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FRIB Accelerators

Accelerator tuning approach

Examples of ML tasks

Bayesian optimization (BO)

Customized BO

Virtual 4D Phase Space Diagnostics

Generic BO application for accelerator tuning

Fast NN model trained on physics equations for online application

Virtual diagnostics for bunch length measurements

Virtual diagnostics for beam quadrupolar moments and calculation of Courant Snyder 
parameters

Content
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 CW Linear accelerator
• 200 MeV/u - U, 320 MeV/u - O

• RFQ, q/A=1/7

• 324 SC cavities in 46 cryomodules

 80-meter-long space for upgrade to 
400 MeV/u of uranium

 Fragmentation target/Beam dump

 2-stage fragment separator

 Fast beamlines

 6 MeV/u Re-accelerator

 In operation since May 2022

 44 nuclear science experiments 
conducted since the commencement 
of user operation

FRIB Layout
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Front End
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Commencement of User Operation – May 2022

 The first two years of operation
• Delivered 8500 beam hours at full energy for science and 4000 hours at lower energies, up to 40 

MeV/u for Single Event Experiments (SEE)
» Beam availability in the first year was 92% and in the second year - 94%

• 44 science experiments were carried out; the results were reported in multiple PRL papers.

• More than 270 unstable isotopes produced with primary beams of 18O, 20Ne, 28Si, 36Ar, 40Ar, 48Ca, 64Zn, 
70Zn, 82Se, 86Kr, 124Xe,198Pt and 238U accelerated up to 300 MeV/u 

Both primary and secondary beams are extremely stable during the experiment

FRIB Operation
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Main systems contributing to downtime

• Lithium stripper

• Ion Source

• RF power 

• Safety systems 

• Beam instrumentation

Breakdown hours by systems
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Accelerator Tune Development
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New tunes are required for new beams, more charge states, and transition to higher power

Virtual accelerator is based on second order envelope code and simulations of the longitudinal 
dynamics in realistic fields
• Equivalent to the digital twin of the linac

• Provides pre-setting of the entire accelerator  

 Low-loss accelerator tune is achieved by transverse matching in several sections
• The setting is verified by envelope mapping in both longitudinal and transverse planes

 Frequent ion species switching; typically occurs every week
• Rapid beam tuning essential to provide more beam time for science

Our Solution: Advanced beam tuning applications based on
• Physics simulation

• Machine Learning (ML)

• Classical Optimization 

(e.g. Nelder-Mead)
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Examples of ML Task in Front End
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RFQ

RT ECR IS

SC ECR IS

MHB

MEBT

0.012 MeV/u

Problem in restoring previously tuned beam at the entrance of SC linac
• ECR produces slightly different beam distribution in 4D phase space

• The beam central trajectory deviates

• Transverse-longitudinal coupling in the Multi-Harmonic Buncher and RFQ

Result: at the MEBT, transverse beam centroid deviation is up to 3 
mm; phase deviation is up to 4 degrees 

 Task: match beam centroid to previously tuned vector

Steer beam through two apertures in straight line without BPMs  
• Limited fast beam centroid diagnostics.

• Maximize beam current through apertures ⇒ cut beam halo

RFQ transmission and MEBT 6D beam centering  

 LS1 longitudinal beam center restoration  
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Surrogate Model Assisted Optimization
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We consider problem of finding optimum set of control 𝑥∗ that maximize an objective 𝑓 𝑥

𝑥∗ = argmax 𝑓 𝑥

 If we have a model 𝑚 𝑥 ≃ 𝑓 𝑥 , can find solution candidate 𝑥0 = argmax 𝑚 𝑥

Optimization based on the physics or data-

based deterministic surrogate model  

Online Bayesian optimization
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We consider problem of finding optimum set of control 𝑥∗ that maximize an objective 𝑓 𝑥

𝑥∗ = argmax 𝑓 𝑥

 If we have a model 𝑚 𝑥 ≃ 𝑓 𝑥 , can find solution candidate 𝑥0 = argmax 𝑚 𝑥

 If we have a data-based probabilistic model 𝒫(𝑦|𝑥, 𝓓), we can query next candidate 𝑥𝑛 that can 
account for model uncertainty.

