PHYSICAL REVIEW ACCELERATORS AND BEAMS 29, 105102 (2026)

Accelerator tuning via model-coupled optics and Bayesian steering
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We present an on-line tuning strategy for the isotope separator and accelerator postaccelerator that
presets machine optics with a digital twin and then performs Bayesian optimization for steering during
operation with beam. The model computes end-to-end configurations in seconds and interfaces with the
control system under device bounds, slew-rate limits, and loss interlocks. We report three experimental
case studies demonstrating that decoupling optics from steering yields faster and more reliable
convergence than a fully Bayesian optics-plus-steering baseline under identical conditions. Across these
cases, the number of iterations required to reach high-transmission solutions was substantially reduced,
with final average transmissions in the mid- to high-90% range. By removing optics from the steering
optimization, the dimensionality of the parameter space is reduced, convergence becomes more
predictable, and operational safeguards are easier to enforce.
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L. INTRODUCTION

The design and operation of particle accelerators are
shaped by a wide range of scientific, technological, and
societal applications. These include nuclear and particle
physics studies of nuclear structure and fundamental
interactions [1-4], the production of radioisotopes and
beams for medical diagnostics and therapy [5,6], materials
science investigations using ion implantation and irradi-
ation, accelerator mass spectrometry, and emerging appli-
cations in industry and energy research. Across these
domains, experiments impose stringent requirements on
beam quality, stability, energy control, and species purity.
Meeting these demands motivates the development of
increasingly sophisticated accelerator modeling, tuning,
and control strategies capable of delivering diverse beam
species over broad energy ranges with high reliability and
reproducibility.

Isotope-separation on-line (ISOL) facilities produce and
purify rare-isotope beams (RIBs) in situ, then postaccelerate
them with dedicated linear accelerators (linacs) or cyclo-
trons. Several examples include ISOLDE (CERN) [7], ISAC
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(TRIUMF) [8], and SPIRAL 1 (GANIL) [9]. Many heavy-
ion linacs employ a low-energy front end consisting of anion
source and a radio-frequency quadrupole (RFQ), followed
by structures such as interdigital-H mode (IH) cavities,
quarter-wave resonators, or other independently phased
accelerating cavities. In a separated-function layout [10],
these cavities and bunchers are individually tunable, offer-
ing considerable operational flexibility at the cost of a larger
parameter space.

With this system’s complexity comes a growing chal-
lenge for operators: optimizing beam quality and trans-
mission while taking into account operational overhead. At
facilities such as TRIUMF’s isotope separator and accel-
erator (ISAC), linacs must be retuned frequently to
accommodate different ion species, each with unique
charge-to-mass ratios and energy requirements. Manual
tuning is highly variable, time-consuming, and places a
heavy burden on operators.

The commissioning of the Advanced Rare Isotope
Laboratory (ARIEL) [11,12] will further amplify the
complexity of ISAC’s operational scope by tripling its
rare-isotope beam availability. ARIEL’s new supercon-
ducting electron linac [13] is designed to produce high-
intensity, neutron-rich isotopes for both research and
applications, spanning from medical isotope production
to generation of intense THz radiation to fundamental
science related to dark matter. Together with TRIUMF’s
existing 520 MeV proton cyclotron, the new installation
will broaden coverage of the nuclear chart, and once
ARIEL is fully online, simultaneous delivery of three RIBs
and one stable beam will be possible.

Published by the American Physical Society
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To address this challenge, we present an approach to
accelerator tuning that decouples the optimization of the
beam optical elements from that of the corrective
steerers. This enables more intuitive and accessible
machine control for operators through rapid, semiau-
tonomous tuning for beam delivery. However, several
parameters, such as rf phases and ion source settings,
remain under manual control; these are the subject of
ongoing studies and are outside the scope of this paper.
At its core is a digital twin of the linac and beamline that
continuously computes beam envelopes and responds to
live system parameters. This allows operators to visu-
alize machine states in real time and supports beam
optics setpoint computations from first principles.
Combined with a previously reported Bayesian opti-
mizer for beam steering [14], this method facilitates
efficient parameter calculations and automated beam
threading: the process of guiding the beam through
the full accelerator lattice using corrective steerers to
avoid losses. This stands in contrast to other methods
presently being reported, in which the quadrupoles and
steerers are both altered using optimization algorithms
[15-19]. By reducing operational complexity and deci-
sion load, our approach improves tuning efficiency and
reduces complexity for beam delivery. The framework
has been successfully implemented at certain sections of
ISAC and is now being expanded into several facilities
across TRIUMF, including the ARIEL beamline network
and the cyclotron injection line. Ultimately, this is an
adaptation to the growing demand for more precise
accelerator tuning to support TRIUMF’s scientific mis-
sion in years to come.

