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Abstract: X-ray Free Electron Laser (XFEL) plays a critical role in diagnosing dynamic ¢ompression processes in
micro- and meso-scale materials. To deepen our understanding of XFEL physics and\optimize facility design, a
preliminary XFEL experimental simulation platform was developed based on the High-Performance Computing
(HPC) Simulation Workflow Application Platform (HSWAP). HSWAP provides, workflow, component, and data
linkage models for XFEL experiments, enabling flexible simulation of (diverse“\processes through modular
configurations. This platform was employed to investigate X-ray diffraction (XRD)\of microscale materials and phase
contrast imaging (PCI) of meso-scale explosive samples. Simulation results for XRD of a metallic sample under shock
loading and PCI of voids in explosive materials demonstrate the-platform's ability to accurately reproduce
experimental dynamics. By integrating numerical models with data analysis, the platform enhances the design of
XFEL experiments and provides a foundation for interpreting’diagnostic capabilities in ultrafast processes. Future
work will focus on refining simulation methods for meso-seale samples using phase-field approaches and high-Z

materials under shock conditions.
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X-ray Free Electron Laser (XEEL) is a high-brightness, ultra-short-pulse x-ray source that has
emerged as a transformative’toel for studying ultrafast dynamics in micro- and meso-scale materials. XFEL
facilities have been established worldwide in the 21st century, including the leading facilities LCLS,
SACLA, EuXFEL;/and\ PAL-FELI. The European X-ray Free-Electron Laser (EuXFEL) currently
delivers the most intense XFEL pulses, with >10'2 photons per pulse and a repetition rate of up to 4.5 MHz.
The continuous>wave (CW) XFEL model is a growing trend, exemplified by LCLS-II and SXFEL, which
operate at frequenocies exceeding 1 MHz. XFELs enable the diagnosis of dynamic compression processes in
complex materials due to their femtosecond temporal resolution, bridging the gap between microscopic and
macroscopic scales. However, the diagnostic capabilities of XFEL for meso-scale systems remain
underexplored, particularly in scenarios involving high-velocity shock loading and phase transitions. To
address this, simulation platforms such as SIMEX (for experiments at Advanced Laser Light Source)!!and
Cinema:Bandit (for XFEL shock physics experiments) have been developed!'!l.
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To address these challenges, this study presents a preliminary XFEL experimental simulation platform
based on the HPC Simulation Workflow Application Platform (HSWAP). HSWAP provides a modular
framework for integrating numerical models, data processing, and workflow management, enabling the
simulation of complex experimental processes in XFEL systems. The platform is designed to facilitate the
design of XFEL experiments, optimize facility configurations, and interpret diagnostic signals from meso-
scale materials.

This work demonstrates the platform's application in two key areas: (1) X-ray diffraction (XRD)
simulations for micro-scale metallic samples under shock loading, and (2) phase contrast imaging (PCI) for
meso-scale explosive materials. The results validate the platform's ability to reproduce experimental
dynamics and provide insights into the diagnostic capabilities of XFEL. By integrating numerical models
and data analysis, the platform offers a systematic approach to advancing XFEL experimental design and
understanding the physics of ultrafast processes. Future work will focus on refining’simulation methods for
meso-scale samples using phase-field approaches and high-Z materials under shock’conditions.

1 Simulation Platform

The basic structure of the platform consists of functional modules fondifferent experimental processes,
including source generation, X-ray transportation in beamlines, sample eyolution, X-ray diagnosing, X-ray
detection, and data analysis (Fig.1). For experiments, the physical procCesses are sequential, so modules are
arranged in a sequential manner (Fig.1). All modules are conhected via scientific workflows based on the
HSWAP engine.

Sample X-ray Signal Data
envolution | diagnoze "I dectection | analysis

Fig.1 Structure of simulation platform for XFEL experiment
1.1 developed simulation code
1.1.1 Atom-XRD
We developed X-ray diffraction diagnostic simulation program Atom-informed X-ray diffraction
(Atom-XRD). In XRD simulation, the elastic scattering of each particle is calculated to obtain the scattered

light field F,(q) ['21.