Surrogate Model Assisted Optimization
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We consider the objectives that takes few to several seconds to evaluate
» Power supply ramping from old control 𝑥𝑖 to new control 𝑥𝑖+1 :  generally a few sec but can take up to 30 sec

» Average out noisy measurements for a few sec. 

• Due the ramping time, a few sec of averaging cost will benefit for training surrogate model than noisier data. 

• Depending on the problem size, the overall time budget ranges from 2 to 20 minutes.

Given the few to several seconds of evaluation time, BO is an appropriate choice 
• Due to its sample efficiency.  

Bayesian Optimization

Ostroumov AI/ML Workshop,  December 4-5, 2024

• A few seconds of numerical cost ( for less than 10 

dim, and less than 200 data points )

• The scalability issue of computational complexity of BO 

won’t be a limiting factor as the maximum number of 

function evaluation will not exceed a few hundreds due to 

tight time budget. 

, Slide 9
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Tightly avoid accelerator idle time, threaded computation
• Simultaneously queries candidate solutions while the beam measurements are ongoing

• Candidate search terminates upon objective evaluation completion by machine 

Resetting time awareness for max beam time utilization
• Particularly, power supply of corrector polarity change.

Customized BO
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Order evaluation candidates (initialization points 

or multi-batch query) to minimize resetting cost
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Customized BO: Global  
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 Transit from Global (over whole control domain) to Local (over narrow domain) optimization 
• GlobalBO in a limited beam-time remains challenging ⇒  Completion through LocalBO

 Incorporate archived data or simulation model 
• Through prior mean assisted BO (pmBO)

Objective Function Model Prediction
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Customized BO: Global to Local
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 Transit from Global (over whole control domain) to Local (over narrow domain) optimization 
• GlobalBO in a limited beam-time remains challenging ⇒  Completion through LocalBO

 Incorporate archived data or simulation model 
• Through prior mean assisted BO (pmBO)

Objective Function Model Prediction
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Customized BO: Global to Local
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 Transit from Global (over whole control domain) to Local (over narrow domain) optimization 
• GlobalBO in a limited beam-time remains challenging ⇒  Completion through LocalBO

 Incorporate archived data or simulation model 
• Through prior mean assisted BO (pmBO)

Objective Function Model Prediction
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Customized BO: Maximize Transmission through Two 
Apertures
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Projected Acquisition function

Suppress 

polarity 

change by 

favoring 

current 

quadrant

𝑓𝑝𝑒𝑛𝑎𝑙 = −𝐶𝑝𝑒𝑛𝑎𝑙𝑒− 𝑥−𝑥𝑝𝑒𝑛𝑎𝑙
2

/𝐿𝑝𝑒𝑛𝑎𝑙
2

𝑓𝑓𝑎𝑣𝑜𝑟 = +𝐶𝑓𝑎𝑣𝑜𝑟𝑒− 𝑥−𝑥𝑓𝑎𝑣𝑜𝑟
2

/𝐿𝑓𝑎𝑣𝑜𝑟
2

𝑓𝑝𝑜𝑙𝑎𝑟𝑖𝑡𝑦 = ቊ
+𝐶𝑝𝑜𝑙𝑎𝑖𝑡𝑦 if 𝑠𝑖𝑔𝑛 𝑥 = 𝑠𝑖𝑔𝑛(𝑥𝑐𝑢𝑟𝑟𝑒𝑛𝑡)

0 else

Tightly avoid machine idle time
• Simultaneously queries candidate solutions while the machine 

evaluates objectives.

• Candidate search terminates upon objective evaluation 

completion by machine 

Ramping time awareness for max beam time utilization
• Particularly, power supply of corrector polarity change.

Order evaluation candidates (initialization points or 

multi-batch query) to minimize ramping cost
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Objective Function Construction
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Regularity of the objective function strongly effect optimization performance

Objective function construction template saves beam time!

We implemented intuitive scalarization of multiple objectives.

𝑂𝑏𝑗 = 

𝑖

𝑤𝑖𝜑
𝑣𝑖,𝑚𝑒𝑎𝑠 − 𝑣𝑖,𝑡𝑎𝑟𝑔𝑒𝑡

𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒𝑖

𝑂𝑏𝑗𝑏𝑖𝑙𝑜𝑔 = sign 𝑂𝑏𝑗 log(1 + |𝑂𝑏𝑗|)

Sample inefficient: 

Need more data for 

better precision model

too large variation

more regular

Relatively less 

data for precise 

modeling near 

optimum region
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Front End Tuning
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Number of Measurements

RFQ

RT ECR IS

SC ECR IS

MHB

MEBT

0.012 MeV/u

Steer beam through two apertures in straight line without BPMs (4 min)
• Limited fast beam centroid diagnostics.

