
Citation: Prawanta, S.; Sunwong, P.;

Singthong, P.; Leetha, T.; Numanoy,

P.; Tangyotkhajorn, W.; Kwankasem,

A.; Sooksrimuang, V.; Kongtawong,

S.; Klinkiew, S. Development of

a Combined Horizontal and Vertical

Correcting Magnet for Siam Photon

Source II. Particles 2023, 6, 898–912.

https://doi.org/10.3390/

particles6040058

Academic Editors: Hideaki

Ohgaki, Sakhorn Rimjaem and

Hiroyuki Hama

Received: 29 April 2023

Revised: 3 September 2023

Accepted: 8 September 2023

Published: 13 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Development of a Combined Horizontal and Vertical Correcting
Magnet for Siam Photon Source II
Supachai Prawanta *, Prapaiwan Sunwong *, Pariwat Singthong, Thongchai Leetha, Pajeeraphorn Numanoy,
Warissara Tangyotkhajorn, Apichai Kwankasem, Visitchai Sooksrimuang, Sukho Kongtawong and Supat Klinkiew

Synchrotron Light Research Institute, Nakhon Ratchasima 30000, Thailand; pariwat@slri.or.th (P.S.);
thongchai@slri.or.th (T.L.); pajeeraphorn@gmail.com (P.N.); warissara.tangyotkhajorn@hotmail.com (W.T.);
apichai@slri.or.th (A.K.); visitchai@slri.or.th (V.S.); sukho@slri.or.th (S.K.); supat@slri.or.th (S.K.)
* Correspondence: supachai@slri.or.th (S.P.); prapaiwan@slri.or.th (P.S.)

Abstract: A prototype of a combined horizontal and vertical correcting magnet was designed and
fabricated for the 3 GeV storage ring of Siam Photon Source II, which will be the second synchrotron
light source in Thailand. The magnet will be employed for fast-orbit feedback correction, with
a required magnetic field integral of approximately 8 Tesla.mm. The magnet pole and yoke were
manufactured using laminated silicon steel to minimize hysteresis and eddy current losses during
operation. Magnet modeling and magnetic field calculations were performed using Opera-3D. The
size of the gap between the magnet poles is limited by the size of the vacuum chamber over which the
magnet will be installed; in this case, it was designed to be 65 mm. Mechanical analysis of the structure
of the magnet was performed using SOLIDWORKS and ANSYS. Magnetic field measurements were
obtained using the Hall probe technique. The entire prototype, from its design to manufacturing and
measurement, was completed in-house. This design will be appropriate for application at the Siam
Photon Source II storage ring.

Keywords: Siam Photon Source II; combined horizontal and vertical correcting magnet; laminated
magnet; fast-orbit feedback correction

