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Digital twins for particle accelerators & key subsystems
The words ‘digital twin’ are becoming more common.
Is this practical for particle accelerator technology?
Papers have recently started appearing;  proposals are being written.

It means a lot more than ‘an accurate computational model’.
Need high-fidelity modeling at ~kHz rep rates for control systems.
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2016 – A.L. Edelen et al., 
IEEE Transactions on Nuclear Science 63, p. 878.
Also on arXiv:  https://arxiv.org/abs/1610.06151 

Machine learning has made digital twin technology practical

See Auralee’s invited talk on Thurs. 
                   for recent developments  

• AI/ML makes it possible
• however, more work to do!

• Standards needed quickly
• data, file formats
• physics & engineering codes
• robustness & validation

• Open source frameworks
• workflows, collaboration, 

control system, user interfaces

Building on this work at Fermilab, 
surrogate models of accelerator 
components and subsystems are 
being actively used and deloped at 
CERN, SLAC, ANL and other labs.

https://arxiv.org/abs/1610.06151
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DOE Office of High Energy Physics:  input from GARD/ABP
GARD = General Accelerator R&D;    ABP = Accelerator & Beam Physics
Workshop to better define grand challenge problems and plan to address them.
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DOE/HEP GARD/ABP workshop:  slide #2 from Vay/Bruhwiler
In 2020, we were not saying ‘digital twin’, but most of the ideas were in place.
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DOE/HEP GARD/ABP workshop:  slide #3 from Vay/Bruhwiler
2020 statement of needs for software / standards / funding / community culture…
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Collaboration ideas were developed for Snowmass21

• In Aug. 2020, I organized a Letter of Interest (LOI) for Snowmass
• LOI received wide-ranging support – 
              Industry:         RadiaSoft,  Kitware
              Universities:    NIU,  U. Strathclyde,  Korea U.
              Laboratories:  Fermilab,  ANL,  SLAC

• Some software-specific ideas are described in the IPAC19 proceedings:

D.L. Bruhwiler, R. Nagler, P. Moeller, R. O’Bara, D.T. Abell, S. Baturin, E. Carlin, S. Coleman, N.M. Cook, J. Edelen, C. 
Federer, A.F. Habib, C.C. Hall, T. Heinemann, B. Hidding, A. Huebl, M.V. Keilman, R. Lehe, E. Carlin, P. Messamer, B. 
Nash, C.-K. Ng, C.S. Park, P. Piot, I. Pogorelov, E. Poore, A. Sauers, P. Scherkl, J. Tourtellott, J.-L. Vay and S.D. Webb, 
“Collaboration between industry and the HEP community,”   Snowmass21 Letter of Interest (2020);

https://www.snowmass21.org/docs/files/summaries/CommF/SNOWMASS21-CommF1_CommF0-AF0_AF1_Bruhwiler-066.pdf 

D.L. Bruhwiler, D.T. Abell, N.M. Cook, C.C. Hall, M.V. Keilman, P. Moeller, R. Nagler and B. Nash, “Knowledge 
Exchange within the Particle Accelerator Community via Cloud Computing,” Int. Part. Accel. Conf., THPMP046 (2019);  
http://accelconf.web.cern.ch/ipac2019/papers/thpmp046.pdf 

https://www.snowmass21.org/docs/files/summaries/CommF/SNOWMASS21-CommF1_CommF0-AF0_AF1_Bruhwiler-066.pdf
http://accelconf.web.cern.ch/ipac2019/papers/thpmp046.pdf
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Snowmass21 LOI – data standards & workflows

Great discussion of data formats 
and strong workflow technologies.
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Snowmass21 LOI – open science

Great summary of principles with 
list of some success stories.
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DOE/HEP GARD/ABP 
community developed 
several 10-year roadmaps

2023 report is available online: 
https://science.osti.gov/hep/Community-Resources 

https://science.osti.gov/hep/Community-Resources
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10-year roadmap for grand challenge #4 – virtual accelerators

Jean-Luc Vay & David Bruhwiler, with input from multiple workshop participants, including A. Edelen
Emphasis on community reports & standards (soon), followed by iterative development.
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How do we facilitate collaboration in ML activities?

