier, De-
bye, and Porod. For visualization, the software supports the
display of most standard line charts and scatter charts, and al-
lows users to customize drawing elements, including the color
of lines, axes, titles, etc., the operation of axes, and the change
or addition of axis titles.

3.2. Function details

In x-ray scattering experiments, it is necessary to use mul-
tiple devices to store high-throughput two-dimensional scat-
tering image data in real time. To meet this requirement, this

work utilizes the high-performance HDFS5 file system. HDF5
is a file format used for storing and managing large scientific
datasets, also known as a distributed file system. This system
allows data to be stored across multiple physical nodes in a
single file. This facilitates the storage of the large amount of
data generated in x-ray scattering experiments, including pa-
rameters such as slit aperture size, photon energy, beam size,
beam divergence, ion chamber counts, vacuum level, sample-
to-detector distance, photodiode counts, sample orientation,
two-dimensional scattering images, and shutter frequency in-
formation. The HDFS distributed file system enables users to
perform read and write operations simultaneously. Therefore,
even when dealing with high-throughput two-dimensional im-
ages, it is not necessary to fully load the image data into mem-
ory. This capability is crucial for real-time processing of high-
throughput two-dimensional scattering image data.

3.2.1. Process

(i) Data loading With the development of synchrotron
facilities, neutron sources and the widespread application of
commercial light sources, including x-ray scattering equip-
ment and laser-based versions, are becoming increasingly pop-
ular in academia and industry. This prosperity has brought
two challenges to scattering data analysis — an unprecedently
large amount of raw data and a wide variety of data formats.
For instance, time-resolved small-angle scattering and x-ray
photon correlation spectroscopy (XPCS) techniques require
extremely fast image acquisition speeds, as users will need to
process large quantities of two-dimensional scattering images
within a short time frame. Modern scattering measurements
typically use semiconductor-based 2D array detectors, and the
collected data are usually stored in grayscale image format, of
which the data formats are vastly different. Table 4 delineates
some popular data formats. The above-mentioned scenario
requires users to frequently change analysis software, which
sharpens the learning curve or even confuses novice users. To
address these issues, ScatterX has established a versatile data-
loading module that can load various formats of 1D diffraction
pattern spectra and 2D diffraction images with unparalleled
efficiency. Table 4 summarizes the data types applicable to
ScatterX.

Table 4. Supported files.

File types Formats

ASCII file TXT, DAT. CHI, XLS, OBJ, CSV...
Image file TIF/TIFF, EDF, MAT, PNG, WMF...
HDFS5 file H5

Supported files

For 1D diffraction patterns, the most commonly used 1D
data type is the “X,Y” pair, where X represents the coordi-
nates in the reciprocal space (scattering vector g or scattering
angle 2), and Y represents the scattering or diffraction inten-
sity. Although it is easy to understand for humans, this type of
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X-Y pair data is redundant for computers. To this, the wave-
form format gains increasing popularity, especially for large

t.[46] The waveform type is more suitable for

data throughpu
high-throughput data acquisition systems than the “X,Y” pair
type, because the waveform only records the values recorded
by the detector, and the relevant X values are calculated based
on the configurations of different devices, which only need
to be read once. For example, Igor Pro is a powerful soft-
ware program used for scientific data analysis and visualiza-
tion, where a large amount of 1D data loaded will be imported
and stacked into a 2D matrix. ScatterX can automatically rec-
ognize conventional X-Y pair data and waveform data, which
largely enhances the universality.

For 2D scattering images, ScatterX can directly use the
integrated image loading subroutine in MATLAB to efficiently
load 2D raw images stored in the most popular formats. As
shown in Table 4, the supported formats include but are not
limited to TIF, EDF, PNG, etc. Considering that many detector
manufacturers develop their own private image formats, Scat-
terX also includes a separately built image loading program to
meet the requirements of different commercial detectors, such
as edf, dm3, mccd, mar3450, and so on.

(ii) Auto beamcenter One advantage of the scattering
method compared to imaging is the high flexibility of vary-
ing equipment setups and minimum sample preparations. This
high level of flexibility necessarily brings up the scenario that
the setup changes almost every experiment and calibration
has to be done before every single experiment. With scat-
tering geometry calibration, several key geometrical param-
eters shall be determined. The foremost parameter is the cen-
ter. Traditionally, beam centering is achieved by testing sam-
ples with multiple diffraction peaks to fit the center of the cir-
cle coordinates.*3! This method includes manual selection of
diffraction peaks, integration, and iterative averaging, which
increases the time cost. ScatterX determines the center of
the beam by directly analyzing the circularity of the reference
material scattering through equal-intensity lines. After beam
centering, the sample-to-detector distance shall be determined.
Lastly, the pixel locations can be converted into g space or 6
space. So, in this step, it is required to select data from nonori-
ented samples, such as air background, to determine the cen-
tral position of the spot. Since the scattering signal of such
samples is circumferentially symmetric, it can be determined
that all the isointensity lines in the image are a series of con-
centric circles. Several isolines are selected and fitted with a
circular equation, and the central coordinates can be obtained
by averaging them. The center coordinates are displayed as
red dots on the image. It is worth noting that the experimen-
tal process should ensure that all samples are tested under the
same conditions. In this step, it is necessary to import ex-
perimental condition parameters, such as wavelength, detector

