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Probably the most complex accelerator ever built:

Polarized protons and electrons.
Beam cooling (Rf, e, and photon based)
Superconducting RF acceleration

Superconducting magnets
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AlI/ML funded projects for the EIC

Al / ML is not part of the EIC construction project
(partly because Al for accelerator operations is so now.)

Subsequent (off-project) funding:

+ Higher RHIC polarization by Physics-informed Bayesian Learning
BNL, Cornell, JLAB, SLAC, RPI (DOE-NP funding 2023 — 2025)

 Toward higher brightness and polarization of hadron beams: Digital-Twin-based
autonomous control of BNL’s hadron accelerator chain
BNL, Cornell, JLAB, SLAC, FNAL, RPI (DOE-NP funding 2025 — 2027)

« Developing Al-Ready Data Framework for DOE NP Particle Accelerators

Now called NARAD = NP Al-Ready Accelerator Data
JLAB (lead), BNL, Cornell, LBNL, PNNL (ASCR/NP funding 2025-2027)

* National collaboration: Multi Organization Accelerator Team (MOAT)
I To prepare for Al/ML in accelerators funding through the US Genesis mission.
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Grown out of the DOE-NP funded Al/ML projects for the EIC, we have ...

«  Worked on the funded projects
« Contributed to workforce development for Al/ML in the EIC.

« Connected to related work from other collaborations
« Al/ML optimization of electron gun commissioning
« Osprey for LLM aided accelerator operations

» Topics of the Multi Office Accelerator Team (MOAT) — US collaboration for Al in accelerators

Zoom meetings are open to all (Tuesdays 11am, Friday 3pm EST)

= We are requested to expand to the International EIC accelerator collaboration
u’.‘ Brookhaven
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ComellUniversity The US Genesis mission &) GenesisMission

Accelerating American Science

Genesis Mission is a national initiative to build the world's most powerful T

scientific platform to accelerate discovery science, strengthen national
security, and drive energy innovation.

{®) U.S. DEPARTMENT of ENERGY

MOAT (19 DOE labs and universities) prepares the particle accelerator community for the Genesis Mission. It aims to build
national accelerator physics knowledge into a national Al infrastructure that can be used across all platforms to inform on
accelerator design and operation.

Several of the MAOT-related proposals are applicable to or focused on the EIC, e.g.,

=  Al-Driven, Self-Learning Digital Twins for Robust Operation of Particle Accelerators (focused on EIC pre-accelerators)

=  Al-reform of legacy codes in Accelerator modeling and operations (focused on Bmad and SciBmad that models EIC)

=  Al-driven Accelerator Operations Prototyping with Cornell’s Electron Test Beams (with implementation at EIC pre-accel.)
= Robust Diagnostic Comprehension for Facilitation of Large Scale Digital Twins (with examples form BNL, e.g., IPMs)

- Robust and Safe Deep Agent for Optimization and Control of Particle Accelerators (Collaboration with BNL)

= And more ...

The EIC-BeamAl collaborations aim as part of the Genesis Mission is to build infrastructure that will benefit EIC.

T_Ile EIC will be one of the first large-scale collider-based programs in which AI/ML is integrated from the start.
k, Brookhaven
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Accelerator Rings

_ Circumference [m]

Booster 201

AGS 807
RHIC 3833

Typical Top Energies [Total, GeV/N]

__ Pol. Protons

Linac (H)
Booster 1 2.3
AGS 10 23.8
RHIC 100 255

Brookhaven

National Laboratory
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Comell University  [mproving polarized collider performance

Collider luminosity, £ AGS extraction
5 ——————r Pol vs Intensity
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Focus areas

« Automated beam tuning

» Operational Digital Twins

« Data-driven model calibration
» Fast adaptive control

Case studies: BNL hadron injector complex

k? Brookhaven
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Improved Model
simulation calibration

Digital Twin

|~—AGS to RHIC
| line (ATR)

Experimental
Area
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learning workflow

Improve Control
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comell University Booster injection optimization with BO

LtB Injection Optimization BtA Injection Optimization

« BO maximizes Booster beam intensity using « BO maximizes beam transmission efficiency
LtB optics. using using BtA optics.

 Beam size decrease in both planes during . 20% | ¢ ional :
LtB optimization. o Improvement from operational settings.

Transmission efficiency during BtA BO run

90
1e11  Beam intensity during LtB BO run Beam size during LtB BO run
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Cornell University Digital Twin for NSRL

Goal: Operational digital twin framework with bidirectional interaction between the physical
and virtual machines.