A. Relation to prior work

Prior work [20-22] established fast envelope modeling
and sequential optimization within subsections of ISAC
(e.g., the DTL) but did not integrate automated beam
threading, which was separately reported in [14]. Our
contribution is an operational pipeline that (i) computes
end-to-end configurations online for the entire ISAC
chain with model coupled accelerator tuning (MCAT)
and (ii) applies steering-only Bayesian optimization for
ion steering (BOIS) on the live machine. Compared to
fully Bayesian optics-plus-steering strategies (surveyed in
[23] and recent applications [24]), this removal reduces
dimensionality, improves reliability, and aligns with
operational safety constraints. We provide multispecies
experimental validation, quantitative convergence and
transmission benchmarks, and deployment outcomes.

Rather than simply combining two existing tools, the
present work establishes a framework in which online
model computation, sequential optics optimization, steer-
ing optimization, control-system integration, and opera-
tional safety constraints function as a unified beam
delivery workflow.
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FIG. 1. Overview of the ISAC-I RIB postaccelerator, showing
major components.

II. THE ISAC-I FACILITY

The methodology described in this work builds on
extensive operational experience at ISAC, which produces
rare isotope beams using a proton beam from TRIUMF’s
500 MeV cyclotron to bombard production targets. These
are composed of a variety of materials such as UC,, Ta,
and NiO [25]. The resulting isotopes are ionized,
extracted, separated [26], and delivered to experiments.
Stable beam is provided by the off-line ion source (OLIS)
[27]. The postaccelerator, shown in Fig. 1, is divided into
low, medium, and high energy sections: electrostatic ion
optics (before the RFQ) define the low energy section,
while magnetic optics (after the RFQ) are used in the
medium and high energy sections.

ISAC was commissioned between the late 1990s and
mid-2000s, during which time simulation and tuning relied
on contemporary beam dynamics codes. This led to a set of
modular, piecewise simulation models tailored to specific
sections of the accelerator. The low-energy beam transport
and matching sections were primarily designed using the
envelope-tracking code TRANSOPTR [28], while high-
energy linac and beamline sections were modeled using
ray-tracing tools such as PARMTEQ [29,30], LANA [31,32],
and TRACEWIN [33]. As a result, parameter computations
for the entire accelerator have historically relied on
multiple independent simulation models. The integration
of these into a unified control or modeling framework has
recently been completed in the code TRANSOPTR [34].

Historically, beam delivery configurations at ISAC have
been stored in two formats: HTML webpages and spread-
sheets. Beam tuning initially required operators to man-
ually input device setpoints into the EPICS control system
[35], consulting various information sources for each
setting. This process was both time-consuming and
error-prone. Beam from one of ISAC’s ion sources would
be threaded through the system, from one Faraday cup
(FC) to the next, with manual adjustment of transverse
steerers and quadrupole lenses to optimize transmission.
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FIG. 2. All operator input commands sent into the control system over a 24-h time period, displayed in 5-min timebins and shown
over 5 consecutive days. In this instance, operators were manually tuning the ISAC-I linac in preparation for scheduled beam delivery.

Power law normalization applied for clarity.

While this made the tuning process robust and self-
optimizing, it posed a challenge on operational resources
due to its intensive nature for operators.

For example, Fig. 2 illustrates a typical scenario where
ISAC-I is prepared for experimental beam delivery. In the
figure, all beam optics and rf control system commands
issued by operators are accumulated into 5 min bins and
plotted over 5 consecutive days; each row corresponds to a
day and the horizontal axis shows the time of day. The
intensive nature of ISAC postaccelerator tuning can be
appreciated by the density of these commands with
minimal empty intervals, as operators must continually
adjust the machine throughout each day. Automating the
tuning of the optics and steerers can therefore offload a
substantial fraction of these routine commands and
increase operators’ capacity to handle more complex tasks
or parallel beam tuning.

ISAC supports a broad program of experiments, namely
p/-NMR [36], DRAGON [37], GRIFFIN [2], TRINAT
[38], and TITAN [39]. With the advent of ARIEL and
increased user expectations, rapid, accurate, and reliable
beam delivery is essential to the facility’s future scientific
output. The aforementioned fragmentary nature of simu-
lations complicated whole-machine studies and hindered
investigations of emergent phenomena, for example, time-
of-flight variations arising from phase instabilities and
their propagation through the accelerator lattice, or the
propagation of couplings in the beam. We therefore adopt
the unified theoretical framework implemented in
TRANSOPTR, as outlined below.

