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FRIB Layout
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FRIB Operation

» 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 180, 2°Ne, 28Si, 36Ar, 40Ar, 48Ca, %4Zn,
0Zn, 82Se, 85Kr, 124Xe,198Pt and 238U accelerated up to 300 MeV/u

» Both primary and secondary beams are extremely stable during the experiment

Breakdown hours by systems
Main systems contributing to downtime

« Lithium stripper
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Accelerator Tune Development

* 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
= OQur Solution: Advanced beam tuning applications based on
 Physics simulation
» Machine Learning (ML) éﬁief_lil DeliverySystem  Linac Segment3
» Classical Optimization - ™

(e.g. Nelder-Mead) ﬁ(‘%h—l—«ms&trlp»e? .......... N S —— I —— —— —-—"r | W
Lmac Segment 2
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Examples of ML Task in Front End

* Problem in restoring previously tuned beam at the entrance of SC linac RT ECRIS

« 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

- e

» 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

= RFQ transmission and MEBT 6D beam centering MEBT &

» | S1 longitudinal beam center restoration
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Surrogate Model Assisted Optimization

= We consider problem of finding optimum set of control x* that maximize an objective f(x)

x* = argmax f(x)
= [f we have a model m(x) = f(x), can find solution candidate x, = argmaxm(x)
Optimization based on the physics or data- Online Bayesian-‘optimization
based deterministic surrogate model
‘\‘ : Onjmé/-Model-Assisted Optimization
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Surrogate Model Assisted Optimization

= We consider problem of finding optimum set of control x* that maximize an objective f(x)
x* = argmax f (x)

= [f we have a model m(x) = f(x), can find solution candidate », = argmax m(x) |

= |f we have a data-based probabilistic model P (y|x, 1)) we can query next candldate

)

account for model uncertainty. e
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Bayesian Optimization

* \We consider the objectives that takes few to several seconds to evaluate
» Power supply ramping from old control x; to new control x;,, : 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.

2
* A few seconds of numerical cost ( for less than 10 1 -
dim, and less than 200 data points ) o-
« The scalability issue of computational complexity of BO Bl
won’t be a limiting factor as the maximum number of X —2- True Objective
function evaluation will not exceed a few hundreds due to -3 4 —— Model Prediction
tight time budget. . Model Uncertainty
® Points Evaluated
™1 @ Points To Evaluate
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Customized BO

= 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

0 v
« Particularly, power supply of corrector L g ™ .
1
| | o | 107 AL 1 e
= Order evaluation candidates (initialization points ~ 051 4 ’!
. - . . . L
or multi-batch query) to minimize resetting cost B Qo pm=----- S
El -0.5 5 : . ®
0 b -
QO =10 :
O P : @
=15 1 L :
-2.0 . L : o
-2 =1 0 1 2
COR1:l_CSET
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Customized BO: Global

» 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)

Obijective Function Model Prediction
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Customized BO: Global to Local

» 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)

Obijective Function Model Prediction
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Customized BO: Global to Local

» 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)

Model Prediction
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Customized BO: Maximize Transmission through Two

Projected Acquisition function
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Apertures

= 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

2
~(x—Xpenat) /L%enal

fpenal = _Cpenale
2,2
fravor = +Cfavore_(x_xfavor) /Lfavor
f arity = +Cholaity if sign(x) = sign(Xcyrrent)
olari
p Y 0 else
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Objective Function Construction

= Regularity of the objective function strongly effect optimization performance

= Objective function construction template saves beam time!

= We implemented intuitive scalarization of multiple objectives.

vi,meas T vi,target

tolerance;

i

Objbilog — Sign(Obj) log(l + |0b]|)
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* RFQ transmission and MEBT 6D beam centering (18 min)

» LS1 longitudinal beam center r\e*stgration (2 min)
Objective of FC reading after two apértu(es
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Motivation: Accelerators are complex time-varying systems
(especially FRIB!)