1. Introduction

Siam Photon Source-II (SPS-II), Thailand’s second synchrotron light source, is designed
to achieve 3 GeV of energy, and its storage ring will have higher brilliance than the existing
machine [1]. Its 3 GeV energy requirement necessitates a 327.5 m storage ring circumference;
the design of the storage ring is a 14 double–triple-bend achromat (DTBA) lattice, as shown
in Figure 1. Increased brilliance will be achieved by a narrower beam size and divergence.
A small beam size requires reduced beam emittance in the horizontal and vertical planes,
as well as a beta function. Both beta and dispersion functions describe how the size of
an electron beam generally varies along a beam transport line unless strictly controlled,
which leads to requirements for the beam position and angular stability [2]. Common
practice dictates stability requirements to be at ten percent for root-mean-square beam size
and for beam divergence from the reference orbit [3–6]. At SLS [5], this corresponds to
a beam position and angle tolerance of 1 µm and 1 µrad, respectively, along the straight
sections containing insertion devices. The aim at SPS-II is to achieve an emittance lower
than 1 nm.rad by setting the beam’s reference orbit to within 1/10th of the vertical beam
size and a stability of 0.27 µm, while the beam is focused in straight sections containing
insertion devices as well as within the lattice. Achieving beam stability is vital, as this
delivers a stable photon flux to beamline users. This is regulated under a global orbit
feedback system, which constitutes both a slow-orbit feedback correction system (SOFB)
and a fast-orbit feedback correction system (FOFB). SPS-II’s SOFB corrector magnets are
embedded within its sextupole magnets (SD1, SF2 and SD3), and there is a separate set
of combined horizontal and vertical correcting magnets (COR-1 and COR-2) at the ends
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of the lattice, which are colored green and blue, respectively, in Figure 1. FOFB corrector
magnets also combine horizontal and vertical dipole magnets (COR-1 and COR-2) that
allow the electron beam to traverse from a long straight section (4 m) to a short straight
section (2 m), as shown in blue in Figure 1. SPS-II utilizes 84 sextupole magnets with
embedded slow-corrector magnets, 56 combined horizontal and vertical corrector magnets
for both SOFB and FOFB, and 140 beam position monitors (BPMs). SPS-II’s combined
horizontal and vertical correcting magnets (COR-1 and COR-2, respectively) are intended
to operate in slow- and fast-correction schemes, covering all bandwidths up to the limits of
the power supply and the magnet’s performance. Typically, most fast-corrector magnets
are air-core magnets, because eddy currents from iron-core magnets slow the correction
rate. As a result, most iron-core magnets can only serve as slow correctors. Nevertheless,
the SPS-II’s combined horizontal and vertical corrector magnets were specially designed,
via magnetic lamination fabrication, to be strong and fast corrector magnets.
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Figure 1. Half of the double–triple bend achromat lattice for the SPS-II storage ring. The magnet
colours indicate the magnet types: dark blue for dipole, red for quadrupole, purple for combined
dipole, green for sextupole, yellow for octupole, and light blue for the combined horizontal and
vertical correcting magnet.

In this study, a prototype of the combined horizontal and vertical correcting magnet
was developed in-house. Details of magnetic field calculations, mechanical calculations,
magnet manufacturing, and magnetic field measurement are reported and discussed below.

1.1. Global Orbit Feedback System

A global closed-orbit feedback system corrects the electron position when magnetic
field errors and alignment errors distort the electron beam from its equilibrium orbit.
Sources of electron beam position disturbances are listed in Table 1 [3,5,7,8]. Table 2 [7,9–23]
provides details of light sources with slow-orbit feedback (SOFB) correction systems, fast-
orbit feedback (FOFB) correction systems, and hybrid correction schemes (SOFB + FOFB).
Global orbit feedback systems include BPMs, corrector magnets, and a circuit-controlled
algorithm to obtain an orbit response matrix (ORM). Details of closed-orbit correction
systems and optimization are presented in [9]. Orbit correction magnets introduce kicks to
the electron beam that correspond to the dipole error effect. The electron beam location,
orbit distortion, and kick strength required for correction are measured and controlled with
aid of the BPM [2]. The global correction scheme calculates the required added current, ∆I,
for the magnet coil to amend the position deviation, ∆U, of the beam from the equilibrium
reference using a single-value decomposition (SVD) algorithm [9]:

∆IFOFB = R−1
FOFB × ∆U (1)

∆ISOFB = R−1
SOFB × ∆U (2)

where R−1
FOFB and R−1

SOFB are the orbit response matrices for FOFB and SOFB, respectively.
In a global orbit correction scheme, all BPMs and corrector magnets are involved.
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Table 1. Electron beam position perturbation sources and the amplitude of beam position shifts.

Perturbation/Noise Sources Frequency (Hz) xrms (µm) yrms (µm)

Air- and water-cooling temperature changes [3,6] 0.0003 4 -
Sun and moon tides [3] low - 10–30

Experimental hall and ground vibration [3,5,7] 1–100 10 5
Booster ramp [3,5,7] 1–10 0.60 0.35

Girder vibration mode [3] 10–60 0.85 1.40
Power supply main [5] 50 and 60 1.20 0.45
Power supply ripple [8] 0.1–10, 30–40 horizontal impact -

Insertion device parameter change [7] 0.1–1 - -
Vacuum chamber vibration [8] 20–70, 50–100 horizontal impact vertical impact

Undefined [5] 85 0.35 0.35

Table 2. Orbit correction feedback and corrector magnet types at synchrotron source facilities world-
wide. These are listed in order of latest to oldest published results.

