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Abstract

Accurate lattice-optics correction is essential for achiev-
ing the design performance of modern light sources and
future circular colliders targeting ultra-low emittances. Such
machines rely on strong magnets that are highly sensitive
to field and alignment errors. In this work, we investigate
approaches for the correction of the linear optics of sev-
eral accelerators. The study includes selecting appropriate
correction steps, defining the fitted parameters, and design-
ing optics correction schemes tailored to the characteristics
of each accelerator. Experimental tests were performed at
ESRF-EBS, while the simulation studies for PETRA 1V,
FCC-ee and SOLEIL II investigate the achievable perfor-
mance of future machines.

CHALLENGES IN LOW-EMITTANCE
STORAGE RINGS

The pursuit of developing modern fourth-generation light
sources and future circular colliders presents significant chal-
lenges. In synchrotron light sources, the performance is
characterized by the brilliance [1] of the emitted radiation,
which scales inversely with the transverse beam emittances.
Similarly, future circular colliders aim to maximize lumi-
nosity [2], requiring extremely small beam sizes at the in-
teraction points. Strong focusing and sextupoles required
for ultra-low emittance increase the sensitivity to alignment
and field errors. In particular, strong sextupoles introduce
feed-down effects that further complicate the control of the
linear optics under tight alignment tolerances, ultimately
impacting the overall machine performance.

Figure 1 illustrates the sensitivity of the FCC-ee at Z en-
ergy lattice to unrealistically small transverse alignment er-
rors in both the arc and Interaction Region (IR). For an align-
ment error of 1 pm, the vertical RMS beta-beating increases
significantly to approximately 30% in the IR, demonstrating
the high sensitivity of the optics to small misalignments.
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Figure 1: Optics sensitivity to transverse alignment errors
for the FCC-ee Z-energy lattice [3].
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OPTICS CORRECTION METHODS

A number of optics correction algorithms and techniques
have been developed, including K-modulation, Turn-by-
Turn (TbT) beam excitation measurements, and Orbit Re-
sponse Matrix (ORM)-based methods such as LOCO [4].
Although successfully applied in several accelerators, the
K-modulation [5] method can become time consuming for
HMBA lattices due to the large number of quadrupoles re-
quiring individual variation.

Optics correction techniques based on TbT beam centroid
measurements are widely used, particularly in circular col-
liders [6]. However the experimental test of these approach
in light sources might be limited by hardware problems [7].

LOCO has become a standard tool for optics correction,
particularly in synchrotron light sources [8—10]. For ma-
chines with strong focusing and complex lattice structures,
such as Hybrid Multi-Bend Achromats (HMBA), the cor-
rection problem becomes increasingly challenging due to
parameter degeneracy and strong correlations between lat-
tice elements.

A comprehensive review of optics correction techniques
and their evolution is presented in Ref. [11].

LOCO solves a non-linear least-squares problem by itera-
tively updating lattice parameters using ORM measurement
together with Singular Value Decomposition (SVD) tech-
nique as described in Ref. [4]. Strong quadrupole correla-
tions can lead to non-physical solutions.

To mitigate this degeneracy, additional constraints are
introduced to regularize the solution. The modified y? func-
tion is given by (see Ref. [12] for details):
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where the second term penalizes large variations of selected
quadrupole strengths. The weights wy allow targeted regular-
ization. Within the Levenberg—Marquardt [13] framework,
the parameter update formula becomes:

(JTWJ + AL+ GTG) AP = J™W (Crmeas — Cmod) >~ (2)

where J is the Jacobian matrix, and W includes the BPMs
noise, and G is the constraint matrix defined as

G = diag (;”A—’;) : 3)
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Table 1: Error Model for PETRA IV

Component Errors

Magnets Transverse offsets: 30 um
Rolls: 200 prad

Calibration : 0.05% (Quads), 0.1% (rest)

Girders Transverse offsets (endpoints): 150 yum

Rolls: 200 prad

BPMs Transverse offsets: 500 pm
Rolls: 400 prad
Noise: 0.1 um (orbit), 50 pum (TbT)

Calibration: 5%

Rolls: 200 prad
Calibration: 2%

Correctors

This formulation enables a controlled reduction of pa-
rameter degeneracy and leads to more stable and physically
meaningful optics correction.