N
F(Q)=ED [, expmiq ;) .cccccovvvvrreure. (1)
j=1

Where q is the'photon momentum transfer, f; is the structure factor of the particle, r; is the spatial

coordinate of the atom, N is the total number of atoms in the sample, and E is the incident light field.
In the quantitative process of XRD, two factors are considered.

First, the structure factor f,. The xraylib functions "float FF_Rayl", "float Fi’, and "float Fii" are

introduced to calculate the scattering length of atoms and convert them into corresponding structure factors
[13].

Second, the intensity of the light source. When calculating the superposition of the light field, the
differences in light intensity of atoms in different regions are considered. That is, equation (3) is improved
to



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

F(q)= ﬁ:fl exp(2niq -r,)E(r;) (2)

=1
Where E(r;) is the light field at the position of the atom, directly related to the source.

1.1.2 MPCI

We developed diagnostic simulation program Meso-scale Phase Contrast Imaging (MPCI) for phase-
contrast imaging experiments of meso-scale samples. The program primarily clarifies the relationship
between object and image through formulas and the intensity relationship for quantitative calculations. The
Fresnel approximation for the propagation of the electromagnetic field is given by

W(x, y,z)——exp(zkz)”‘l’(x ', 0)exp[ [(x x) +(y-y")> ])dx dy' (3)

Where ¥(x',»',0),¥(x,y,z) is the electromagnetic field at sample plane and detcetor plane , A4 is the

wavelength of the electromagnetic field, £ =27/ A. Then consider the clectromagnetic field transmitted

through the sample from a point source at a distance of p., we have

. 12 12

Im(x "+

A +yT) )j (4)
Apc

Y(x',y.,0)=T(x",y",0)exp(ik p %) GXP[

Where T(x',y",0) is transmitted factor of the sample.Substituting Equ.(4) into the Equ.(3), we obtained

if(x® + y* )M - 1)}

i .
Y(x,y,z)= = exp [zk(z + 00 )]exp( PY;

(5)
”T(x,y O)exp[ [(x/M XY +(y/ M-y ])dx'dy'
where . M =1+z/ p,. . The equation (§) istransformed into a convolution form, resulting in
i , in(x> + y*)(M 1)
Y(x/v{z)=—exp|ik(z+ ex
(i ="—exp[ik(z +p.)] p[ Py
.................. (6)
F{ [T(x'y", 0)]F{exp( [+ ]ﬂ}
Using the Hénkel transform relationship, we obtained
1 ) in(x> + y*) (M 1)
Y(x,y,z)=——explik(z+ ex
(o= pepliktzo0)] p( IM o D

xF~' {exp(~indzg "/ M)F[T(x",y",0)]}

1.2 Scientific Workflow

The entire simulation of XFEL experiments involves multiple disciplines and requires a series of
related software for collaborative computation. Therefore, these software tools should be integrated to form
an integrated application. Scientific workflow technology provides a solution to this problem.

Scientific Workflow (SWF) originated from traditional workflow technology (e.g., Business
Workflow, BWF), but unlike business workflows, scientific workflows are data-oriented and feature data

3
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integration, computing integration, and analysis integration. With the development of virtualization

platforms and e-Science, scientific workflow technology provides a technical route for co-simulation,
offering supporting technology for complex scientific computing processes and automatic operation.

The basic scientific workflow for XFEL simulation connects data, including X-ray wave field data at
the end of undulators, X-ray wave field data at the entrance of the station, sample data for X-ray diagnose
module as X-ray source, X-ray information after interaction with the sample as input data from X-ray
diagnose module to signal detection module, detected signals, and analyzed data sequentially.

1.3 HSWAP engine

For the integrated application of "modeling, computing, analysis, and optimization" in HPC, the
HSWAP (Fig.2) engine supports numerical simulation software packaging and workflow design. It
constructs a component model based on common operational characteristics of numerical simulations,

expresses control and data dependencies via workflows, and establishes a form erical simulation

workflow modell'*]. The engine adapts to diverse HPC resources, enabling aut cheduling and

shielding domain users from HPC details. Currently, the engine is deployed i uting centers and

supports applications in materials, optics, and mechanics.
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1.3.1 Workflow

As show WAP uses a directed graph G(A, D) to abstract the process of solving complex
simulation p ng a series of software as numerical simulation workflow.