III. MODEL-BASED OPTICS TUNING

A. Linear optics

We adopt the linear-optics formalism familiar from
classical optics, but now applied to a six-dimensional
phase space. A particle is specified by its state vector X =
(X, Py ¥y, Py, 2,0) and the collective beam distribution is
described by a 6 x 6 covariance (or beam) matrix o(s).
The beam matrix contains the second moments of the
distribution, and its diagonal elements give the squared
beam sizes. The beam envelopes, defined as the rms sizes,

are \/oy; in x and /633 in y. Here, p, = P, /P, and p, =
P,/P, are the transverse momenta normalized to the
reference momentum Py, and § = (P — Py)/P, is the
relative momentum deviation. In the paraxial limit, p,
and p, are approximately equal to the geometric slopes
X' =dx/ds and y = dy/ds, respectively. Instead of time,
the longitudinal position s is our independent coordinate as
described in a co-moving Frenet-Serret coordinate system
[40]. The covariance matrix propagates across the beam-
line through the first-order ordinary differential equations:

do _ F(s)o + o F(s)T, (1)
ds

where the matrix F describes the Hamiltonian dynamics
through the local electromagnetic fields [21,41].
Consequently, any element within the accelerators and
beamlines can be modeled in TRANSOPTR using potentials
derived analytically, from field maps, or via finite-element
simulations. Computing the infinitesimal transfer matrix at
each step gives a prediction of how the beam distribution
evolves through the accelerator. Over a small step ds, the
corresponding transfer matrix is given by R =1 + ds - F,
which will be convenient for formulating constraints in
the next subsection. The rms geometrical emittance,
€ms = Vdeto,,,, represents the area of the beam’s
phase-space distribution. The evolution of the beam matrix
is described by a symplectic first-order transfer matrix if
the EM fields are free from higher-order aberrations. This
means that for optimally efficient beam transport and
acceleration through the machine, beams should remain
small compared to device aperture sizes and remain close
to the central axis through the accelerator. Here, 65, is the
covariance submatrix for a single plane extracted from the
full 6 x 6 sigma matrix, either (x,x’), (y,y’), or (z,6),
which can be considered independently if there are no
couplings beyond the canonically conjugate pairs. The
Courant-Snyder (Twiss) parameters [42,43], illustrated
in Fig. 3, are obtained by factoring out the horizontal
emittance €,,,, from this 2 x 2 block matrix; for the (x, x’)
pair they are defined as
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FIG. 3. Evolution of a converging beam through a drift.
(a) Starting distribution where beam is converging a, < 0.
(b) Beam reaches a waist where a, = 0. (c) Beam starts
diverging a, > 0.

011 022 012
ﬁx:—7 x — ax__—7 (2)
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where S, is related to the width of the phase-space
distribution, y, is related to the height, and a, determines
the beam divergence: a, < 0 beam is converging, a, > 0
beam is diverging, and a, = 0 corresponds to a waist.
These parameters provide a compact description of the
beam for transport and acceleration, and serve as ideal
constraints in optics optimizations.

B. Implementation

The backbone of our method is a digital twin of the
accelerator: a benchmarked model that is continuously
synchronized with the real machine’s configuration. This
enables online simulations and automated optimization of
optical elements (quadrupoles, solenoids, and dipoles) and
rf parameters. It possesses sufficient predictive power to
compute operational configurations during beam delivery.
Because the model runs in parallel with the physical
machine, any discrepancy between simulated and mea-
sured values can be observed by a physicist, signaling
miscalibrations in the model or changes in the machine
configuration. The resulting feedback loop drives continu-
ous model refinement.

The basis of the digital twin is a unified model of the
entire postaccelerator system, which was developed using
the beam envelope code TRANSOPTR. Continuously devel-
oped at TRIUMEF since 1984 [44], the code has advanced
to handle time-dependent elements whose transfer matri-
ces are not analytically known a priori. It now supports the
inclusion of RFQ [21] and multigap accelerators
[20,22,45], allowing for the continuous tracking of the

beam and transfer matrices along the structure. TRANSOPTR
allows parameter optimization through user-defined con-
straints. Input parameters such as quadrupole strengths,
drift lengths, and rf amplitudes can be optimized by
imposing constraints on the beam matrix, the transfer
matrix, or the reference particle’s energy or time. The
present version includes two optimizers: Downhill simplex
and simulated annealing.

With the MCAT web application [46], TRANSOPTR is
deployed for routine control-room use. To minimize the
computational latency of online tuning, we employ
sequential optimization; the next subsection details this
strategy.