ERROR ASSUMPTIONS

The studies are performed using a unified Python-based
simulation framework based on pySC [14], a simulated com-
missioning toolkit used to introduce errors, generate mea-
surement data, and apply a wide range of correction tech-
niques, together with pyLOCO [15], a Python framework for
lattice parameters fitting. This softwares development is
aligned with ongoing efforts toward a Python Accelerator
Middle Layer (pyAML) [16].

Error Model

Table 1 summarizes the error model used in the pySC
framework for PETRA-IV simulations.

Correction Configuration

The linear optics correction follows a standard commis-
sioning sequence, which can be adapted depending on the
machine conditions:

* First- or second-turn threading

* Trajectory beam-based alignment (BBA)

» Multipoles ramp-up with intermediate trajectory cor-

rection

* Orbit beam-based alignment (BBA)

* Chromaticity and orbit/tune correction

* Linear optics correction

Figure 2 shows the DA for 100 seeds after standard com-
missioning procedures and prior to linear optics correction.
A large reduction of the DA is observed, demonstrating that
commissioning alone is insufficient to restore the machine
performance and that dedicated linear optics correction is
essential.

ACHIEVABLE PERFORMANCE

PETRA IV

PETRA IV will upgrade PETRA III into an ultra-low-
emittance storage ring, with 2.3 km circumference, reducing
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Figure 2: DA for 100 PETRA IV seeds after commissioning
and before linear optics correction.
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the horizontal emittance by a factor of 65 (20 pm) and pro-
viding up to 500 times higher X-ray brightness [17,18]. The
PETRA 1V lattice consists of approximately 1350 normal
quadrupoles, 432 sextupoles, 786 BPMs, and 1438 horizon-
tal and vertical orbit correctors.

Using the error model summarized in Table 1. A set of 100
seeds is generated and processed through the commissioning
simulation sequence described previously. The following
results illustrate the performance of the linear optics correc-
tion after the application of these standard commissioning
steps.

LOCO Setup  All normal quadrupoles and 388 fast orbit
correctors are used for beta beating and coupling correction
respectively, which was found to provide the best perfor-
mance among the tested quadrupoles configurations. The
ORM is constructed using all BPMs. For computational
efficiency, a subset of 10 horizontal and 10 vertical orbit
correctors is selected.

Dispersion is included in the fit with a properly selected
weight. The LOCO fit was performed in multiple stages. In
each stage, a number of iterations were applied, with a new
ORM measurement performed after each applied correction.
The corresponding fitted parameters are summarized in Ta-
ble 2. Optimal SVD cut-offs were found near 2500 and 1750.
The LOCO fit is performed using the Levenberg—Marquardt
algorithm with a damping parameter 1 = 1073,

Due to the strong correlations between PETRA 1V
quadrupoles, a constrained fitting approach was found to be
necessary. This was implemented by introducing weights on
the quadrupole strengths, guided by a Jacobian analysis used
to determine the corresponding weights. The application of
the constrained fit significantly reduces the RMS variation
of the quadrupoles and skew correctors while maintaining
good optics performance, as shown in Fig. 3. The resulting
correction strengths remain moderate and consistent with
operational constraints.

Figure 4 shows the global optics improvement, including
the achieved DA and local momentum acceptance.

ESRF-EBS

The ESRF-EBS studies constitute the experimental part
of this work. Linear optics correction tests were performed
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Figure 3: Comparison of the mean RMS normal quadrupole
strength variation per family with and without constrained
LOCO fit for PETRA IV.

Table 2: LOCO Fitting Strategy for PETRA IV

Stage Fitted parameters Matrix terms
1 Quads, BPM gains, COR cal. Diagonal
2 Skew quads, BPM/COR coupling Off-diagonal

Table 3: Comparison of LOCO correction strategies applied
to the ESRF-EBS, and the resulting measured emittances af-
ter applying one iteration of correction. “Gains” refer to hor-
izontal and vertical BPM and corrector calibrations, while
“Coup.” denotes BPM coupling terms. In case (C), BPM
coupling is included together with the skew quadrupole fit.
The label “thr” indicates a threshold-based SVD selection,
where singular values are retained relative to the maximum
singular value using a threshold of 1072,

Case Gains Coup. QDs Skew €, [pmrad] €, [pm rad]