pixel information, sample-to-detector distance, and other in-
formation. After confirming these conditions, the pixel unit
of the two-dimensional image can be corrected to the g-space
unit, as shown in Fig. 5(a).

(iii) Sector integration Then, ScatterX allows the user to
independently select the range of integral angles. The software
will cycle the data from the center of the spot to the edge of
the image in 1° steps for each angle within the range of angles.
At the end of the cycle, a two-dimensional matrix T with scat-
tering vector and angle as independent variables and intensity
as dependent variables can be obtained. T = T(q,¢), as can
be seen in Fig. 6(b). The averaged intensity scattering vector
curve will be obtained by averaging the matrix 7 along the
scattering vector direction.

4msin[(1/2)arctan (R/L)]
q= 2 .
Batch processing is highly efficient in ScatterX. Thanks to the

(22)

intrinsic support of matrix operation, the functionalities of dis-
play, processing, and storage are based on a matrix with var-
ious dimensions. To demonstrate its outstanding efficiency,
a dataset consisting of 10000 two-dimensional scattering raw
images was prepared as a testing model and tested on a server
with 96 CPU cores. Three major scientific data analysis plat-
forms, which include Python, Nika, and ScatterX, were com-
pared in terms of data loading speed. Note that Python was
chosen owing to its popularity in academia, while Nika was
chosen due to that it is a well-fledged small-angle scattering
data analysis packaged based on Igor Pro, which is widely
used in synchrotron and neutron scattering facilities.*®) From
Table 5, it is clear that ScatterX exhibits the fastest speed.
(b) —120
—110

—100

—-90

phi (%)

—80

—-70

0 1
g, (nm™1)

0.51.01.52.02.53.03.54.0
g (nm™')

Fig. 6. Two-dimensional image (g-space). (a) The experimental data of small
angle scattering, which comes from the Beijing Synchrotron Radiation Light
Source Small Angle Scattering Line Station. (b) A correction to (a).

Table 5. Comparison of processing high throughput data loading speed.

Software Time (@10000 images)
Nika (Igor Pro) 2.2h
PyFai (Python) 23s
ScatterX (MATLAB) 2s

(iv) Normalization There are two commonly used meth-
ods for background scattering subtraction: the first method is
to subtract the background scattering of two-dimensional im-
ages firsthand, followed by carrying out one-dimensional data
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reduction. The second method is to reverse the order of the
above two steps. In practice, the second method is widely used
because of the greatly reduced operation time and improved
accuracy.

I(q)s I(q){)g (23)

- dsKs - dbgKbg’

L (q)

where K is the sum of the total counts of the ionization cham-

ber during the exposure time. After the scattering image is
converted into a one-dimensional curve, background subtrac-
tion and correction are still needed (Fig. 7). Users need to
input the counting of the photomultiplier tube for each sample
one by one or use the HDFS5 file which contains all images and
counting information.

(a) Raw images

(b) Images after background subtraction

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0

Fig. 7. (a) The original scattering images obtained from the detector.
(b) Scattered images after normalization and background subtraction.

Table 6. Comparison of two methods.

Methods The first method The second method
1 background subtraction for one-dimensional integral.
Steps 2D images.
2 one-dimensional scattering background subtraction for
integral. one-dimensional curves.
Advantage the processed graphs and low memory usage and fast

curves can be used for data
comparison.

processing speed.

(v) Absolute intensity In the experiment, the detector
measures the relative scattering intensity of the sample. If
it is necessary to obtain parameters related to mass density,
such as molecular weight, volume fraction (e.g., porosity of
porous materials), and electron density difference, absolute in-
tensity must be used. This software allows users to use sam-
ples with known differential scattering cross sections (such as
water, glass carbon, etc.) as standard samples to convert the
relative scattering intensity of samples into absolute intensity.
The quantity combination related to the standard sample in the
above formula is called the calibration factor CF, namely,
dq (%) (q)
CF=—>—~—20—% (24)

dst I (q )

where K is ionization chamber count, (dX/9Q)(q) is the ab-
solute intensity of the sample and d is the thickness of the
sample. After CF is calculated, the intensity of all samples in
the same batch will be converted to the absolute scale.
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Fig. 8. The one-dimensional scattering curve after integration.