C. Sequential optimization

Our digital twin uses sequential optimization, where
large optimization problems are broken down into smaller
and more manageable sequences. Sequential optimization
allows for the single execution of the envelope code, which
progressively solves each sequence and moves on to the
next, while retaining the optimum values found at each
step. This way, the lattice can be adjusted online, with the
optimization converging quickly. Although the accelera-
tors and beamlines at TRIUMF-ISAC are shown for the
remainder of this paper, the method is general, provided
that the system can be represented by the Courant-Snyder
Hamiltonian [42], which in turn requires the potential
functions to be known. The lattice from OLIS to the
medium-energy beam transport (MEBT) was selected to
illustrate sequential optimization. This section contains 27
electrostatic and 5 magnetic quadrupoles, since several
quadrupoles are wired in parallel, there are a total of 24
independently tunable elements. The optimization was
decomposed into nine sequences and achieved a near-
identical solution to the design [47]. Table II lists the
optimization sequences and constraints, along with the
elements varied at each step, using beam parameters listed
in Table I. While most elements have their initial value
kept at 0, some are given an informed starting value based
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FIG. 4.

TRANSOPTR simulation from the stable ion source line through the RFQ to the MEBT section. The sequential optimization

solution is shown alongside the design solution in solid and dashed lines, respectively. The x and y beam envelopes are 2 rms. The focal
strengths are scaled up for the quadrupoles and dipoles and scaled down at the RFQ for visual clarity.

on their typical operating procedure to boost the optimizer.
Some constraints are also weighted more heavily as they
are more critical to the optimization. Figure 4 compares the
design optics with the sequentially optimized solution
obtained using simulated annealing. Unlike what was
reported in [20], which used a PYTHON wrapper for
sequential optimization execution, the method is now
implemented natively in TRANSOPTR’S FORTRAN codebase.
On an i7-3770 S CPU with a single thread and 8§ GB
memory, the problem from Table II converges in 2 to 3 s.
Representative convergence histories for selected optimi-
zation sequences are shown in Fig. 5.

The largest deviation from the historical design tune
occurs in the horizontal MEBT envelopes. This is inten-
tional. The MEBT optics admit considerable flexibility
because the quadrupoles operate at relatively low gradients
while transporting highly eccentric phase-space distribu-
tions. Rather than reproducing the historical envelope
shape, the sequential optimizer searches for an optics

solution that satisfies the required matching conditions
while minimizing the onset of optical aberrations. The
resulting envelopes therefore differ from the original
design, due to TRANSOPTR’s aberration reduction routine,
which estimates the prevalence of second order effects
based on the beam’s emittance and distribution [48],
resulting in a tune with a smaller overall beam size which
in turn reduces nonlinearities from sampling quadrupoles
with a beam whose size is large compared to the
aperture.

With the development of MCAT and its use of sequential
optimization, we can compute end-to-end optics solutions
for the entire system in seconds. However, optics alone do
not guarantee the beam is transmitted: this requires
threading the beam by tuning steerers to compensate for
beam alignment errors. To address this, we make use of a
machine-learning approach to beam threading, described
next (Sec. IV), which computes steerer settings that
reliably yield high-transmission solutions.

TABLE II. Sequential optimization steps from OLIS (IOS) to MEBT.

Sequence Quadrupole IDs Description Optimization goal

1 10S:Q10-13 First achromat Rig =Ry =0

2 10S:Q9, 10S:Q33 Fine-tuning achromat o1, =03 =0

3 ILT:Q34-Q41 Triplet + end quads o1, = 03 = 0; 6, = 033 < 0.5 cm?; Match Q34 —Q41
4 ILT:Q35-Q40 Triplet only 61y =03 = 0; 61; = 633 < 0.5 cm?

5 ILT:Q43-Q46 Second achromat Ris =Ry =0

6 ILT:Q42, ILT:Q47 Fine-tuning achromat 010 =033 =0

7 ILT:Q47-Q50 Periodic section Match Twiss parameters for periodicity
8 IRA:Q1-Q4 RFQ injection Form waist at RFQ entrance

9 MEBT:Q1-Q5 MEBT matching Form waist at MEBT end
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Sequences 1 and 5 tune the achromat sections around
each bend. These achromats cancel the dispersion intro-
duced by the dipoles, ensuring that off-momentum par-
ticles exit with no position or angular dependence on 6. In
practice, the achromatic quadrupoles enforce R =
R,s =0 at the exit of a horizontal bend, nullifying
transverse-longitudinal couplings which can cause unex-
pected beam size changes leading to transmission loss. If
the dispersion is uncorrected, the focal point of quadru-
poles will be smeared in space based on §, which in turn
can create a halo around the beam, compromising the
ability to focalize through narrow apertures downstream,
for example at the experiment’s detector. While it is
possible to use sequential optimization to optimize the
RFQ, this was not done in this work for simplicity; a static
solution was used instead.