A is the's tion activity (Activity), which represents a computation task based on numerical

simulation software. An activity includes input ports and output ports, which represent the input and output
of the simulation activity. The simulation activity is described by the component model, and its ports are
inherited from the input and output ports of the component model.

D is Dependency, including data dependency and control dependency. Data dependency is represented
by the matching relationship between data ports (dotted line), which is specifically described by the data
link model. The control dependency function C (A1, A2) is defined on control dependency edge (solid line).
The function calculates the activation state of the control dependent edge by the simulated activity
attributes at both ends of the edge during the execution stage.
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Only when the control dependent edge is in active state, the data link process represented by the data

dependent edge will be executed during the execution stage, thereby flexibly supporting the expression of
control logic such as conditional branches and loops in the numerical simulation process.
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Fig.3 Workflow model in HSWAP %
1.3.2 Component model

The component model (as shown in Fig 4) in HSWAP is used to

execution process of
simulation activities with numerical simulation software as the main encapsulate numerical
simulation application software, programs and tools to form functio omponents. Under the conditions

of inputs and outputs being compatible, components can be arbitraril ded in the workflow process.
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\ Fig.4 Component model in HSWAP

1.3.3 Data el
The data’li odel in HSWAP (Fig. 5) is designed for automatic data transfer between simulation

activities, and realizes the automatic loose coupling process based on files. The data link model can be
represented by a triple (D, O, L) that describes the transformation and transfer of data from the output of
one simulation activity to the input of another.

D (Data) is the metadata of the numerical simulation data file, which is represented by (A _id, Path,
Port) triplet, representing the activity number, file storage path and data port of the data file respectively.
The data port is used to divide by format feature identifiers the multiple input and output files of simulation
activities into multiple file sets. The data port is described by (ID, Format, Files), which respectively
represent port ID, format description and corresponding file name.
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O (Operator) represents the operations for data transmission, including format conversion, data

migration, etc.
L (DataLink), indicating the source and destination of data transmission, represented with (S id,

SP id, T id, TP_id), respectively indicating the source activity ID, source output port ID, destination
activity ID and destination input port ID.

®

’ D: (AL, Path1, Port_01) ‘

Input: Output files of activity A

1 Output: Input files of successors of A

1) For each output file of A, extract the file meta-data Di
2) Match the meta-data with data-link and get the tuple

’ (Port_O1, Formatd, File1) ‘

=, [

@ : (D;, Li)
. ’ L: (A1, Port_O1, A2, Port_12) 3) Do the conversion based on file formats from source
T ™~ and destination data ports of Li:
’ (Port_I2, Format2, File2) [; — Dci = CONV(Di, Formatoutput, Formatinput) ,
) and get the new tuple (Dc, Li)
/ 4) Extract resource information from sourégland

’ D: (A2, Path2, Port_I2) destination activities of Li, and do thg@’transfeg:
/] TRANSFER(Dc, Resourceoutput, Resqlircéingut)

@ L0

’ O: File2 = TRANSFER(CONV(File1, Formatl, Format2), Path1l, Path2)

Fig.5 Data link model and execution process of data linkin HSWAP

1.4 Integrated

The experimental simulation programs used by the XFEL{experimental simulation platform is shown
in Table 1. Based on the HSWAP engine, the simulation codg/are/chdanged to modules, which is like a kind
of Programming building block(small squares shown’ i’ kig.6). So the developed XFEL experimental
simulation platform gains the ability to flexibly integraté/and combine the business in XFEL simulation and
form a scientific workflow, forming a preliminary wholg-process simulation capability. The simulation
programs are integrated as functional componentsy(mhedules) of the platform and can be combined to form

different simulation workflows(Fig.6).