Outcome: Enable non-interruptive, model-based routine tuning for NSRL operations.

Extraction Bump Fitting Interface Ver 2.0 - o x NSRL Line Bmad Model Ver 1.0 - o x
File PPM User Help ;
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Cornell University Digital Twin for NSRL

Goal: Operational digital twin framework with bidirectional interaction between the physical
and virtual machines.

Outcome: Enable non-interruptive, model-based routine tuning for NSRL operations.
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comellUniversity U@ to improve the Booster Model

1.050

Goal: Use Bayesian Uncertainty Quantification (UQ) to
characterize and reduce model-data mismatches, assisting

Digital Twin development. 5. LA i/}\ I ﬂ } }

NiACARE: \Y/*v\
Approach oo

» Bayesian UQ analyzes orbit response discrepancies.

)

var

nnnnnnnnnnnnnnnnnnnnnnnn

A2 A4 A6 A8 B2 B4 B6 B8 C2 C4 C6 C8 D2 D4 D6 D8 E2 E4 E6 E8 F2 F4 F6 F8

* Neural network surrogate model accelerates UQ process.

pre
post
125

Outcome

1.00

« UQ analysis investigates quadrupole field errors as
possible sources of errors.

0.50

+ Incorporating UQ results improves agreement between

simulation and measurement. o0 L :
k? Brookhaven sim. err (mm)
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comellUniversity  Bunch splitting and merging at BNL

Splitting in the Booster and merging after AGS accelerator reduces space charge and emittance
growth =» more polarization

7T [l /
s \ , rebucket h=12 i1
iBRY! 1=6 t0 12 —f—————————h=12 to 6 Merge from h=6 |
\ N squeeze g / |
000} AL . .
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' /0
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fo]”“.up - ‘\. /. - ./ ............. .\: g ‘.1 . . - . - - - - - - - - — |
s o5 oy o8 L 10 A 12 13 4 13 148 (g . . 20 Eal 22 23
Time from ATO in Seconds

Three RF amplitudes (h=3, 6, 12) in the AGS during bucket manipulation and merging.

= We have set up Reinforcement Learning for the merging section.

Accelerating RF h=6  Attracting RF h=3 | Close bucketing h=12 Combining h=6 Final bucketing h=6

k? Brookhaven
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Initial bad ——%7

Goal: Obtain a good merged bunch profile — low emittance merge

growth, no loss, centered and stable.

RL Optimization
* RL agent trained to minimize emittance growth.

» Begins from poor merge conditions; finds good RF
settings after one step.

« Comparable performance to operational settings.

0.0045 A === LLM only
» LLM-based policy teacher for RL agent in development, — dh
leads to faster convergence and better performance. 653,

Emittance

o o
o o
o =
N w
w =]

0.0020 A

0.0015 4

~, :
u. Brookhaven 00010

National Laboratory - - 0 25 50 75 100 125 150 175 200
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History Navigator
v 2025
v 2025-04
v 2025-04-21
sphere_3d-2025-04-21-120440.yaml|
2025-04-17
2025-04-16
2025-04-15
BtoA-2025-04-15-122714.yaml
BtoA-2025-04-15-114656.yaml|
BtoA-2025-04-15-114130.yaml
BtoA-2025-04-15-113119.yaml
BtoA-2025-04-15-111701.yaml
BtoA-2025-04-15-111310.yaml
BtoA-2025-04-15-105823.yaml
BtoA-2025-04-15-105240.yaml
BtoA-2025-04-15-103126.yaml|
2025-04-11
2025-04-10
2025-04-08
2025-04-07
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Badger v1.4.4 (Xopt v2.6.8)

Metadata Environment + VOCS Algorithm ry Plot Type

B Load Template

Open Playground ~ Parameters  Variable Search  Open C

Auto mode is on. To manually set the variable ranges and/or initial points, please uncheck the
"Automatic" check box.

) Automati Refresh

Add Set Variable Range = [¥] Show Checked ¢

Name Min Max

tpointS

)s:setpoints

s:setpoints

~ Initial Py

Add Row Add Current  Add Random Clear All

:h127-ps:setpc th158-ps:setpc v120-ps:setpc v181-ps:setpc

79

1.44844

@ Show Ch
202 0.638 -7.80044
Rule
-7.80044
MAXIMIZE

7491 -7.80044

P 0.611206 80044

routine: btaexy

is:dataM/gpn 1127-ps::

X Axis  Time Y (var) Raw lative

Run Data

setp 1158-ps:setp /120-ps:setp /181-p:
1.70371 4.80337 9
1.70371

1.70371 4.80. 7

99829

80337

70371

Badger
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Cornell University Automated AGS injection by BO

Algorithm efficiently found settings that were different, but at least as good as the
previously optimized ones, automatically maintain the AGS injection at optimal
performance without human intervention.