3.2.2. Analysis

(i) Particle size Particle sizing is one of the most fre-
quently used characterization tools for structural investiga-
tion. ScatterX allows the calculation of the radius of gyra-
tion through Guinier’s law. The radius of gyration is defined
mathematically as the second moment of the electron density
distribution of half the second moment of the distance distribu-
tion function, which physically describes the electron density
weighted squared distance of scatters from the center of the
object. Equation (9) is the general definition of the radius of
gyration, by which a model-free quantification of particle size
can be achieved.

ScatterX allows us to calculate the radius of gyration
through Guinier’s law, and can also extend the low g region
to g = 0. If the sample is a monodisperse system, it can be
found that there is a linear region in the low g region by con-
verting the coordinate system to In(I(q)) ~ ¢*. At this time,
the slope a can be obtained by fitting the linear region, and the
radius of gyration is root (—3a).

: _ 1 2 2
lim Inl(q) = <—3Rg) 7. (25)

When the measurement system is polydisperse, we usually
need to solve a class of ill-conditioned equations, namely, the
Fredholm integral equation. For this, we use the singular value
decomposition (SVD) method to reduce the dimension.
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Fig. 9. The radius of gyration by Guinier law.

For the scattering intensity of polydisperse systems, there

is a relationship

1= [ DOIF(g.r)ar (26)
where I(g) is the scattering intensity changed with scattering
vector g, D(r) is the particle size distribution function of the
scatterer,””l and F (g, r) is the shape factor of the scatterer. To
solve the attenuation linewidth function D(r), equations (3)
and (4) are discretized into

N
1(gj) = Y. D(ri)F(ri,q;), 27)
(28)

where j refers to the sampling channel sequence of intensity,
and i refers to the number of sample particle size fractions.
Equation (5) can be abbreviated in matrix form

AD = B, (29)

where D; = D(r;), Bj = 1(g;). As the elements of matrix A,
ag, jy = F(ri,q;). The particle size distribution can be ob-
tained by solving Eq. (6). However, the problem of particle
size distribution inversion needs to solve the ill-posed equa-
tions, which can be solved by the least square method

@ =min(| AD—B ||)3. (30)

Assume A € R A (m x n), according to the singular value de-
composition theory, the matrix A is decomposed to obtain
Ilor_ vy T
A=U 0 Vv ZZMiGiV,', (€20
=1
where, U = (uj,up,...,up), V = (vi,v2,...,vn); X =
diag(o1,02,...,0,); 01 > 0 > --- > O, is a singular value,
so the theoretical least squares solution is
T

" u; B

DLS:Z

i=1 Vi

Vi. (32)

Through the expression above, it would be easy to calculate
the particle size distribution of scatterers. Through the multi-
page SVD decomposition tool provided by MATLAB 2022B,
it is easier to quickly obtain the particle size distribution func-
tion.

(ii) Correlation distance In SAXS, related functions y(r)
usually would be used for statistical analysis. It is the Fourier
transform of scattering intensity /(g), which can analyze the
layered morphology to obtain the structural parameters of the

sample.

B 1 ® , , .singr
=y PO E = TR

B 2n(Ap qr

where (Ap)? is the mean square value of electron density dif-
ference; and V is the volume of the x-ray irradiated sample.
The correlation function describes the correlation of the elec-
tron density and the distance r between any two points in the
system and determines the distribution of scattering intensity,

1 /°° 2 singr;
= — I d .
21(Ap)*V Jo 710) qri 1

From Fig. 10, the following structural parameters are

¥(ri) (34)

extracted. L, represents a long period, L. represents av-
erage hard block thickness, D represents the average core
thickness, Dy represents the average interface thickness,
Ithin/Imax represents polydispersity and L /Lp represents lo-
cal crystallinity.[78]
0.9
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0.7H
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V(R) ([Rel. volume fraction])

0.1

0

0 5 10 15 20 235 30 35 40 45 50
R (nm)

Fig. 10. Particle size distribution by SVD method.

(iii) Surface and interface The whole SAS curves can be
subdivided into the Guinier region and Porod region, where the
former characterizes the structure factor and form factor and
the latter characterizes the surface and interfacial structures.
Based on Porod’s theory, when two media are separated by a
sharp interface, the scattered intensity follows an asymptotic
law in the high ¢ region: I(¢) = Aq~*+ B. The deviation of
the exponent from —4 indicates the non-sharp interface. The
SAXS intensity of fractal objects has a simple power law form

I(q) =lq *, (35)
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where I and « are both constants. The power-law exponent
o can be determined from the slope of the linear part of
the Inf(g) ~ Ing graph. From these values, the mass (Dp,),
pore (Dp) and surface (Ds) fractal dimensions can be calcu-
lated. For volume (mass or pore) fractals: & = Dy, or Dp, and
1 < a < 3, and for surface fractals: &« =6 —Ds, and 3 < o < 4.

