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Abstract

The SOLEIL 1II sextupoles are equipped with additional
windings to provide normal and skew dipole corrections. Ac-
curate modeling of these combined-function sextupole mag-
nets are particularly challenging due to magnetic saturation,
hysteresis, and internal cross-talk between channels. Based
on 3D magnetic simulations, polynomial, interpolation-
based, and neural-network models were developed to repro-
duce the saturation and cross-talk effects. These nonlinear
models were validated on the first prototype magnet, provid-
ing preliminary confirmation of their reliability and demon-
strating the feasibility of implementing sextupole-corrector
magnets in the SOLEIL II storage ring.

INTRODUCTION

The SOLEIL II project is an upgrade of the SOLEIL
synchrotron light source based on the design of a new storage
ring with compact, high-gradient magnetic elements [1—
7]. In this context, sextupoles are equipped with additional
windings for orbit correction. These magnets feature three
independent control channels, corresponding to the main
sextupole current I, the horizontal corrector current [,
and the vertical corrector current /.,. Their combination
enables the generation of specific multipole components,
namely a skew dipole a;, a normal dipole b, and a normal
sextupole b3.

Accurate nonlinear modeling of these magnets is essential
for the reliable control of both the main and corrector power
supplies in storage ring operation. To define the required
modeling precision, the impact of sextupole field errors on
the dynamic aperture (DA) and the Touschek lifetime was
evaluated using random field perturbations applied to all
sextupoles in the SOLEIL II lattice. Based on the results
summarized in Table 1, a preliminary target relative error
(RE) for the sextupole field is set to within +0.1 %. In addi-
tion, considering the impact of corrector errors on the orbit
feedback system, the allowable absolute error (AE) of the
corrector kick is typically limited to 1 prad.

Table 1: Sextupole Field Error Impact

SX Strength max. RE +0.1% *0.5%
Relative DA impact Marginal Weak
Relative Touschek lifetime drop ~-4% ~-20%

Twelve types of combined-function sextupole magnets
have been designed for SOLEIL II [8,9]. Nonlinear mod-
eling was first performed on a standard sextupole (length:
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90 mm, diameter: 16 mm, gap: 6.2 mm). Based on 3D mag-
netic simulations using OperA/Tosca [10], the magnetic
saturation becomes evident when the main current exceeds
40 A, as shown in Fig. 1. Furthermore, due to internal cross-
talk with the dipole correction channels, the integrated sex-
tupole strength at maximum current (50 A) is reduced by
approximately 5 %, as illustrated in Fig. 2.
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Figure 1: Integrated sextupole strength versus main current,
with horizontal and vertical corrector currents set to zero.
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Figure 2: Integrated sextupole strength at a main current of
50 A versus horizontal and vertical corrector currents.

At this preliminary stage, hysteresis effects are not yet
considered. The nonlinear modeling of saturation and cross-
talk effects in the combined sextupole-corrector magnets
is performed using three types of models: polynomial,
interpolation-based, and neural-network models. These
models are described and compared in this paper, followed
by validation against measurements on the first prototype.



| PAC 26 Prelimnary proceedings (edited version):

NONLINEAR MODELING
Polynomial Model

As a first step, polynomial modeling was investigated to
describe the nonlinear behavior of the sextupole-corrector
magnets [11]. In this model, the three magnetic field com-
ponents ay, by, and b5 are expressed as nonlinear functions
of I, I, and I.,. After testing formulations with orders
ranging from one to six, the fourth-order model was found
to provide the best compromise between fitting accuracy and
model complexity. The complete polynomial basis includes
linear, quadratic, cubic, quartic, and mixed cross terms be-
tween the current channels. The resulting model contains 35
polynomial coefficients and can be written in matrix form
asa; = X-¢q, by = X ¢, and by = X - ¢, where
X is the design matrix composed of the polynomial basis
functions, and ¢, ¢, ¢}, denote the corresponding co-
efficient vectors. The coefficients were obtained from the
simulation data through least-squares regression using the
pseudo-inverse of X.

The I, values of the magnetic simulation data used for
the fitting range from O to 50 A with a step of 10 A, while
1., and I, range from O to 20 A with a step of 5A. The
modeling performance summarized in Table 2 was charac-
terized in terms of the maximum AE of kicks generated by
ay and by, together with the maximum RE of b3 (the RE
calculated only for field values exceeding 1 % of the maxi-
mum bj field). The predictive performance was estimated
using additional magnetic simulation data at saturated oper-
ating points with I, = 45 A. Using the polynomial model,
a fitting RE of up to 0.78 % was obtained for the b3 com-
ponent. Compared with the 0.1 % accuracy target required
for machine operation, the polynomial model was therefore
considered insufficiently accurate.

Interpolation-based Model

The second approach consists of an interpolation-based
model constructed directly from the simulation data. The
data were first organized on a regular grid defined by I, I .,
and /..,,.. The corresponding magnetic field components were
then reshaped into three-dimensional arrays and reordered to
match the grid structure. Based on this gridded dataset, three
independent interpolating functions were constructed using
a spline-based gridded interpolation method. The resulting
models provide continuous representations of the magnetic
field components over the full operating range of the three
input currents.

The predictive performance of these interpolators, as sum-
marized in Table 2, is superior to that of the polynomial
model when evaluated using the same performance criteria.
However, the maximum predictive RE of b5 still reaches
0.22 %, which remains above the required accuracy target.