Before - - - - 157+8 7.35+0.60
A 100 0 64 32 144 +8 0.33+0.30
B thr thr 64 32 144+8 1.93+0.40
C 100 0 8 50 144+8 0.12+0.30
D thr  thr 96 10 148 +£8 2.23+0.40

experimentally at ESRF-EBS [19] after a machine restart fol-
lowing realignment [20]. The measurement conditions are
described in Ref. [15]. Different LOCO fit strategies were
applied, varying both the SVD spectrum cut-off selection
and the order of fitted parameters. Dispersion was included
together with the orbit response matrices, with a weight of
5, and 3 BPMs were excluded from the analysis. The optics
correction focuses on quadrupoles located in the immediate
vicinity of sextupoles, providing a local compensation of
sextupoles errors. For coupling errors, the correction is ap-
plied globally using all available skew quadrupoles. Table 3
summarizes the configurations together with the resulting
measured horizontal and vertical emittances after one ap-
plied correction.

All tested LOCO fit strategies reduced the vertical emit-
tance. However, the final performance strongly depends on
the SVD selection. The threshold-based approaches (cases B
and D) result in a more conservative correction due to strong
parameter degeneracy, which leads to the inclusion of small
singular value modes in the fit. Among the tested configu-
rations, case C provides the best performance, achieving a
vertical emittance of 0.12 + 0.30 pmrad after one correc-
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tion iteration. A second correction was performed using this
configuration.

Nevertheless, case A already achieves a comparable optics
correction with significantly lower correction strength, as
shown in Fig. 5, making it efficient candidate for routine op-
eration. Figures 6 show the reduction of dispersion and beta
beating after applying two correction iterations following
(case C), the achieved horizontal and vertical emittance after
two iterations were 149 + 8 pmrad and 0.99 + 030 pmrad
respectively.

SOLEIL 11

The SOLEIL upgrade has a circumference of 353.92 m.
It aims to reduce the horizontal emittance from 4 nm rad to
85 pm rad at 2.75 GeV [21]. A total of 372 normal correc-
tor coils and 134 skew quadrupoles are used for the linear
optics correction. The error model presented in [22] is used.
Sextupoles are kept on, and commissioning simulation is
performed within pySC, including first-turn trajectory cor-
rection, BBA, orbit and tune correction, and finally LOCO
using the pyLOCO software.

A threshold-based SVD cut-off was efficient for optics
correction. The initial optics conditions prior to linear optics
correction and the results after correction are summarized
in Table 4.

We investigated two approaches for applying LOCO. The
SOLEIL 1I lattice includes 372 normal corrector coils and
162 normal quadrupoles. The impact of the quadrupole
selection in the LOCO fit is examined.

A lattice including calibration errors of 0.2% on the nor-
mal quadrupoles and BPM noise of 10 um is used. In op-
tion 1, a baseline set of normal correctors is fitted using
LOCO, and the resulting corrections are directly applied to
the error lattice. In option 2, the number of fitted elements
is increased to include both the correctors and the normal
quadrupoles. The fitted lattice obtained from Option 2 is
used as the starting point for a second fit, based on response
matrices constructed from phase advances between nearby
BPMs. In this stage, only quadrupole correctors are included
in the fit. The resulting corrections are then applied to the
initial error lattice. The impact of the two fit strategies in
the achieved beta-beating is illustrated in Fig. 7.

Table 4: Summary of optics correction results after LOCO
at SOLEIL II.

Observable Before After
RMS orbit H/ V [um] 31.83/31.45 30.33/33.79
RMS ABy/y/Bx/y [%] 8.58/13.56 2.02/1.92
Median &, [pm] /&, [pm] 83.15/8.89 85.87/1.30

FCC-ee

The minimization of phase advance and coupling RDTs
using the corresponding response matrices, as described in
Ref. [11], is used for the linear optics correction of the FCC-
ee W-energy lattice for both the GHC and LCC [23,24] optics
designs. The correction is applied following the detailed
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Figure 4: Performance of LOCO correction for PETRA TV over 100 commissioning simulation seeds, achieving median
horizontal and vertical emittances of 19.87 pm and 0.26 pm, respectively.
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Figure 5: Fitted integrated strength variations AK L for nor-
mal (left) and skew (right) quadrupoles after LOCO for
Cases A-D for EBS.

commissioning simulation sequence described earlier within
the pySC framework. The simulations are performed using
the error assumptions summarized in Table 5. A measure-
ment noise of 10 um is assumed for the dispersion measure-
ments, while the phase advance measurements are assumed
to have a precision of 1 x 107#. The resulting optics per-
formance after correction is summarized in Table 6. The
recovery of the DA for multiple seeds are shown in Fig. 8.