Table 1 Experimental modules for simulation platform

Physical process Modules
X-fay diaghosis
Atom-XRD
MPCI
Data analysis
XRD-index

Phase-retrieve
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Fig.6 The interface of an XFEL experiment simulation process based on/HSWAP ‘engine

2 Application

2.1 Mesoscopic sample thickness for XFEL diagnosis

X-ray intensity attenuation caused by samplésiconstitutes a critical factor in X-ray
diagnostic imaging quality. The XFEL facility boosts\single-pulse X-ray photon counts by
several orders of magnitude, enabling effectivedmaging.with merely 1% intensity attenuation.
Through Beer-Lambert law calculations, we deterfined material-specific thickness thresholds
for 1% attenuation at different energy levels\(Fig. 7). When a 1 mm thickness induces X-ray
intensity to 1%, the requisite X-ray photon/energies for sample characterization are 5.67 keV
for HXM explorer, 11.54 keV for aluminum, 33.23 keV for iron, and 128.4 keV for tungsten.
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Fig.7 X-ray photon energy versus material thickness curve at 1% attenuation

2.2 XRD Simulation for Micro-Scale Samples

We simulated the dynamic process of a polycrystal iron sample under shock loading with an initial
particle velocity of 1.0 km/s along Z-axis. Phase evolution (Fig.8) shows BCC (blue) and HCP (red) phases,
with HCP zones expanding with increasing shock times. The XRD pattern was worked out with self-
developed codes Atom-XRD of 20 keV XFEL source(Fig.9).The initial XRD peak points (red solid points
in Fig.9(a)) faded away gradually with the processes of shock compression. Meanwhile, the width of
diffraction line is expanded and some new diffraction peak points with large diffraction angle appeared,
which is related to the new phase HCP. This phenomenon is consistent to the molecular dynamic
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simulation (Fig.8). This phenomenon is similar to the lattice dynamics experiment under shock-

compression at LCLS in the ref[15].

(c) 40 fs (d) 60 fs

Fig.8 The phase evolution of the Fe sample via times with the initial\elocity 1.0 km/s of particles

(a)0fs (b) 20fs (c) 40 fs (d) 60 fs

Fig.9 The varied XRD pattern of compressed sample via times

2.3 PCI Simulation for Meso-Scale Samples

The phase contrast imaging_to diagniese multiple holes’ collapsing processes in explosive under shock
loading. The initial sample is size ofd.5"'mm*1.5 mm*1.5 mm. Three holes of 300 um diameter is set in the
sample(Fig.10 a). The initial velocity \of shock wave was set as 600 m/s and the direction is from left to
right. The peridynamic code PI€C was used to simulate the dynamic collapsing processes for the holes.
From the simulation,“we\ found that the shock wave began to compress the above hole at about 0.2
us(Fig.10 b), all thrée holes are compressed at 0.5 us(Fig.10 c) but the damage of collapse is different, and

more interactiofytime, more damage zone.
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(a)t=0u's (b) =021 (c) =0.540's
Fig.10 The simulated results of collapsed voids via times (the width of the sample in figureJs/only about 0.43 mm of the
interested zone)

The layout of the PCI system is distance from source to sample 0.7 m, distance from sample to
detector 4.9 m. The magnification is 8. The phase contrast=images of the collapsed holes were
obtained(Fig.11). For explosive is consist of lower Z atoms, the, xrayenergy is used as 8.456 keV. In Figl1,
the intensive signal zone is becomes smaller consistent’to,dynamic process, and the edge of the holes were
enhanced in a closed line outside of the holes.
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Fig.11 The simulated PCI images of collapsed voids via time

3 Conclusion and discussion

The preliminary XFEL experimental simulation platform, built on the HSWAP engine and scientific
workflows, provides capabilities for simulating sample dynamics and diagnosing XFEL x-ray processes.
This platform has demonstrated the feasibility of X-ray diffraction (XRD) simulations for micro-scale

samples and phase contrast imaging (PCI) for meso-scale explosive materials, supporting XFEL

9
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experiment design and guiding facility development. Future work will focus on integrating phase-field
methods for meso-scale XRD simulations and advanced PCI techniques for high-Z materials under shock
conditions.
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