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Outline 

 The Mamba project 

 Addressing big data challenge using AI/ML 

 Collaborative efforts for intelligent light source 

 



 Develop Control and acquisition software from scratch,  no legacy issue 

 Founded in 2020, HEPS-SE team are aiming to develop a systematic software solution in 

control and data acquisition for Phase I beamlines in HEPS 

Beamline 
Control 
Systems 

(hardware 
and software) 

Experimental 
control  

and 
 data 

acquisition 
software  

IT service 
Computing 

Data 
Management 

Data Analysis 

HEPS-CC HEPS-SE HEPS-BC 

 Three dedicated HEPS teams for addressing the challenges in control, scientific software and 
computing   

HEPS needs a systematic software solution   
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The Mamba Project 



Drastic increase in data and experiment complexity 

 X-ray flux orders of magnitude brighter, 

 Detectors are orders of magnitude larger and faster, 

single beamline generate up to Pb /run, 

 In situ and dynamic experiments require real-time 

feedback and autonomous control,  

 Data and software infrastructure for big science project 

 

 



Heavy task for a young team 

 15 beamlines for Phase I project 

 Multiple experimental modes and 

methods for single beamline 

 Up to 30 suites of acquisition 

software delivered by 2025 

 Limited personnel and lack of 

experience  

 A systematic solution for all Phase I 

and future beamlines 

 

 



A new generation synchrotron experiment operating software system 

(Mamba) 

Mamba: a systematic software solution for beamline experiments at HEPS. Journal of 
Synchrotron Radiation, 2022 

Custom experimental 
procedures and 

commands for all 
experiment methods 

Multi-dimensional, accurate, fast fly scans 

Friendly GUIs Beamline automation 

Rich metadata, high 
interoperability  
  

Fast and multi-modal DAQ 

Easy experiment mode  
switch  

Smart in-situ experiment 

Real-time feedback and 
autonomous control  



 Project start from April 2020 

 Mamba was officially deployed and open to 

users at 4W1B beamline in July 2022 

 ROI selection & scan 

sequence modules 

 On-the-fly scanning 

 One-click data acquisition 

and real-time analysis 

Progress of Mamba project 

Software development & testing 

at BSRF 
XRF mapping 



Test and deployment of Mamba at HEPS  





Explore key techniques of new generation control and acquisition system 

Liu et al. J. of Synchrotron Radiat. 29(3), (2022) ; Zhang et al. J. of Synchrotron Radiat. 30(1), (2023) ;  Li et al. J. of 

Synchrotron Radiat. 30(6), (2023); Li et al. Synchrotron Radiat. News, (2023); Wang et al. J. of Synchrotron Radiat, (2024);  

 Python IOC, Systematic detector 

integration and High-performance 

readout 

 Beamline and experiment specific 

plan and GUI library  

 Versatile attitude tuning 

framework and beamline 

automation  

 Closed-loop control based on real-

time data analysis 

 AI-Enabled experimental control 

 

 Already On going 



A systematic detector integration solution for HEPS 

 High-Performance 

A QueueIOC framework for Python 

IOCs based on caproto; 

Simplify architecture and communition 

protocols leading to better performance 

than areaDetector. 

All 2D detector can be run in monitor 

mode 

 

 Systematic 

    Centralize management of developing detector IOCs; 

    EPICS-based integration and an extended ADGenICam; 

    ihep-pkg packaging system and ~/iocBoot conventions to simplify EPICS deployment and enhance . 

Main detector-like devices that need to be integrated 

-- work mainly done by HEPS beamline control team  



A High-Throughput Big Data Orchestration and 
Processing System for High Energy Photon Source. 

Journal of Synchrotron Radiation, 2023 

 DAQ 

 Distribution 

 Scheduling 

 Assembly 

 Reduction 

 Disk writing 

 Visualization 

Mamba Data Worker for HEPS phase I experiments 
 Tackles the exascale data acquisition and real-time processing challenge 

 





Leading the way in making scientific data FAIR at China.  

 

 Unified data format and standards 

 Data streaming for multi-modal experiments, easy data access from large dataset 

 Each image and spectrum contain comprehensive metadata information, a flexible and 

automatic metadata collection mechanism 
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Mamba GUI in real-
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 Data assembling and manipulation pipeline for the XRS experiment at HEPS-ID33 Hard X-Ray 

High Resolution Spectroscopy Beamline 

 We create this pipeline to transfer the images on the Raman spectrometer into 1D spectrum 

needed by the users, this pipeline includes several processing steps and is not necessarily 

straightforward to create.  