1.0 Intensity transmission efficiency 05 , 1 Brightness|
0.8 | 1 0.4+

5 |9 q

o ™~

5 g

G 06 = 03

E )

s 2

a )

2 I=

E 0.4} =4 0.2

c =

© [2a]

}—

0.2+ | 01} “

0.0 1 ! ! 1 1 0.0 N I
00:10 00:24 00:38 00:52 01:07 01:21 00:10 00:24 00:38

Time Time
=>» Optimization of current while observing the brightness.
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Cornell University Automated AGS injection by BO

Algorithm efficiently found settings that were different, but at least as good as the
previously optimized ones, automatically maintain the AGS injection at optimal
performance without human intervention.

1.0 Intensity transmission efficiency 05 , 1 Brightness|
0.8 | 1 0.4+

5 |9 q

o ™~

5 g

G 06 = 03

E )

s 2

a )

2 I=

E 0.4} =4 0.2

c =

© [2a]

}—

0.2+ | 01} “

0.0 L L L L
00:10 00:24 00:38 00:52 01:07

Time
=>» Optimization of current
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Cornell University M L-i m p roved AG S I P M

Simulated scan with surface fitting

Goal: Improve emittance reconstruction accuracy and
robustness of AGS lon Profile Monitor.

(snjep paunsea) “o

Approach

™
=-2.
25 00 dffse!
\Ca!
100 7% gy (Vert

Classinier preaicuons on arcnive data

el

Gaussian process based surrogate model for fast IPM
profile inference.

Unsupervised anomaly classifier to detect atypical IPM
profiles.

Anomalous

Outcome

* Improved accuracy in reconstructed bunch size and MM
automated detection of anomalous IPM signals.

At napnn
k? Brookhaven “ J
National Laburatnry./ 5
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Comell University  Fast Beam Propagation in Latent Space

Compress beam distributions into a learned latent space, then predict dynamics there.

e ~
Input Dynamics Model Predicted
Beam beam
Encoder [ Z0 ]-»[ z: ]-»[ Z ]» »@ Decoder
(VAE) (VAE) .
€q e e3 €n |
low-dimensional latent space

Fast: dynamics in low-dimensional latent space, not full beam.

Application: collective effect (space charge, etc.) dominated regimes where tracking is computationally expensive.

k? Brookhaven
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Comell University  Fast Beam Propagation in Latent Space

Compress beam distributions into a learned latent space, then predict dynamics there.

e ~
Input Dynamics Model Predicted
Beam beam
Encoder [ Z0 ]-»[ z: ]-»[ Z ]» »@ Decoder
(VAE) (VAE) .
€q e e3 €n |
low-dimensional latent space

Fast: dynamics in low-dimensional latent space, not full beam.

Application: collective effect (space charge, etc.) dominated regimes where tracking is computationally expensive.

k? Brookhaven ,
National Laboratory - - Grad Nlngdong Wang
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New accelerator modeling library SciBmad

: . ] ) ) * Fully forward, backward, and Taylor
for nonlinear dynamics simulation, analysis +

timization: differentiable.
optimization. - Fully GPU and CPU parallelized.
' Lg « Spin dynamics optimized “BAGELS”
\ 822— Without Orbit Bumps With BAGELS
B4 [ 4 0.80 1 | —Analytical —Analytical
i 0.759 | —e-3 Order Map Tracking —-3 Order Map Tracking
o) 0.70
SciBMAD # |

25

20

—5=0.0%
—0=0.1%
—6=02% _A
—5=03% T
0% 40.00 40.25 40.50 40.75 41.00
—05=05%
—3§=0.6% Yo
—6=0.7%
5=0.8%

s=0 Phys. Rev. Accel. Beams 28, 031002,
Editor’s Suggestion

Optimization by
GPU lattice
parallelization -

k? Brookhaven- 0—24 -20 -16 -12 -8 -4 IEOJ 4 8 12 16 20 24
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/o
EIC-Beam@®F LPynamicaperturg, for the EIC RHIC / AGS Users Meeting 05/11/2026



mailto:georg.hoffstaetter@cornell.edu

New accelerator modeling library SciBmad
for nonlinear dynamics simulation, analysis +
optimization:

SCIBMAD

) (0)C
S

25

Optimization by i
GPU lattice
parallelization -

13 . a (j Y
Single resonance normal form

—§=0.0%
—6=0.1%
—§=0.2%
—0=0.3%
—0=0.4%
—§=0.5%
—§=0.6%
—6=0.7%

6=0.8%

§=0.9%

§=1.0%

0
-24 -20 -16 -12 -8 -4 0 4 8 12 16 20 24

k? Brookhaven

National Laburatory/ -

EIC-BeamM

Dynamic aperturg, for the EIC

* Fully forward, backward, and Taylor
differentiable.
* Fully GPU and CPU parallelized.

» Spin dynamics optimized “BAGELS”

0.90

0.85 Without Orbit Bumps With BAGELS
0.80 4 [ —Analytical —Analytical
0.75 1 | —e-3 Order Map Tracking ——3 Order Map Tracking

40.00 40.25 40.50 40.75 43}
Phys. Rev. Accel. Beams 28, 031002,
| Suggestion

& Matt Signorelli
= EIC Postdoc
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New accelerator modeling library SciBmad
for nonlinear dynamics simulation, analysis +
optimization:

=)
.l.@.:

SCIBMAD

“- . a (j H
Single resonance normal form

25

20

—§=0.0%
—6=0.1%
—§=0.2%
—0=0.3%
—0=0.4%
—§=0.5%
—§=0.6%
—6=0.7%

6=0.8%

§=0.9%

§=1.0%

Optimization by
GPU lattice
parallelization -

k? Brookhaven- 0—24 -20 -16 -12 -8 -4 IEOJ 4 8 12 16 20 24

National Laburatory/ -

EIC-Beam@% DPynamicaperiyre for the EIC

* Fully forward, backward, and Taylor
differentiable.
* Fully GPU and CPU parallelized.

» Spin dynamics optimized “BAGELS”

0.90

Without Orbit Bumps With BAGELS
——Analytical ——Analytical
—e—3r4 Order Map Tracking —e—3 Order Map Tracking

AL

40.00 40.25 40.50 40.75 41.00

Phys. Rev. Accel. Beams 28, 031002,

ﬁ EIC Postdoc

Suggestion

& Arrow,
- \ Matt's puppy
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Cornell University Al integration In EIC operations

Closed-Loop Al and Digital Twin Framework for Accelerator Operations

UQ-aware Digital Twin Al Capabilities
Priors S S
4 Virtual Accelerator ) R Uncertainty-aware State Estimation
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Cornell University P u b I i Cati ons

* [1]1Y. Gao et al., “Applying Bayesian Optimization to Achieve Optimum Cooling at the Low Energy RHIC Electron Cooling System”, Physical Review Accelerators
and Beams 25, 014601 (2022).

* [2] W. Lin et al., “Simulation Studies and Machine Learning Applications at the Coherent electron Cooling experiment at RHIC”, in Proc. IPAC'22, Bangkok,
Thailand, Jun. 2022, pp. 2387-2390.

+ [3] W. Lin et al., “Machine learning applications for orbit and optics correction at the Alternating Gradient Synchrotron”, in Proc. IPAC'23, Venice, Italy, May 2023,
pp. 4460-4463.
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+ [6] T. Balasooriya et al., “Reinforcement Learning for Charged Particle Beam Control to Minimize Injection Mismatch in Particle Accelerators”, ICASSP 2025 - 2025
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* [8] W. Lin et al., “Improve beam brightness with Bayesian optimization at the AGS Booster injection at BNL”, in Proc. NAPAC’25, Sacramento, CA, Aug. 2025, pp.
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* [14] W. Lin et al., “Digital twin development for the NASA space radiation laboratory”, submitted to Physical Review Accelerators and Beams, Nov. 2025.
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Cornell University

The EIC-BeamAl collaboration has the goal to utilize AI/ML for EIC design and operation.

The collaboration was formed around DOE-NP funded proposals

« Bayesian Optimization for increased proton polarization from the AGS

« Using ML for brighter & more polarized beams in the EIC’s hadron injectors.
 NARAD to develop cross-facility Al-ready workflow

« Utilize MOAT goal by connecting to US-wide Al/ML accelerator work

Key Outcomes

Automated beam-tuning routines

Operational bidirectional Digital Twins with differentiable accelerator models

Streamlined and automated model calibration

Robust anomaly detection and diagnostics

Workforce development
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