IV. STEERING CORRECTIONS

The initial centroids of the beam distribution are
unknown due to several factors: (1) Lack of diagnostics
in the OLIS beam transport section. (2) Mechanical
machine misalignments, such as floor-slab settling effects
[49]. (3) Stray fields from both the multicharge ion source
terminal at OLIS and its steerers, which are affected by
steerer lensing [50,51], exhibiting quadrupolelike effects
that have been found to be proportional to the sum of the
parallel plate voltages [52], which arise due to circular
skimmer ground plate apertures together with identically
biased opposing steering plates [53]. Given the different
energies with each delivered beam, the use of theoretical
solutions for setting the corrective steerers is not viable.
This motivates the use of a Bayesian method for beam
threading.

Designed as a complement to MCAT, BOIS provides
steering corrections for beam threading. Developed in
BoTorcH [54], BOIS optimizes the corrective steerers
while reading back the current from the Faraday cup. The
BOIS algorithm has been previously reported in [14] and is
used in this work to locally optimize groups of steerers
while maximizing beam on a Faraday cup in the line.
While this work focuses on one section, BOIS is typically
applied in a manner analogous to sequential optimization:
the problem can be broken into sequences, allowing rapid
and efficient local optimizations [24], from low- to high-
energy segments in the machine.

Bayesian optimization has become a popular tool for
many problems in accelerator physics [23]. Its main
advantage is sample efficiency; it can converge on optimal
solutions after only a handful of evaluations, making it an
ideal choice for online optimization tasks, such as accel-
erator tuning and real-time beam delivery. This is a
probabilistic technique based on Bayesian inference where
a surrogate model, typically a Gaussian process (GP) [55],
is defined on prior information. The objective is to find the

input values that maximize an unknown noisy objective
function x* = arg max, ¢ vf(x).

The selection of new evaluation points is determined by
the acquisition function (AF), which quantifies the utility
of sampling at a given location in the input space.
Acquisition functions balance exploration (sampling in
regions of high uncertainty) against exploitation (sampling
near regions with high predicted objective values). Two of
the most commonly used AFs are the upper confidence
bound (UCB) and the expected improvement (EI) [56,57],
defined as

UCB(x) = u(x) + /fo(x), 3)

El(x) = E[max(f(x) — f* — £, 0)]. 4)

where u(x) and o(x) are the GP posterior mean and
standard deviation, respectively, and f* is the best
observed objective value. UCB favors points with either
high posterior mean or uncertainty, whereas EI targets
points with the largest expected gain over f*, which
combines both the probability and magnitude of improve-
ment. The parameters f (for UCB) and & (for EI) control
the trade-off between exploration and exploitation. Larger
por & increase the incentive to explore uncertain regions of
the input space, while smaller values bias the search near
the current optimum. Striking the right balance is impor-
tant for reliably locating a global maximum. In this work,
BOIS was used in a standard Bayesian optimization
configuration: (i) Objective and measurement. The objec-
tive is to maximize the FC current. Performance is
quantified by the transmission, defined as the FC current
normalized to the upstream FC current. Typical measure-
ment noise is on the order of 6 & 1%—-3% of full scale. This
noise is treated as a hyperparameter, which is learned by
the GP. (i) Bounds and safeguards. Each element is
subject to predefined limits; for example, magnetostatic
steerers are restricted to [—100, 100] A. Power supplies can
span these ranges without limitation. (iii) Zero-current
crossing. Magnetic steerers are powered by unipolar
supplies coupled with polarity switches, which introduce
a finite delay for crossing zero current. For this reason,
when BOIS causes a steerer to cross zero, a 5 s delay is
applied to prevent loss of communication with the device
[58], which is unresponsive during a polarity switch.
(iv) BOIS settings. The GP surrogate uses a Matérn kernel
(v =5/2) with a Gamma probability distribution as the
prior [14]. Inputs were normalized and outputs standard-
ized. The random sampling stage was initialized at the
midpoints of the parameter bounds [24]. BOIS allows for
the usage of UCB (f =3) or EI (§ =0.1) acquisition
functions.

105102-6



ACCELERATOR TUNING VIA MODEL-COUPLED ...

PHYS. REV. ACCEL. BEAMS 29, 105102 (2026)

S o o =
A o oo o
Params (norm.)

o
o

I
=}

— kA Tunable elements
Seq. 1

1.0 1

0.8
Eoe{f T
=}
£
E 0.4+

0.2 = o

0.01

0 5 10 0 5 10 0 5 10
Iteration
FIG. 5. Optimization history for select sequences. ||| shown in a red solid line alongside the tunable elements in dotted lines. ||y||

was normalized to [0,1]. Here,

|x|l denotes the scalar objective function minimized by TRANSOPTR’s optimizer, formed from the

weighted residuals associated with the user-defined beam optics constraints. The tunable elements were normalized using the

maximum and minimum of all the parameters.