Fly-scan general event structure 



Fly-scan event structure based on Power PMAC 

AKB 
Mirror 

Sample Stage with 
Capacitive Sensor 

Interferometric 
Sensor 

PandA 

Power PMAC Motion 
Controller (Delta Tau) 

E-712.3CDA including 
Piezo Amplifier E-
711.AL4P 

Detector 

Sensor Head Sample Stage 
Control 
Signals 
±10V 

Position Signal  
PAKB 
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from Sample positions  

Sample Stage Driver Signals 

Trigger Signals 

Psample 
Position Signal 

Position Signal  
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Outer Loop 

Inner Loop 

Trigger 
Signals 

ADC Module 



Fly-scan hardware and event orchestrating structure  

 BB 

 BE 

Scan Mode Beamlines Designed Structure 

Fly Scan 
(11/15) 

Hard X-ray Nanoprobe Multimodal Imaging Beamline Structure based on Power PMAC 

Hard X-ray Coherent Scattering Beamline 

Engineering Materials Beamline General Structure 

Hard X-ray High Resolution Spectroscopy Beamline 

High Pressure Beamline 

Hard X-Ray Imaging Beamline 

X-ray Absorption Spectroscopy Beamline 

Low-Dimension Structure Probe Beamline 

Tender X-ray Beamline 

Transmission X-ray Microscope Beamline 

Step Scan 
(4/15) 

Hard X-ray Nanoprobe Multimodal Imaging Beamline Structure Based on PandA Box and 
GPIO in Power PMAC Hard X-ray Coherent Scattering Beamline 

Hard X-Ray Imaging Beamline Structure Based on PandA Box 

Pink Beam SAXS Beamline Structure Based on PandA Box 



Fly-scan integration in Bluesky and Mamba 

P.-C. Li, C.-L. Zhang, ..., Y. Liu∗. Synchrotron Radiat. News, 2023 
P.-C. Li, C.-L. Zhang, ..., Y. Liu∗. Radiat. Detect. Technol. Methods, 2023 

 Position based triggering  

 Time based triggering 

 Software based fly-scan 

 Complex trajectory 

 Online tuning fly-scan 



 Integrating the PyCXIM algorithms into the beamline-

specific plans of Mamba 

 High-resolution large-scale 3D reciprocal space 

reconstruction for real- time visualization and analysis 

 At HEPS-B9: implemented 6-circle diffractometer 

control in bluesky 

 UB matrix calculation GUI based on PyCXIM (collaboration with Dr. Zhe Ren) 

 

Beamline and experiment specific plan and GUI library  



Closed-loop control based on real-time data analysis 

ADS(Automation Device 

Specification)通讯协议Mamba云端
服务系统

半导体激光器控制系统

德国倍福(BECKHOFF)
的基于PC技术控制器EtherCAT工业以太网

PROFIBUS现场总线

TiwnCAT CNC人
机交互HMI系统

ADS

金属粉末
给料控制

激光器输出
光功率控制

采样样品云台三
自由度运动控制

激光器机械臂三
自由度运动控制

 Proof-of-concept test on  real-time feedback control 

technology of metallic additive manufacturing 
 Proof-of-concept  test on performing digital twin 

experiments (dynamic XAFS) 
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Addressing big data challenge using AI/ML 

 Experimental automation via good software design, 

Beamline intelligence empowered by AI/ML . 



 “Large-scale scientific software framework + AI for Science” 

 

 Leveraged by the unified 

software ecosystem, data will 

flow seamlessly between 

various application nodes, 

further empowering algorithms 

 The software framework will 

provide a broad stage for the 

algorithm application at wide 

range of sciences 

 

A new research paradigm at fourth-generation synchrotron  

Integrating image 

processing algorithms 

into data acquisition 

software framework 

addresses the big 

data challenge 



AI facilitated big scientific project at intelligent light source 

 DL-empowered full-stack DAQ and 

analysis pipeline for synchrotron 

experiments 

 Mamba data worker for big data science 

 Domain specific big AI model  

 Intelligent cluster of scientific 

infrastructures  

 The light source is becoming one of the largest scientific data source 



“AI  for Science” applications in diverse methodologies 



Mamba Data Worker for intelligent light source    
 Enables new scientific opportunities  

 

 Beamline intelligence 束线智能  

 AI4Science Terminal  智慧终端 



Data-driven beamline intelligence applications : beamline alignment  

 Many last-minute requests with tight deadlines. 

 A large number of micro/nano beamlines. 

 The critical dependence of experiments on precise beam 

alignment. 

 The necessity for immediate feedback during operation. 

 A strong push towards automating processes. 