= Collective effects: space charge forces. Dataset for Al training summary
FRIB CSS 13 beam species
— K MI T[.». N Charge states:
asew | ":_4 26, 22, 23, 24, 25, 27,28, 1, 2,3,4,5,6
o G lon mass numbers:
1 124, 124, 124, 124, 124, 124, 124, 16, 16, 16, 16, 16, 16
measurements 177 L eniconcescme _
Y ) Macroparticles per charge state: 300 K

) Total macroparticles per simulation: 3.9 M
- l::; Time for 1 simulation, using 96 cores: ~6 hours
w739 ! _}323@]"“’ : :
***** T Total simulations run: ~420
simulations
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Goal: Create Adaptive Generative Deep Learning Tools
for Virtual 4D Phase Space Diagnhostics

Input beam distribution generated beam distribution = measured beam dlstrlbutlon

y [em]

N Y ‘

Input beam parameters \

charge neutralization adaptive adjustments
ion temperature

40 30 20 10 O -10 20 -30 -40
X [mm

error
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Conditional Guided Diffusion for Creating 4D Phase Space

» Generative diffusion is the state-of-the-art Al-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.

FRIB

Sample from mean 0O,
unit variance
gaussian noise
distribution, Z,~N(0,l) =

Conditionally guided iterative Iterative generative process.
generative Unet utilizing attention

mechanisms at lower-dimensional

representations.
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Conditional Guided Diffusion for Creating 4D Phase Space

Iterative Steps

=/1-BY++Bie, = V1-pozi+ VB

7 = l—ﬁrzx—l‘l‘\/ﬁ&, SI‘N'-/V(OJI)J ﬁte[oal]a fE{l,Z,...,T}
Probability Distributions of a Markov Chain

T
a@|Y) = A, [VI=BYBi|, g(mlz 1) =A, [VT=Bz 1,B]] q(21..71Y) = q(z|Y) [ ] a(z:|zi-1)

t=2

n=vaY+yizas, a=[[0-B) — om¥)=KlVaY.0-a)] = A(0,1)

31 — 2o
—
=== MO0,1)
== 0.00
0 200 400 600 800 1000 -3 =2 =1 0 1 2 3
t Z
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Conditional Guided Diffusion for Creating 4D Phase Space

[
>

dz = f(z,t)dt + g(t)dw, SDE

a

dx = [£(x,1) — g(t)* Vi log ps(x)]dt + g(t)dw

0 200 400 600 800 1000

FRIB

0 R _,
th—Y¥(r,t) = —%V U(r,t) + V(r)¥(r,t)

ot
J

!

infinite?
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Preliminary Results: Conditional Guided Diffusion for

Creating 4D Phase Space

= Generative diffusion is the state-of-the-art Al-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 eneray spread)
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General GUI App for Bayesian Optimization

= PyBOApp is a general GUI app built upon the PHANTASY (Virtual Accelerator) framework,
specifically by using its Ul 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
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ser Interface and Interactions

Each task is presented as a clickable tab
(DDefines where the data files to be saved

. |2 Defines how the data is set and get

(®)Defines the objective
(4)Defines the budgets

' |(9)Defines the decision knobs
' |(®)Run the BO routines all or stage by stage

(7)Get the solution, task report, save the data
(8)Activate the data/figure updating

(9)Data visualization

(i Undock by double-clicking

* Executing the task in a single button click
* Or, iterating each stage individually
P initiaiize P Giobai P Local

P FineTune

* Support Abort the running

o
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PyBOA

op: Sol

ution Tracking and Applying

click

B

* The

* The app keeps all the solutions during the BO run in tabular format, one can

to read the table

 Thetable supports sorting, e.g. on the objective device readings
« Each row of solution could be applied to the system by clicking the

®| button
pop-up dialog indicates how much objective change is expected

* Press OKto apply the changes

x PyBOApp: Table of Trials@cthrm-dag1.fribimsu.edu

Report: Trials with Objective Device Readings

x| | Since it (1) is the minimal (best), itis

time
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Application on Re-Accelerator: Source Tuning
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Goal: Maximize a Faraday Cup reading

(transmission) by tuning 3 pairs of correctors

(horizontal & vertical) and 5 quadrupoles,
thatis 11 devices in total in the upstream

beamline.
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Fast Physics Model is essential for Online Optimization

* 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

W,, q/A, cavity field amplitude /u

» Development of rapid surrogate models of physics deep FCNN % tiefm p_heie advance
. . - tcav rfit
simulators is underway. !