V. RESULTS AND DISCUSSION

We evaluated two tuning strategies on the MEBT to
DTL-injection segment, which contains eight quadrupoles
and six steerers. In the decoupled method, MCAT’s digital
twin with sequential optimization sets the quadrupoles,
and BOIS then tunes only the six corrective steerers. In the
fully Bayesian method, the optimizer is allowed to vary all
14 parameters (both quadrupoles and steerers), consistent
with practice at other facilities [15-19]. A stable OLIS
beam was delivered in three configurations, and for each
method we ran six trials using two acquisition functions:
three with EI and three with UCB.

The quadrupole optimization performed with MCAT
and BOIS addresses related but distinct problems. MCAT
seeks to find the quadrupole settings that best satisfy a set
of optics constraints, for example, realizing an achromatic
bend or a periodic section. By matching these manually
defined constraints, MCAT yields beam envelopes that
correspond to high-transmission solutions through the
transport line. In contrast, BOIS directly searches for
quadrupole settings that maximize the measured trans-
mission. Although they take different approaches, both
methods ultimately aim to maximize beam transmission.

Although  TRANSOPTR computes beam centroids
throughout the lattice, centroid information is not used
by the optimizer in this work. The Bayesian optimizer is
deliberately applied in a minimal configuration, using only
measured transmission as the objective. The objective is to
demonstrate that a simple transmission-based optimization
strategy is sufficient once the optics are constrained by the
physics model. This isolates the contribution of the model-
coupled framework and avoids conflating improvements in
beam delivery with increasingly elaborate objective func-
tions or trajectory constraints.

A naive strategy was chosen for the initial sampling
stage, where sampling occurs around the midpoints of the

parameter bounds for both the steerers and the quadru-
poles. In the case of steering, sampling occurs around zero
steering, which ensures no biasing toward any direction
(e.g., no steering beam only to the right). For quadrupoles,
the midpoints follow the typical linear optics design. A
variable number of sampling points is typically used,
ranging from a minimum of 2d + 1 to a maximum of
10d [59], where d is the number of elements used in the
optimization. However, in this paper, a fixed number of
sampling points based on the minimum 2d + 1 was chosen
due to limited beam time.

A. Tuning through the DTL

Before considering automated steering corrections, it is
first necessary to establish that the underlying optics model
provides a sufficiently accurate representation of the
machine. Sequential optimization, implemented as
reported in [20], enables the ISAC-DTL optics to be
computed in real time for any attainable output beam
energy. This capability removes the need for manual
tuning of the DTL and HEBT quadrupoles, historically
one of the most time-consuming steps in beam delivery.
Figure 6 compares the resulting model predictions with
measured beam profiles for a 103" beam, demonstrating
good agreement and achieving 91% transmission through
the DTL following only manual steering corrections at its
injection. Transmission losses through the DTL are due to
the relatively small apertures in the accelerator lattice [60].
The MEBT quadrupole model required for accurate DTL
injection, including fringe-field effects, is presented in
[61]. Having established the operational predictive accu-
racy of the optics model, the remaining task is to
compensate for beam trajectory errors through automated
steering corrections.

The largest discrepancy occurs in the vertical profile at
the MEBT section. This region has historically been the
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FIG. 6. Model-computed x and y 2 rms beam envelopes
through the ISAC drift-tube linac (solid lines) compared with
rms beam sizes from profile monitors (markers) for a 0%+
beam. Optics were generated in real time via sequential opti-
mization [20] using an MEBT quadrupole model with fringe-
field effects from [61]. The quantity foc. str. denotes the
quadrupole focal strength. Dataset also used in [61] for model
validation, but shown here to illustrate operational use of the
parallel-modeling framework. The plotted markers represent
fitted 2 rms beam sizes. Statistical fit uncertainties are smaller
than the marker size; the dominant uncertainties are systematic
and arise from profile-monitor calibration, background subtrac-
tion, and the imperfectly known incoming beam distribution.

most challenging to model accurately because of the
sensitivity of the MEBT optics to quadrupole transforma-
tion errors, fringe-field effects, and highly eccentric beam
distributions, as discussed in Refs. [61,62]. These effects
motivated the subsequent refinement of the MEBT quadru-
pole model. Consequently, the model is not intended to
reproduce every individual profile measurement exactly;
rather, the available profile monitors constrain the overall
envelope evolution and provide an operational consistency
check. Despite the localized discrepancy, the measured
profiles follow the predicted trends sufficiently well to
support the computed optics and the routinely achieved
high-transmission operation.