• Funding & publishing realities lead to the wrong incentives 
• Researchers to proof-of-principle, publish and then move on

• Many ML algorithms are not fully tested

• Important needs to be addressed 
• open-source, portable, extensible software

• common benchmarks and worked examples

• investment in personnel to support MLOps and DevOps
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– Open Scientific Gateway

https://sirepo.com 

https://sirepo.com/
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– an open source framework
https://github.com/radiasoft/sirepo  

https://github.com/radiasoft/sirepo
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Command line & AI/ML

Activait

– supported codes and apps

elegant OPAL MAD-X

Zgoubi Warp  (PBA & VND)

Particle accelerators & adjacent technologies

GENESIS

Free electron 
lasers (FEL)

FLASH

Plasma (MHD) & 
hydrodynamics

EPICS
Controls

Bluesky

Radia

Magnets

JSPEC

e- coolingOpenMC

Neutron
Transport

Shadow

X-ray optics

SRW

PROMETHEUS
USPL - laser pulses

AMBER
     Breakup

Induction linacs
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– education and training

Clear value proposition for universities and training programs:

❖ U.S. Particle Accelerator School (USPAS) 

• Sirepo is used in every session (2x per year since 2019)
• RadiaSoft personnel regularly volunteer to teach

❖ Korea University
• training at multiple levels for planned synchrotron light source
• graduate students;  managers with no physics background

❖ Stanford  &  U. Strathclyde
• undergraduates
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• More than a GUI – the Sirepo server is increasingly powerful
• integration of Sirepo with Bluesky, EPICS and machine learning (ML) algorithms

• Aligning an X-ray beamline at the National Synchrotron Light Source (NSLS-II) of 
Brookhaven National Laboratory (BNL) is now 10x faster & automated

• Tender Energy X-ray Spectroscopy (TES) beamline at NSLS-II

• Sirepo-Bluesky made this possible

• 4 alignment motors used to optimize flux

• Sirepo servers can be connected with supercomputing resources
• SRW simulations can be submitted to NERSC with the push of a button

• Sirepo directly supports command-line workflows
• Expert users easily move from browser-based GUI to the command line

• Those who prefer the GUI can easily import command-line files
• Works directly with the  rsopt  framework for nonlinear optimization & ML

– a resource management system
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ML-based auto alignment of X-ray beamline,  # 1 
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ML-based auto alignment of X-ray beamline,  # 2 
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ML-based auto alignment of X-ray beamline,  # 3 
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ML-based auto alignment of X-ray beamline,  # 4 
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ML-based auto alignment of X-ray beamline,  # 5 
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ML-based auto alignment of X-ray beamline,  # 6 
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rsopt,  slide #1
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rsopt,  slide #2
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rsopt,  slide #3
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rsopt – Sirepo compatibility,  slide #1
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rsopt – Sirepo compatibility,  slide #2
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Recent Sirepo references
2023 S. Makarov et al., “Direct LiF imaging diagnostics on refractive X-ray focusing at the EuXFEL High Energy Density instrument,” J. 

Synchrotron Rad. 30, pp. 208-216.
2022 B. Nash, D.T. Abell, R. Nagler, P. Moeller, M. Keilman, I. Pogorelov, N. Goldring, M. Rakitin, J. Lynch, A. Giles, A. Walter, J. Maldonado, 

T. Morris, S. Bak and Y. Du, “Combining diagnostics, modeling, and control systems for automated alignment of the TES beamline,” J. 
Phys.: Conf. Series 2380, 012103.

2022 H. Goel, O. Chubar, L. Wiegart, A. Fluerasu, R. Li, A. He, M. Rakitin, P. Moeller and R. Nagler, “Developments in SRW Code and Sirepo 
Framework Supporting Simulation of Time-Dependent Coherent X-ray Scattering Experiments,” in J. Phys.: Conf. Series 2380, 012126.

2022 C. Hall, D.T. Abell, A. Banerjee, O. Chubar, J. Edelen, M. Keilman, P. Moeller, R. Nagler and B. Nash, “Recent developments to the Radia 
magnetostatics code for improved performance and interface,” in J. Phys.: Conf. Series 2380, 012025.

2022 B. Nash, D.T. Abell, M. Keilman, P. Moeller, I.V. Pogorelov, Y. Du, A. Giles, J. Lynch, T. Morris, M. Rakitin, A.L. Walter and N. Goldring, 
“Online Models for X-ray Beamlines,” in Proc. North American Particle Accel. Conf., MOPA57.