Requirements Analysis 



Data-driven beamline intelligence applications : beamline alignment  

Step1:  
Beamline commissioning 

software 



Data-driven beamline intelligence applications : beamline alignment  

Step2: Collecting Beamline commissioning data 



Step3: A Unified Framework for Attitude Tuning 
 

 Input/Output ports 

     Physical quantity -> Mathematical 

quantity 

 Data Processing and Evaluation 

Functions 

Optional, scalable（Image Denoising、
Bad Pixel Correction、 Background 

Subtraction、Radial Distribution、 

Angular Distribution and AI .） 

 Optimization Algorithms 

     Feature-rich, widely supported, high 

maturity 



General Attitude Tuning:  XES Spectrometer Specialised Attitude Tuning:  XRS Spectrometer 

 Specialized attitude tuning software is 

used for spot identification, allocation, 

and focus adjustment. 

 Performing Bragg reflection on the analyzer of the 

vonHamos spectrometer on the 4W1B of BSRF will 

produce a circular pattern. 

     (pitch/tilt & yaw/pan angles )  

 General Attitude Tuning software is used to optimize the 

shape of the circle. 

 Proof-of-concept test on the automatic attitude tuning 

of analyzer crystals of HEPS Raman spectrometer. 

     (90 analyzer crystals, 270 motions , and 6 detectors) 

Step3: A Unified Framework for Attitude Tuning 



Step4: algorithm development and deployment 



Low-Dose
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PartialFT
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D eploym ent
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Transformer

Diffusion

D ata Q uality A ssessm ent O ptim ization Large M odel A rchitecture and Strategy O ptim ization

Probe Em bedding

D iffractive process
em bedding

Fine-tuned O ptim ization for D ifferent Scenarios M odel Perform ance Exploration and Long-Term  Self-
Iterative U pdate Strategies

Reconstruction 
accuracy
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speed

PSN R/SSIM

FRC/FSC

Quantification of 

Performance 

Coherent D iffraction Im aging Large M odel Base

< 1B

1B~ 10B

> 10B

Parameter Scale

M odel scale

M odelperform ance

Expand tool

O thers

Iterative Updates

 Real-time data analysis and 

online feedback control 

capabilities  

 Deployable to edge devices 

from various beamlines 

 Ieratively updated with 

data accumulating at long-

term 

Step5: Developing Domain specific big AI model  



Step6: Beamline auto-piloting  



Algorithms-driven SAXS/WAXD technique development 

3D XRD 

N. Axel Henningsson,  et al. J. Appl. Cryst., 2020 

Hamidreza Abdolvanda ,  et al. Acta Materialia. 2020 

 

 

Metal 

Powder samples 
(catalysts, rocks, 
minerals, etc.) 

Carbon Fiber 

Glass fiber, etc. 

Vector information 

such as orientation 

J. M. Feldkamp,  et al. Phys. Status Solidi A, 2009 

Tao Hu,  et al. Macromolecules, 2020 

Jisoo Kim,  et al. Scientific Reports. 2021 

 

 

Polymer,Glass, etc. 
 
Scalar information 
such as scattering 
intensity 
 
 

SAXS-CT 

Multidimensional SAXS/WAXD is becoming a routine method 



Algorithms-driven SAXS/WAXD technique development 

Anisotropic fiber orientation is directly related to the anisotropic mechanical properties of materials, but there is a 

lack of suitable characterization methods. 

Launey, M.E.et al. Adv. Mater. 21(20) (2009) 2103-2110. Ritchie, R.O. Nature Materials. 10(11) (2011) 817-822. Pezhman Mohammadi.et al. Adv. Mater.33(20) (2021) 

Antler 

Nacre   Abalone Shell: Nacre 

Crab 

Natural Material Biomimetic Material 

3D characterization of anisotropic fiber orientation 



Algorithms-driven SAXS/WAXD technique development 

How to avoid time-consuming Tilt angle scanning and directly use 3D scanning data to replace 4D 

scanning, to achieve 6D SAXS/WAXD tomography: 

 Improve the efficiency of 6D SAXS/WAXD experiments and reduce the experimental time by 

an order of magnitude. 

 Reduce the amount of experimental data. 

 Implement in-situ experiments setup. 

Sample Size ：3*4 mm2 

Beam Size：50*50 um2 

Exposure time：50 ms 

Patterns Number ： 

1,376,352 

Time consumption： 

40 h 
 
Rotation range: 0-360° 
 
Tilt range: 0-−68° 
（10 tilt angles） 
 
 
 

For anisotropic materials, SAXS/WAXD 

tomography does not meet the rotational 

invariance required for CT reconstruction. 

Tilt  

Florian Schaff, Martin Bech, et al. Nature:2015, 527:353-256  Marianne Liebi, et al. Acta Cryst. A74:2018   

Bottleneck of 6D SAXS/WAXD : Timeliness of sample scanning 



Algorithms-driven SAXS/WAXD technique development 

Intensity distribution changes 
on QS(110) sphere 

2D diffraction ring 

The QS(110) change with fibre orientation parameters (γ, Δγ (2D), α, β (3D)) 
variation 

Y. Zhang, et al. Scientific Reports, 2016 

2D WAXD pattern 

2D intersection 
plane 

Are there 3D information 
hidden behind 2D WAXD 

pattern? 