B. Decoupling advantage

Figure 7 compares BOIS optimization through the DTL
for two sets of tuning cases. In the first case, all quadru-
poles are preset using MCAT, and BOIS is applied only to
the steerers. Here, convergence to high-transmission sol-
utions is both rapid and reproducible, as indicated by the
tight cluster of solutions on the left side of the plot. In the
second case, BOIS also varies the MEBT quadrupoles.
This step was historically necessary prior to refining the
quadrupole model [24,61], as fringe-field and effective-
length errors prevented the decoupled approach. Allowing
BOIS to control the MEBT quadrupoles approximately
doubles the dimensionality of the search space, leading to

= Decoupled Fully Bayesian
1001
= F/‘
< 80| =
S
S 601
AN =
g 401 T
§ |
= 201 Z
0,
0 25 50 75 100 125 150 175
Iteration
FIG.7. 7Li* BOIS optimization performance through the DTL

for two optimization configurations: steering only (left cluster of
points) and steering plus MEBT quadrupoles (right cluster). One
step/iteration corresponds to one write-measure cycle for BOIS.
Different hues of blue/red correspond to different runs, totaling
six runs each. Some runs were terminated earlier as they reached
a high transmission and were thus considered successful due to
limited beam time.

slower average convergence and reduced reliability.
Because BOIS begins with a random sampling phase,
an unfavorable initial sample can leave the algorithm
without any high-transmission starting points, forcing it
to spend considerably more iterations “hunting” before
effective optimization can occur.

These results highlight the advantage of our decoupled
strategy: by using MCAT for quadrupoles, with constraints
derived from expert knowledge of the facility, we reduce
the dimensionality of the problem that BOIS must solve.
This leads to faster and more reliable convergence,
enabling high-performance automated tuning for beam
delivery.

Table III compares the decoupled and fully Bayesian
methods. The decoupled method consistently outperforms
the fully Bayesian approach: it converges in fewer iter-
ations, achieves higher average transmission, and is more
reliable, with reduced variability between runs. Figure 8
shows the mean and standard deviation from averaged
runs. The 03" test had three different convergence
regions for the fully Bayesian approach, with the last
region only including one trial, as seen in Fig. 8. For the
TLi* test, there was a stripping foil inserted downstream of
DTL, leading to an amplified current reading due to the
multiple resulting charge states. In this case, transmission
was calculated by normalizing to the highest found current
across all runs. Together, these results show that the
decoupled method is more reliable and efficient for
ISAC-linac tuning.

This improvement arises from several factors. First, as
noted above, the decoupled approach significantly reduces
the dimensionality of the problem, so the Bayesian
optimizer searches a much smaller configuration space
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TABLE III. Performance at the 95% transmission target over
six independent trials. Cycle counts are median [IQR] among
successful trials. An em dash indicates that no trial attained the
target.

Final

Species Strategy Success Tos transmission (%)
1603+ Fully Bayesian 1/6 167" 80.3 £25.2

Decoupled 4/6  16[10-21] 94.6 £3.5
‘Het  Fully Bayesian 0/6 4.7+88

Decoupled 6/6  24[22-25] 98.4+0.4
Lit  Fully Bayesian 1/6 68" 90.7 +5.6

Decoupled 4/6  25[22-29] 94.7+2.2

“Denotes a target attained by only one trial.

for high-transmission solutions. Second, continually vary-
ing the quadrupoles with BOIS introduces complications
due to magnetic hysteresis. In contrast, MCAT mitigates
this by using unipolar degaussing [63], which minimizes
quadrupole gradient errors. While the same procedure
could in principle be incorporated for the fully Bayesian
approach, it is impractical due to the time required for each
unipolar degaussing cycle (~2 min).

Adding quadrupoles raises the dimension from d;
(steerers) to dy+d,. For a fixed initialization size k
and evaluation budget T, the space-filling resolution of
the initial sample scales roughly like k~'/¢, so increasing d
dilutes coverage per knob; BOIS therefore expends more
iterations on exploration (“hunting”) before stabilization,
reducing reliability at fixed 7.

Another substantial advantage of our method is low
diagnostic requirements. No new diagnostics are required
beyond those used for standard tuning. The only diag-
nostics required are a set of beam profile monitors and
Faraday cups, which are standard and found in most
facilities. The server requirements are also minimal:
TRANSOPTR is CPU-based and Bayesian optimization is
more efficient with a CPU as long as the number of
training points remains low [23]. This sidesteps the need
for greater compute power, which is the most expensive
component of some machine learning approaches.