Year SR Facility FB Scheme Bandwidth (Hz) Core
Material Fabrication Corrector Type Stability (µm)

2023 SPS-II SOFB + FOFB SOFB (TBC) Iron Block COR-HV + S 0.27

2023 SPS-II SOFB + FOFB FOFB (TBC) Iron Lamination
(1 mm) COR-HV 0.27

2021 IFMIF [10] SOFB low Iron Block Q + COR

2021 NSLS-II [9] FOFB H (250–400),
V (250–300) Air COR 0.5

2021 Petra III [11] FOFB DC-715 Air COR

2021 SIRIUS [12] SOFB + FOFB SOFB (DC-1) Iron Block COR

2022 SIRIUS [12] SOFB + FOFB FOFB (1000) Iron Lamination
(0.5 mm) COR-H, COR-V

2019 APS [13] FOFB DC-30, DC-50,
1000 * Air 8-pole COR <2, * <1

2019 BNL [14] SOFB Low Iron Block Q + COR-H, Q +
COR-V

2016 ESRF [7] SOFB + FOFB SOFB (DC) Iron Block S + COR 0.6

2016 ESRF [7] SOFB + FOFB FOFB (DC-500) Iron Lamination COR 0.6

2011 FERMILAB [15] FOFB >15 Steel Lamination COR-H

2009 SOLEIL [3] SOFB + FOFB SOFB (DC-0.02) Iron Block COR

2009 SOLEIL [3] SOFB + FOFB FOFB (DC-250) Air COR

2005 FERMILAB [16] FOFB >15 Iron Lamination
(0.25 mm)

COR-HV +
NorSkQ+ NorSkS

2007 ELETTRA [17] FOFB DC-70 Air COR <0.2

2003 ALS [18] FOFB DC-100, *
(0.1–500) Iron + air Chicane O < 1, * Hor.

< 3, * Ver. < 2

2003 SLS [6] SOFB + FOFB SOFB (<3) Iron Block COR-H, COR-V x < 1, y < 0.3

2003 SLS [5,6,19] SOFB + FOFB FOFB (<100) COR-H, COR-V x < 0.7,
y < 0.06
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Table 2. Cont.

Year SR Facility FB Scheme Bandwidth (Hz) Core
Material Fabrication Corrector Type Stability (µm)

2001 SPEAR3 * [20] FOFB DC-100 Iron Lamination COR-HV x < 20, y < 5

1999 SRS [21] Local FB 0.03 Iron Block COR-H, COR-V 1

1999 SUPER-ACO [22] FOFB DC-150 Air Q + COR <5

1993 TRIUMP [23] SOFB Low Iron Block COR + Q + S

Notes: SR, synchrotron research; COR-H, horizontal corrector; COR-V, vertical corrector; COR-HV, combined
horizontal and vertical corrector; S, sextupole magnet; *, an upgraded SR facility.

1.2. Corrector Magnets for SOFB and FOFB

SOFB and FOFB offer distinct advantages. Slow-orbit correction rectifies electron beam
position after low-frequency disturbances to the closed orbit, supplying DC excitation to
the magnet coil. This scheme provides a strong magnetic field and slow-response angular
kick to the electron beam. Meanwhile, a fast-correction scheme responds to high-frequency
perturbation, which often supplies a force with a small amplitude of oscillation to the
electron beam, thus providing a lighter and swifter kick amendment by supplying AC
excitation of a specified frequency to the magnet coil.