» surrogate modeling of 1D longitudinal RF cavity simulator
achieved good accuracy and speed ( 30x faster ~ 100 us)

Histogram of surrogate model (NN) prediction
error of beam energy output over test data : 000010 000530
103 10734 —_Ir —— val_loss :
B model err = ] train_loss 0.00525
10! - S5 107%4 - 0.00008
o g 10-3 i 000520
10 - o [ 0.00006
g 106 ] § ,E 0.00515
10—3 - () o | =
8 10-7 4 % 0.00004  gposio
0.000 0.005 0.010 0.015 S 1o S | 000002 000505
dW_u (KeV/u) 2 -
- = 107 4 e 5.00000 0.00500
-*¢ Facility for Rare Isotope Beams g = T v 7 v v ' 2.5 0.0 25 -2.5 0.0 2.5
U.S. Department of Energy Office of Science | Michic,_._ _...._ _..2 _. _ 100 ~ 2000 3000 4000 5000 phase (rad] phase [rad]
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Bunch Length from Beam Position Monitor (BPM)

TUPBO0O06
Jinyu Wan

A neural network is trained to learn the correlation of the BPM harmonics and the bunch lengths
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Output:
bunch lengths at the
BPM locations
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For a Gaussian beam, the BPM harmonics are determined by
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Power spectrum {a.u.)
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Y. Zhou, et al., WEPGWO061
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Figure 1: Power spectrum for Gaussian bunches.
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However, our
measurements do not
show that trend.
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Beam Quadrupole Moment from BPM

= BPM consists of 4 pick-ups to measure beam-induced signals Ug, U, U7, Ug .

geometric factor
T Ug + U, — (Up +Ug)

BPMQ = G 2
¢ Up + U, + U + Ug

(x* —y?) = oy — Oy

*BPM is designed to measure beam \ BDS_BT>:B8PM_D3565

X

position, not the quadrupole I v @ o oome
moments . 4 £ 4
. E & ] e o
= Quadrupole moment signal strength v o S
is the 2"d order - Weak signal 5 S o T
« Small signal error ( calibration error, § g -2- ¢ ®
noises ) leads to big BPMQ error 8 g,
L
. . —20 - =3
" Use NN to calibrate. Accuracy of data Is Model prediction-6én Validation data

del

the key for accurate NN

T T T T
=20 —-10 0 10 20 =20 -10 0 10 20
simulated o2 — crj{mmz]l simulated o2 — crj{mmz}l

oy — g = NN(Ug, Uy, Ur, Up)
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Courant-Snyder (CS) Parameters Reconstruction from BPMQ
Using Bayesian Active Learning (BAL)

. . BPM D5513 BPM _D5565
= CS parameter reconstruction using beam = =

guadrupole 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 > o b —60 -30 0 30

] simulated o2 — oZ(mm?) simulated o2 — o2(mm?)
surrogate model uncertainty of BPMQs. ki ’

0.3 A

-
U
|

’—l
o
|

an

(%)}
1

measured o7 — 07 (mm?)

= Beam test: 1605+ jon beam (with 12 epoch of g-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

0.2 -+

x* (mrad)
y* (mrad)

-
| —

- s 0 1
-‘¢ Facility for Rare Isotope Beams R L x (mm) ,/’ y (mm)
U.S. Department of Energy Office of Science | Michigan State Ul from BPI\/IQ ————— o ‘
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Recent Development: Improved BPM-Q Modeling

= Amplitude of the 2"d harmonic (161MHz) of beam Raw BPM signals
frequency of induced signal at BPM 4-pickups are from 4 pick-up
utilized for beam position and quadrupole momentto —.

c———

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
iInput data and a relatively small training dataset, we use
an encoder architecture composed of 1D convolutional

. Relevant features
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 FCNN :* -

BPM-Q error on validation data
Facliity 101 Xdre 1solope bealirns
u U.S. Department of Energy Office of Science | Michigan State University
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Same 1D convolution
filters for all 4 signals




Conclusion

» 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 Ul 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
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BPM-Q Model with Full Profile vs
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