C. Statistical summary (small sample)

All tests done at ISAC occurred during scheduled
machine development periods. Beam availability is limited,
and the accelerator configuration varies with the preceding
experiment. The three case studies were therefore acquired
on separate development shifts. Given these constraints, we
have prioritized comparisons with identical beam compo-
sitions but different optimization methodology.

Because we have N = 3 such cases (distinct species/
energies) with six runs per method per case, we report per-
case effects (convergence time and final transmission) and
avoid more involved hypothesis tests. We have compared

= Decoupled Fully Bayesian

100 1603+

'

60 1

401

201
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100 4He*

80 1
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40 1

Transmission (%)

201

0 50 100 150
100 Lit

80 1

60 1

40

201
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Iteration

FIG. 8. Optimization performance through the DTL for three

beam configurations, and two optimization methods: decoupled

and fully Bayesian. Each method is averaged over six trials.
Shaded band shows median and 2¢ interval across runs.

the proposed method (decoupled) to a baseline (fully
Bayesian optics+steering) within each case (species/
energy). One step is a single write-measure cycle (apply
new steerer settings, read the Faraday cup).

Nevertheless, the contrast in Table III is clear: Across all
presented cases, there is a clear advantage to decoupling,
with an average of 27 iterations taken to reach well above
90% transmission through the DTL and into the HEBT line.
For the fully Bayesian method, despite significantly more
iterations, final transmissions only exceeded 90% in the
"Li* case, with both other species underperforming. Within
the presented data, a clear trend is observed: Decoupling
both reduces the configuration space’s volume and speeds
up convergence to a high transmission final result, owing to
the predictive power of the envelope model.
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D. Limitations and safety

Single-region Bayesian optimization was used in this
work, which can become inefficient as the dimensionality
of the problem increases. More specialized techniques,
such as TuRBO [64], address this limitation by optimizing
within adaptively configured local trust regions. These
methods can improve scalability in higher-dimensional
problems and may lead to faster convergence.

The decoupled strategy assumes correctly calibrated
quadrupole strengths. Large calibration errors or strong
skew terms can degrade the model optics’ predictive power
and reduce overall performance. Fast rfphase or energy
drifts or high space charge can couple optics and steering;
in such cases, local reoptimization may be required. Ion
source fluctuations are also currently not monitored
by BOIS.

All algorithmic setting changes are constrained by per-
device bounds and slew-rate limits enforced at the control
system layer. Before each evaluation, we verify interlocks
and optics device statuses. If a trip occurs, the system
reverts to a safe setting by automatically inserting the
source Faraday cup. BOIS never writes to radiofrequency
cavities, and all optics and steerer commands are con-
strained by the control system and cannot bypass the safety
system. A vacuum-loss interlock is continuously moni-
tored throughout the optimization. A kill switch allows the
user to terminate the algorithm immediately.

VI. CONCLUSION

We have demonstrated a hybrid and physics-first
approach to accelerator tuning that uses a validated
beam-physics model where predictive power is high and
reserves Bayesian optimization for steering corrections,
where machine alignment errors and other difficult-to-
model effects dominate. Under realistic beam-time and
operational constraints, this strategy provides a practical
compromise between model-based control and purely
data-driven optimization.

Bayesian optimization is applied only to the steering
corrections, addressing the beam threading problem in the
presence of alignment errors, fringe fields, and limited
diagnostics. Removing the optics from the search space
avoids the slow convergence and variability seen in fully

Bayesian optimization. Tests on the ISAC postaccelerator
show that the decoupled method converges rapidly com-
pared to a fully Bayesian approach, achieves higher
average transmission, and is more robust across species
and energies.

In operation, the framework turns what was a manual,
operator-intensive task into a rapid and repeatable pro-
cedure. It requires no additional diagnostics and only
modest computing resources, allowing it to be applied
during beam delivery without interrupting experiments.
The same principles, model where possible and optimize
where necessary, are portable to other accelerators facing
high-dimensional tuning problems.

Work is underway to extend automation to other
parameters at TRIUMEF, in particular rf phase control,
which drifts with temperature [65] and impacts the
longitudinal configuration. Integrating these into the same
framework will move operations toward a closed-loop,
self-optimizing mode suited to high-throughput RIB
delivery in the ARIEL era, supported by autonomous
tuning methods that the operators can wield at a high level.
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APPENDIX: FULL RUN PLOTS ('Li*)

The individual 7Li+ optimization trials for the decoupled and fully Bayesian methods are shown in Figs. 9(a)-9(1)
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FIG. 9. Individual trials for the decoupled method.
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