Iy
I* R =Dy,
Y at start of linear section
1.0

\
R=D,
at end of linear section

R
(Real space coord)

\
_____ NS -

—I,

min \

Fig. 11. Extraction of ideal lamellar parameters from the one-dimensional
correlation function.

Fig. 12. Calculation of fractal dimension.

(iv) Shape analysis The pair distance distribution func-
tion (PDDF) p(r) is the distribution of the distance taken be-
tween any two points within the scattering particle. The PDDF
is a function of the size and shape of the particle and relates
to the scattering curve by the Fourier transform. ScatterX al-
lows users to calculate the pair distance distribution function
as generally defined in the small-angle scattering theory.

By integrating g-space for each r;, a series of p values will
be obtained and there is no doubt that the results are discrete.

p(r)= 1

=5 (36)

/0 1(q)grisin(gr;)dgq.
It is worth noting that the range of ¢ will affect the result of
the integration. At this point, we can try to extend the inten-
sity curve according to Guinier’s law and Porod’s law.

(v) Integrate invariant In small angle scattering
(SAXS), invariant Q is commonly used to help characterize
the volume fraction and specific inner surface of two-phase
systems, which is the integral over the entire space of the scat-

tering curve after a coordinate transformation under the condi-
tion of absolute intensity as shown below:

[ 2
0= [ 1o @7

where Q is the second moment of the SAXS scattering curve
from angle O to infinity, where the scatterings at angle 0 and
infinity are derived via extrapolations. For further details,
the Guinier extrapolation is used toward angle = 0, and the
Porod extrapolation is used toward infinity. This procedure is
supported by well-established scattering theories (Glatter and

Kratky, 1982; Porod, 1982).
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Fig. 13. Calculation of distance distribution function.

3.2.3. Visualization

As data visualization is a key part of the function of Scat-
terX, the drawing system is an important part of its architec-
ture. When data needs to be displayed, it can be used in the
entire software package to provide users with a consistent ex-
perience.

(i) Scattering image visualization ScatterX uses MAT-
LAB’s rendering algorithm to provide adjustment capabilities
for graphic display. When displaying 2D images, not only can
you change the color map, such as jet, paula, gray, etc., but
you can also adjust the contrast to enhance the user’s draw-
ing. When performing fan-shaped integration, the software
will also give a matrix to analyze the individual integration
area and display it in the form of a grayscale image, which is
beneficial to the analysis of the orientation data. In addition,
the scattering image on the detector is presented as the recip-
rocal space of the sample, and the corresponding relationship
will also be reflected in the coordinates, which is convenient
for users to directly compare the peak position difference on
the image and obtain more information, which is difficult in a
one-dimensional curve owned.
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Fig. 15. Different color charts.

(ii) Scatter curve visualization In scattering experi-
ments, a series of one-dimensional line graphs are obtained af-
ter image processing. The default MATLAB plots do not ren-
der well in papers or slides. As usual, ScatterX allows users to
customize the thickness and color of the wireframe, data con-
nection method, thickness and color. The software also allows
direct printing of drawings, or conversion to PostScript (ps or
eps), various bitmap graphics formats, or various other formats
(e.g., Windows Metafile, WMF) for cross-platform exchange.
The software GUI provides a convenient interface to these out-
put options.

(iii) Graphics user interface At the top of the user in-
terface, users can switch between different functional modules
by clicking on different tabs, such as fractal dimension calcu-

lation, Guinier calculation, one-dimensional electron density
correlation function, particle size distribution, etc.

10°
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102t
107! 10°
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Fig. 16. Double logarithmic display.

120101-11



Chin. Phys. B 33, 120101 (2024)

Water plot of multiple data sets

I (arb. units)

10° —20 szy(.’x

q (nm‘l)

Fig. 17. Waterfall chart display curve.
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Fig. 18. Tabs in the user interface.

Under each tab, users can select one or multiple files for
processing. In addition, the interface provides parameter ad-
justment modules and chart display modules to help users op-
timize calculation results based on the actual type of samples.

4. Conclusion

The software described in this paper has been developed
for fast and batch data reduction and data analysis of a variety
of scattering experiments. Our goal is to develop an efficient
scattering image processing and data analysis tool that can be
easily adapted to any scattering laboratory. The software is
currently written in the commercially available MATLAB lan-
guage and runs on Windows, Linux, and MacOS platforms.
Processed data can be saved in formats compatible with pop-
ular software packages. Users and developers are encouraged
to extend the program to meet their specific needs. The Scat-
terX program will continue to develop a Python version in the
future to allow users to analyze data with fewer barriers and
get started quickly in scattering applications.

Program availability

The source code is openly available in Science Data Bank
at https://doi.org/10.57760/sciencedb.11355
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