• Maximize beam current through apertures ⇒ cut beam halo

RFQ transmission and MEBT 6D beam centering (18 min)

 LS1 longitudinal beam center restoration (2 min)
Objective of FC reading after two apertures

Initialization Global Local
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Collective effects: space charge forces.

Motivation: Accelerators are complex time-varying systems  
(especially FRIB!)
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Dataset for AI training summary

13 beam species

Charge states:

26, 22, 23, 24, 25, 27, 28, 1, 2, 3, 4, 5, 6

Ion mass numbers:

124, 124, 124, 124, 124, 124, 124, 16, 16, 16, 16, 16, 16

Macroparticles per charge state: 300 K

Total macroparticles per simulation: 3.9 M

Time for 1 simulation, using 96 cores: ~6 hours

Total simulations run: ~420

measurements

simulations
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Goal: Create Adaptive Generative Deep Learning Tools 
for Virtual 4D Phase Space Diagnostics
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Generative diffusion is the state-of-the-art AI-based method for creating high resolution 
representations of complex objects, such as all 6 unique projections of the FRIB 
beam’s 4D phase space (assuming a beam uniform in z with little/no energy spread).

Conditional vector c contains lattice parameters (such as magnet settings), which of the 
beam’s 2D phase space projections to generate, and where along the lattice to 
generate it.

Conditional Guided Diffusion for Creating 4D Phase Space
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Sample from mean 0, 

unit variance 

gaussian noise 

distribution, Z0~N(0,I)

Conditionally guided iterative 

generative Unet utilizing attention 

mechanisms at lower-dimensional 

representations.

Iterative generative process.
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Conditional Guided Diffusion for Creating 4D Phase Space
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Iterative Steps

Probability Distributions of a Markov Chain
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Conditional Guided Diffusion for Creating 4D Phase Space
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…

t1 t2 t1000

infinite?
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 Generative diffusion is the state-of-the-art AI-based method for creating high resolution representations of complex 
objects, such as all 6 unique projections of the FRIB beam’s 4D phase space (assuming a beam uniform in z with 
little/no energy spread).

Preliminary Results: Conditional Guided Diffusion for 
Creating 4D Phase Space
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PyBOApp is a general GUI app built upon the PHANTASY (Virtual Accelerator) framework, 
specifically by using its UI components and libraries.

 The App is integrated into App Launcher, an app manages the physics applications for the 
accelerator commissioning and operations.

Manages Bayesian Optimization (BO) tasks with a configuration file.

Command line interface tools are provided for testing and development.

Debian packages were created  and deployed in the Linux system

General GUI App for Bayesian Optimization
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PyBOApp: User Interface and Interactions
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PyBOApp: Solution Tracking and Applying
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Application on Re-Accelerator: Source Tuning
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Fast Physics Model is essential for Online Optimization
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BO can exploit physics model for online beam tuning 
provided the model is fast enough
• Otherwise, constructing online model through online data is 

easier and faster

Development of rapid surrogate models of physics 
simulators is underway.
• surrogate modeling of 1D longitudinal RF cavity simulator 

achieved good accuracy and speed ( 30x faster ~ 100 us) 

𝜙𝑊𝑢, 𝑞/𝐴,  cavity field amplitude

sin 𝜙, cos 𝜙

deep FCNN

Δ𝜏,  Δ𝑊𝑢

𝜏 : beam phase advance

Δ𝜏 = 𝜏𝑐𝑎𝑣 − 𝜏𝑑𝑟𝑓𝑖𝑡

Histogram of surrogate model (NN) prediction 

error of beam energy output over test data

epochs
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A neural network is trained to learn the correlation of the BPM harmonics and the bunch lengths
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Bunch Length from Beam Position Monitor (BPM)

Output: 

bunch lengths at the 

BPM locations

Input: 

BPM 

harmonics

Measurement locationFitted beam distribution

TUPB006

Jinyu Wan
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BPM Harmonics
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For a Gaussian beam, the BPM harmonics are determined by

𝐴𝑛 = 𝐴0 exp −
𝜔𝑛𝜎𝑡

2

2

− ln
𝐴𝑛
𝐴𝑚

(𝑛2 − 𝑚2)2𝜋2𝑓0
2 = 𝜎𝑡

2

Y. Zhou, et al., WEPGW061, IPAC19

However, our 

measurements do not 

show that trend.