2022 B. Nash, D. T .Abell, P. Moeller, I. V. Pogorelov and N. B. Goldring, “Propagation of Gaussian Wigner Function through a Matrix-Aperture 
Beamline,” in Proc. Int. Part. Accel. Conf., THPOPT067.

2021 N.M. Cook, E. Carlin, P. Moeller, R. Nagler, B. Nash, A. Barbour, M. Rakitin and L. Wiegart, “An Integrated Data Processing and 
Management Platform for X-ray Light Source Operations,” in 18th Int. Conf. on Acc. and Large Exp. Physics Control Systems, FRBR02.

2021 B. Nash, D.T. Abell, D.L Bruhwiler, E. Carlin, J. Edelen, M. Keilman, P. Moeller, R. Nagler, I.V. Pogorelov, S.D. Webb, M. Rakitin, Y. Du, 
A. Giles, J. Lynch, J. Maldonado and A. Walter, “X-ray Beamline Control with Machine Learning and an Online Model,” in 18th Int. Conf. 
on Acc. and Large Exp. Physics Control Systems, WEPV024.

2021 S.I. Campbell, D.B. Allan, A.M. Barbour, D. Olds, M.S. Rakitin, R. Smith and S.B. Wilkins, “Outlook for artificial intelligence and 
machine learning at the NSLS-II,” in Mach. Learn.: Sci. Technol. 2, 013001.

2021 H. Zhang, M.W. Bruker, Y. Zhang and S.V. Benson, “JSPEC – A Simulation Program for IBS and Electron Cooling,” Proc. Int. Part. Accel. 
Conf., MOPAB004.

2020 B. Nash, N. Goldring, J. Edelen, C. Federer, P. Moeller and S.D. Webb, “Reduced model representation of x-ray transport suitable for 
beamline control,” in Proc. SPIE 11493, Advances in Computational Methods for X-Ray Optics V, 114930C.

2020 O. Chubar, L. Wiegart, A. Fluerasu, M. Rakitin, J. Condie, P. Moeller and R. Nagler, “Simulations of coherent scattering experiments at 
storage ring synchrotron radiation sources in the hard x-ray range,” in Proc. SPIE 11493, Advances in Computational Methods for X-Ray 
Optics V, 1149310.

https://scripts.iucr.org/cgi-bin/paper?yi5129
https://iopscience.iop.org/article/10.1088/1742-6596/2380/1/012103/meta
https://iopscience.iop.org/article/10.1088/1742-6596/2380/1/012126/meta
https://iopscience.iop.org/article/10.1088/1742-6596/2380/1/012126/meta
https://iopscience.iop.org/article/10.1088/1742-6596/2380/1/012025/meta
https://iopscience.iop.org/article/10.1088/1742-6596/2380/1/012025/meta
https://epaper.kek.jp/napac2022/papers/mopa57.pdf
https://epaper.kek.jp/ipac2022/papers/thpopt067.pdf
https://epaper.kek.jp/ipac2022/papers/thpopt067.pdf
https://accelconf.web.cern.ch/icalepcs2021/papers/frbr02.pdf
https://accelconf.web.cern.ch/icalepcs2021/papers/frbr02.pdf
https://accelconf.web.cern.ch/icalepcs2021/papers/wepv024.pdf
https://iopscience.iop.org/article/10.1088/2632-2153/abbd4e/meta
https://iopscience.iop.org/article/10.1088/2632-2153/abbd4e/meta
https://epaper.kek.jp/ipac2021/papers/mopab004.pdf
https://doi.org/10.1117/12.2568187
https://doi.org/10.1117/12.2568187
https://doi.org/10.1117/12.2568833
https://doi.org/10.1117/12.2568833
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Proposal:  our community should begin to discuss and adopt
                 standards for the development of digital twins

The Sirepo framework is a good choice for being included, together 
with other open source technologies: 

a) instantaneous collaboration between distributed design teams 
b) benchmarking, multiphysics & code chaining for end-to-end sims
c) multi-level support for relevant codes;  GUI to supercomputer
d) supports many subsystems, compatible with surrogate models
e) integration with controls for testing, commissioning, operation
f) computational reproducibility

NB:  The Sirepo development team is very strong, with a culture 
based on open source software, open science, and collaboration.
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