Can the scanning process of reciprocal space be simplified?  



Algorithms-driven SAXS/WAXD technique development 



Algorithms-driven SAXS/WAXD technique development 

Measure faster by x-ray denoising method 



Algorithms-driven SAXS/WAXD technique development 

Data quality assurance by Mamba software   

Wang et al. J. of Synchrotron Radiat, (2024);  

 Real-time data analysis   Fly-scan 



Algorithms-driven SAXS/WAXD technique development 

Faster data analysis using AI 

Sun, M.#, Zheng Dong# et al. IUCrJ 
(2023) 

Learning for Extracting Physical Information from 
Massive Diffraction Data 

Efficient Data Acquisition Rate of One Million Frames per Hour, with 
Data Processing Time Less than 10 s. 



Intelligent cluster of scientific infrastructures  
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Collaborative efforts for intelligent light source   



Complex device 

control 

 

Experiment 

process control 

Area-specific 

algorithms 

 

Artificial Intelligence 
User client 

development 

Big data  

acquisition and processing 

Our Team 

 Building an all-round scientific software and 

algorithm development group 

 
 

Welcome to join our team 



We are planning to form and develop a nation-wide united scientific software solution in China.  

 
 

Scientific Software Union of Chinese 

Advanced Light Sources (SUCALS)  

Domestic and international collaboration 

Internationally, we are looking for collaboration from other synchrotron sources.  

Funding from:  

National Key Research and 

Development Project of 

China; 

Chinese Academy of 

Sciences; 

 

 

 

 



The full potential of the HEPS will be realized by coupling the 

intrinsic capabilities of the facilities with advanced Mamba system  
 

Mamba and HEPS Grow together 
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Device and motion control  



• Control tasks 

• “14+1”beamlines 

Achieve the desired X-ray 

Ease the scientist at experimental endstations 

Control and monitor all the equipments of beamlines 

Detect the position of X-ray beam 

Protect the people/equipment from hazard, and send alarm and issue information. 

Provide friendly OPIs, robust and efficient communications tools and rich application 

tools 

Archive and retrieve the data of beamline 

Beamline control system 



• The controlled equipment 

• Mirror and crystal bender 

• Monochromator 

• Beam Position Monitor 

• Image Detector 

• Low current measurement device 

• Slit, Shutter, Mask, Attenuator, Filter 

• Cryo-cooling/water-cooling system 

• Vacuum devices, etc. 
 

Beamline control system 

HLA--
Mamba 



• Design Principles of the Control System  

Stability 

Availability 

Reliability 

Flexibility 

Extendibility 

Real Time 

 

Beamline control system 



• Motion control system 

Drive the optical elements (such as mirror, slit, attenuator, 

monochromator, filter, etc.) to get satisfied X-ray beam. 

Critical subsystem of the beamline control system 

Supporting various motor types 

•  step motor, servo motor, piezo motor and so on 

 

Beamline control system 



• Motion control system 
• Self-developed a set of motion control system 
• Drive two-phase and five-phase step motors 

 

Beamline control system 

XBPM Slite Mono Mirror

束线设备端

PDICL-1

PDICL-2

Ethercat

信号
接口
模块

驱动器

电机驱动
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Ethercat

驱动器机箱

主控制器MPU:SPiiPlus EC
Ethercat Ethercat

IOCIOC IOC

Ethernet/RS232

LAN

OPI OPI



Beamline control system 



• Motion control system used at PAPS 

Beamline control system 
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Beamline control system 

• Transfocator motion control 
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Beamline control system 

• DCM motion control system 



• Control system based on PLC and intelligent IO module 
• PLC: gas distribution system, hutch exhaust system, etc. 
• Intelligent IO module: temperature, shutter, discrete IO control 

 

Beamline control system 
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The structure of PLC control system The structure of discrete IO control 



BE beamline control system 



• 控制截屏 

BE beamline control system 



• 7 beamline control systems have already been delivered 
• BE, BD, B7, B8, BF, BB and B4 

 

Beamline control system 

First batch 

beamlines 

Second batch 

beamlines 

Control 

subsystem 

Mirrors  

slits 

Mono-

chromators 

Temperature 

monitoring FS image 
Ion pump 

data 

Weak current 

acquisition 

Devices in 

experimental 

area 

Exhaust 

system 

3rd party 

system 
Public 

service 

Date of 

completion 

Version upon 

completion 

Notes 

Beam dimming, 9.21 

4.17, Beta version 

Beta, light in experimental area, 10.13 

10.18 delivered, 10.24 white beam 

10.27 FS with adjustable focus 



Control Team 
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Thanks for your attention! 