Table 5: Error Assumptions in the FCC-ee (W) Simulations

Element Oxy [hm] oy [urad]  AK/K
Arc quads & sext. 50 50 2x 1074
Dipoles 1000 1000 10 x 10~*
Girders 150 150 —
BPMs 10 — —

We investigated the application of LOCO for FCC-ee us-
ing pyLOCO using a reduced error model. To reduce the com-
putational cost associated with the large collider circumfer-
ence (~ 91 km) and the large number of lattice components,
a reduced set of 10 horizontal and 10 vertical correctors
distributed around the ring was used. The LOCO correc-
tion was performed iteratively using a Levenberg—Marquardt
algorithm while fitting BPM, corrector, and quadrupole cal-
ibration errors. The correction significantly reduced beta
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Figure 6: Top: horizontal and vertical dispersion. Bottom:
horizontal and vertical beta beating after two LOCO cor-
rection iterations using pyLOCO at ESRF-EBS. The spikes
observed in the dispersion are associated with BPM calibra-
tion and coupling errors. These spikes were observed on the
LOCO fit result when coupling was mainly fitted through
the BPM coupling.

beating and dispersion, as shown in Fig. 9, together with
good reconstruction of the fitted calibration errors, indicat-
ing the feasibility of applying LOCO to large-scale future
collider lattices such as FCC-ee.

DISCUSSION

The studies presented in this work demonstrate the increas-
ing need for robust linear optics correction schemes for mod-
ern fourth-generation light sources and future circular col-
liders. Optics correction studies were performed for a broad
range of accelerators, from compact low-emittance storage
rings such as SOLEIL II, to intermediate-scale HMBA lat-
tices including PETRA IV and ESRF-EBS, and up to very
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Figure 7: Beta beating before and after correction for the two LOCO fit options for SOLEIL II. The optics correction
reduces the beta beating in both planes. The initial RMS beta beating of 4.32% (horizontal) and 6.59% (vertical) is reduced
to 0.55% and 0.76% using option 1, and further improved to 0.33% and 0.39% with option 2.

Table 6: FCC-ee (W) Commissioning Simul. Results [25]

Observable GHC LCC
Orbit RMS [um] 89.3/98.4 101.9/87.7
Quad. corr. [mT] 1.18/1.33 0.16/0.13
AD,;y [mm] 5.19/0.64 0.12/0.52
Phase adv. [107%27]  4.0/12.0 0.73/0.65
ABy/y /By [%] 04/12  0.11/0.11
| fi0011/1 fioto] [1074]  0.127/0.02  1.02/0.06
&y [nm] / &y [pm] 2.24/3.58 2.07/0.46
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Figure 8: Recovery of the DA for the FCC-ee LCC optics
after optics correction.
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Figure 9: Example of LOCO correction performance for the
FCC-ee (LCC) lattice. Top: horizontal beta beating before

correction and after successive LOCO iterations. Bottom:

horizontal dispersion deviation before correction and after
successive LOCO iterations.

large-scale collider lattices such as FCC-ee. The results
demonstrate that LOCO remains a powerful approach across
very different accelerator scales and lattice configurations.

The computational cost was reduced through reduced
ORM configurations and parallelized Jacobian calculations.
For large-scale applications, the repeated recalculation of
the Jacobian using the updated disturbed model during the
LOCO fit iterations, particularly for quadrupole parameters,
represents the dominant computational cost. This limitation
could be mitigated by calculating the ORM using linear trans-
fer matrix formulas and computing the Jacobian once from
the initial model and reusing it during the fitting process,
although this may slightly affect the final correction accu-
racy. Further optimization, including improved parameter
selection approaches, will be investigated in future studies.

The studies also highlight the importance of carefully tun-
ing the fit configuration, including the choice of fitted param-
eters at each iteration, the SVD cut-off strategy, and the use
of constrained fitting techniques. In particular, constrained
fitting plays an essential role in controlling parameter de-
generacy and maintaining realistic correction strengths. The
experimental studies at ESRF-EBS further demonstrate the
applicability of the developed framework to real machine
operation, in addition to simulation.
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