Neural-network Model

To simultaneously achieve the required fitting and predic-
tive accuracy, a neural-network approach was further inves-
tigated. Three independent neural networks were trained
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separately for a;, by, and b3 to mitigate cross-talk effects.
The training was performed using the Bayesian regulariza-
tion backpropagation algorithm [12, 13] in order to improve
generalization capability and reduce overfitting. To reduce
the dependence on random initialization, 100 independent
trainings were carried out for each magnetic field compo-
nent. The network providing the lowest maximum RE was
selected as the final model.

To determine the optimal network architecture, neural
networks with one, two, and three hidden layers were inves-
tigated. For each configuration, the number of neurons in
each hidden layer, as well as the proportions of the training,
validation, and testing subsets, were further optimized. Con-
sidering both the accuracy and the overall model complexity,
the two-hidden-layer network was selected as the optimal
solution at the current stage.

The modeling performance of the neural-network models
is shown in the last row of Table 2. The maximum fitting and
predictive REs obtained for b5 are 0.02 % and 0.09 %, re-
spectively, satisfying the preliminary precision requirement
for preserving the Touschek lifetime of the storage ring.

FIRST PROTOTYPE MEASUREMENTS

The first prototype of the SOLEIL II sextupole-corrector
magnet was delivered to SOLEIL in October 2023. This
prototype (length: 80 mm, diameter: 16 mm, gap: 7.5 mm),
featuring a notched design, exhibits significant saturation
and cross-talk effects, as indicated by preliminary measure-
ments [14]. Successful validation of the three nonlinear
modeling approaches on this prototype would provide strong
confidence in their applicability to other types of combined-
function sextupole magnets designed for SOLEIL II.

Dedicated measurements for model validation were per-
formed using a stretched wire bench [15], with motion con-
trol, power-supply regulation of the three current channels,
and data acquisition interfaced with Icor Pro [16]. To min-
imize hysteresis effects, the sextupole was cycled before
each magnetic field measurement, and demagnetized prior
to each change in current setting. To improve measurement
precision, five measurements were performed at each cur-
rent setting, and their mean value was taken as the final
result, with a maximum standard deviation of 3.4 x 10* T
observed across the repetitions.

The current settings used in the first measurement fol-
lowed the same points as those used in the simulation dataset
for model fitting. Additional measurements performed at a
main current of 45 A were used to evaluate the predictive
performance. The modeling performances of the three non-
linear approaches validated against magnetic measurements
are presented in the first, third, and fifth rows of Table 3,
respectively, with no significant degradation compared with
those estimated from simulation data.

Since the maximum predictive RE of b3 obtained with
both the interpolation-based and neural-network models re-
mained close to, but slightly above, the required accuracy
target, an additional study was carried out to investigate
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Table 2: Estimated Modeling Performance from Simulation Data

Model Fitting performance Predictive performance
ag bl b3 a; bl b3
max. AE max. AE max. RE max. AE max. AE max. RE
Polynomial 11 prad 5 prad 0.78 % 10 prad 8 urad 0.32 %
Interpolation-based - - - 4 urad 5 prad 0.22 %
Neural-network 0.03 prad 0.3 prad 0.02 % 7 prad 2 yrad 0.09 %

Table 3: Validated and Optimized Modeling Performance against Measurements on the First Prototype

Model Fitting performance Predictive performance
ap bl b3 ag bl b3
max. AE max. AE max. RE max. AE max. AE max. RE
Polynomial 19 prad 10 prad 0.91 % 11 prad 12 prad 0.51 %
(29 prad) (13 prad) (1.11 %) (6 prad) (10 prad) (0.16 %)
Interpolation-based - - - 3 prad 6 prad 0.21 %
- - - (12 prad) (3 prad) (0.08 %)
Neural-network 0.05 prad 0.2 prad 0.03 % 9 prad 5 prad 0.13 %
(0.2 prad) (0.5 prad) (0.03 %) (11 prad) (3 prad) (0.06 %)

the effect of increasing the fitting data size. The density
of the measuring points was therefore doubled by reduc-
ing the main current step from 10 A to 5 A. The predictive
performance was tested using additional measured data at
saturated operating points with the main current set to 47.5 A.
The optimized results are shown in brackets in the second,
fourth, and sixth rows of Table 3. The maximum predic-
tive RE of the interpolation-based model was reduced from
0.21 % to 0.08 %, while that of the neural-network model de-
creased from 0.13 % to 0.06 %. These results demonstrate
both the improvement capability of the proposed model-
ing approaches with increased data density and their ability
to achieve the required accuracy for the sextupole strength
within the saturation region.

For the two dipole components a; and by, the predictive
AE:s of their kicks exceed the target limit of 1 prad, both in
Table 2 and Table 3. This is likely related to the absence
of simulation and measurement data for negative corrector
currents, leading to reduced fitting stability near points with
1., = 0or ., = 0. Further studies, including extending the
ranges of 1, and /.., to negative values and increasing the
density of the dataset, are planned to improve the modeling
performance for a; and b; .

SUMMARY AND OUTLOOK

To ensure proper operation of the combined sextupole-
correctors in the SOLEIL II storage ring, preliminary studies
on nonlinear modeling were carried out to reproduce their
saturation and internal cross-talk effects. The performance
of the three modeling approaches was first evaluated us-
ing magnetic simulation data and subsequently validated
against measurements from the first prototype, demonstrat-
ing their capability to meet the required accuracy in sex-
tupole strength.

In the next steps, besides further improving the model-
ing performance for the two dipole components, the inverse
modeling procedure, from magnetic field strengths to cur-
rent settings, will be investigated in terms of both precision
and response speed. In addition, hysteresis modeling will
be initiated based on dedicated measurements of the first
prototype. Finally, a hybrid model combining all relevant
nonlinear effects will be developed.
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