Beam Quadrupole Moment from BPM

BPM consists of 4 pick-ups to measure beam-induced signals UR, UL, UT, UB . 
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BPMQ = G
𝑈𝑅 + 𝑈𝐿 − 𝑈𝑇 + 𝑈𝐵

𝑈𝑅 + 𝑈𝐿 + 𝑈𝑇 + 𝑈𝐵
− 𝑥2 − 𝑦2 ≃ 𝜎𝑥

2 − 𝜎𝑦
2

geometric factor

T

B

RL

BPM is designed to measure beam 
position, not the quadrupole 
moments

Quadrupole moment signal strength 
is the 2nd order → Weak signal 
• Small signal error ( calibration error,

noises ) leads to big BPMQ error

Use NN to calibrate. Accuracy of data is 
the key for accurate NN model

𝜎𝑥
2 − 𝜎𝑦

2 = NN(𝑈𝑅, 𝑈𝐿, 𝑈𝑇 , 𝑈𝐵)

Model prediction on Validation data

feature engineering, outlier rejection, etc
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Courant-Snyder (CS) Parameters Reconstruction from BPMQ 
Using Bayesian Active Learning (BAL)
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CS parameter reconstruction using beam 
quadrupole moments at a few BPMs requires 
efficient quadrupole magnet scan.

 Ensemble of a backward-differentiable 
envelope simulation (with pyTorch) for 
surrogate model of BAL
• Candidate quadrupole settings are queried to maximize 

surrogate model uncertainty of BPMQs.

Beam test: 16O6+ ion beam (with 12 epoch of q-Scan). 
• Despite the model prediction shows some error

» NN model for BPM_D5565 shows better accuracy
• training data is more reliable due to PM5567 

• Good enough agreement between reconstructed CS 
using BPMQ with BAL   vs   PM.
» with BPM5565 and emittance prior

from PM

from BPMQ

4,8,12 Q-scan
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Amplitude of the  2nd harmonic (161MHz) of beam 
frequency of induced signal at BPM 4-pickups are 
utilized for beam position and quadrupole moment to 
avoid cross-talk from many other RF devices.

 Instead of the manually engineered input feature – the 
161MHz component, we use NN to extract the 
features relevant to the BPM-Q from the full raw 
signal in time domain:
• To mitigate overfitting caused by the high-dimensional 

input data and a relatively small training dataset, we use 
an encoder architecture composed of 1D convolutional 
layers. These layers serve to extract meaningful features 
by reducing input dimensionality, followed by a Fully 
Connected Neural Network (FCNN) that outputs the BPM-
Q.

• This resulted in about 25% improved accuracy in terms of 
BPM-Q error on validation data

Recent Development: Improved BPM-Q Modeling
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Raw BPM signals 

from 4 pick-up

Same 1D convolution 

filters for all 4 signals

Relevant features

FCNN BPM-Q
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 Fast beam tuning is critical for the FRIB mission 

Customized Bayesian Optimization (BO) for FRIB
• Maximum utilization of beam time

• Routine tasks are being established

• Enhanced Automation, Visualization, and UI based on user feedback

Surrogate modeling of physics simulators
• Surrogate modeling of 1D longitudinal RF cavity simulator achieved good accuracy and speed

Virtual Diagnostics
• Bunch length measurement using BPM

• Beam quadrupole moment measurement using BPM

• Model accuracy depends on the data accuracy and quantity.

• Strategies of CS reconstruction accuracy improvement with measurement error from virtual diagnostics 
is under development
» Even if BPMQ error is large, CS could be reconstructed within tolerable accuracy by

• Emittance prior

• A large number of Q-scan to avoid over-fit CS to BPM-Q error

• Convolution filters applied for 1D bunch signals from BPM

Conclusion
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BPM-Q Model with Full Profile vs 161MHz Amplitude Input
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Full Profile 161 MHz amplutude