The selection of feedback mechanisms between SOFB or FOFB depends on the sources
of disturbances (see Table 1) and the frequencies they generate; thus, magnet types for
SOFB and FOFB differ (see Table 2). A slow disturbance can lead to a large beam position
drift; therefore, it requires a strong angular correction kick from a corrector type with an
iron-core block to generate an intense magnetic field, as indicated in the list of SR facilities
with SOFB in Table 2. At SLS, a slow temperature variation of 1 h−1 with 0.7 µm amplitude
induces a 4 µm X-BPM reference shift [6]. Natural factors, such as seasonal or temperature
changes (summer, rainy, or winter), are also slow disturbances with substantial responses
to the magnetic field and beam reference position. A summer temperature can violate the
±0.1 °C temperature tolerance, exceeding it by up to 3 °C, causing a beam circumference
enlargement of over 1 mm or a xrms deviation of 150 µm. Impacts such as rain, snow, or
tides, together with temperature change, induce similar effects [8]. Table 2 shows that SOFB
magnets have bandwidths of <1 Hz. As slow-corrector magnets have iron-core blocks, they
can be integrated with other magnet types to serve as combined-function magnets, similar
to those used at BNL [14], SOLEIL [3], and TRIUMP [23]. Combined-function magnets not
only save lattice space, but also reduce costs.

Higher frequency disturbances that last a short period of time can have a small
perturbation amplitude; therefore, they often require a corrector type without an iron
core, as the eddy current from iron results in a slow correction rate. Thus, a common
fast-corrector choice is an air core. During beam injection, a 3 Hz noise may arise due to the
booster power supply and results in up to 0.6 µm and 0.35 µm beam position shift in the
horizontal and vertical direction, respectively [3,5,7,24]. This correction is required to be
fast but not strong. Fast air-core correctors are installed in SR facilities such as NSLS-II [9],
Petra III [11], APS [13], SOLEIL [3], and SUPER-ACO [22].

Constructing high-bandwidth corrector magnets that are both fast and strong has
been a formidable task, as the eddy current of an iron core impedes correction speed.
As a solution, various SR facilities have opted to laminate the iron yoke, a method that
requires advanced manufacturing skills. However, fast and strong corrector magnets are
essential. For instance, crane activity is classified as a high-frequency perturbation with
an amplitude of less than 5 µm. A 1.3 µm amplitude crane vibration generates lattice
amplification, resulting in orbit perturbations of ±8 µm and ±3 µm in the horizontal and
vertical planes, respectively [24]. A typical FOFB bandwidth is in the order of 100 Hz.
Nevertheless, SIRIUS [12] achieved a 1 kHz bandwidth using a 0.5 mm lamination core.
The fast-corrector magnet at the ESRF [7] obtained a DC to 500 Hz bandwidth via iron-core
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lamination. SPEAR3* [20], on the other hand, has a laminated fast corrector with a DC to
100 Hz bandwidth.

SPS-II’s global feedback correction system will be an SOFB and FOFB hybrid. Its
slow corrector will be a combined horizontal and vertical corrector type embedded within
a sextupole iron-block yoke. Meanwhile, SPS-II’s slow- and fast-corrector magnets (COR-1
and COR-2) will be combined in a horizontal and vertical corrector with a 1 mm lamination
core, which will achieve strong and fast correction at a reasonable cost. The SOFB correction
will regulate on DC excitation, and FOFB will override with an AC excitation correction
term. The power supply, CAENels Fast-PS, will generate a maximum current of 30 A,
a potential of 30 V, 600 W power, and 5 kHz closed-loop bandwidth. Investigation of the
magnet bandwidth would fall within the scope of another research project.

2. Combined Horizontal and Vertical Correcting Magnet Design

Figure 2 illustrates the prototype of the combined horizontal and vertical correcting
magnet. The vertical pole pair generates a normal dipole field to correct the beam in the
horizontal plane, and is termed a horizontal correcting magnet (COR-H). The horizontal
pole pair generates a normal dipole field in the horizontal direction and corrects the beam
position vertically; it is termed a vertical correcting magnet (COR-V).
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The required specifications of the combined horizontal and vertical correcting magnet
(COR-HV) prototype are listed in Table 3. The corrected magnetic field is obtained from the
current computed from SVD algorithm as follows [2]:

∆I(A) =
1
µ0

B0(T)G(m) (3)

where G is half the aperture and µ0 is the permeability of free space. The maximum
required field integral is 8 Tesla.mm, obtained from the 65 mm magnet aperture (2G). The
coil and yoke allow a maximum SOFB excitation of 2520 A.turn under an unsaturated
magnetization condition. For FOFB, typical AC excitation is <1 A [9,12]. Figure 3 displays
the relationship between AC excitation current and kick angle. SPS-II sets the maximum
kick angle at 0.8 mrad, corresponding to 0.05 A. The physical length required to achieve
an effective length of 116.5 mm is 50 mm. However, during manufacturing, a 50.5 mm
physical length was obtained. The magnet pole was designed to span a uniform magnetic
field with a 16 mm good field region (GFR). The magnet yoke was manufactured using
1 mm lamination sheets of low-carbon AISI 1006 steel, with air-cooled heat generation.

Table 3. Specifications of the combined horizontal and vertical correcting magnet.

Parameter Value Unit

Field integral 8 Tesla.mm
Effective length 116.5 mm
Physical length 50 mm

Magnet gap 65 mm
Coil turn number/pole 140
Maximum DC current 18 A
Maximum AC current 1 A

Conductor size 3 × 4 mm2

Air-cooled magnet
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3. Magnetic Field Design

Opera-3D [25] (mesh-based finite element analysis (FEA) software) was used to solve
Maxwell’s magnetostatic equation to obtain the magnetic field of the current-controlled,
direct-current, slow-orbit correction. The Newton–Raphson method was employed to
update the magnetic field solution after each iteration. SOLIDWORKS [26] was utilized to
prepare the yoke depicted in Figure 4. The coil geometry was a standard racetrack built in
Opera-3D; the current density accounted for 140 coil windings. To determine the magnetic



Particles 2023, 6 904

field density at point Q resulting from the current density source JP at point P [27], FEA
discretized the Biot–Savart integral:

HQ =
1

4π

∫ JPxrPQ

|rPQ|
dΩ (4)

where rPQ is the position vector between point P and Q. The yoke material was isotropic
and magnetically non-linear, following the B–H curve of low-carbon AISI 1006 steel. Holes
and stainless steel covers were excluded from the simulation. The objective was to obtain
an approximate magnetic field integral of 8 Tesla.mm and ensure field homogeneity. At
18 A, the calculated field integral reached 8.73 Tesla.mm. Both horizontal and vertical poles
were optimized via chamfering, and possessed a fabrication tolerance of ±0.020 mm. The
magnetic field profile at the magnet’s center is depicted in Figure 5.
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The direction of the force on the electron beam’s position depends on the current
supplied to the pole pair. A simple schematic can be demonstrated using a DC supply
for the SOFB, although fast AC correction for FOFB induces a force in the same direction.
In Figure 5, the field at a cross-section of the magnet center (z = 0 mm) is depicted with
a red vectors, while the direction of the force acting on the electron beam is indicated
in white arrow. Figure 5a illustrates that when excitation was supplied to the vertical
pole pair to generate a downwards vertical magnetic field, the electron beam was nudged
to the right. Conversely, when the current direction for the vertical poles was inverted,
the magnetic field was directed upwards, causing the electron beam to shift to the left.
Figure 5b illustrates that when horizontal excitation was applied, the magnetic field was
directed horizontally to the right, restoring the electron beam in an upwards direction, and
vice versa. Figure 5c–f illustrate that when current excitation was supplied to both vertical
and horizontal correctors, the force on the electron beam was directed diagonally. Vertical
pole pair and horizontal pole pair excitation permutations were as follows: N–S and N–S
in Figure 5c; N–S and S–N in Figure 5d; S–N and N–S in Figure 5e; and S–N and S–N in
Figure 5f. The magnetic field restored the electron beam position, directing it northeast,
southeast, northwest, and southwest, in that order. For fast perturbation, the sinusoidal
force direction was the same as in Figure 5, but the current alternated with a specified
frequency instead of being direct.



Particles 2023, 6 905

Particles 2023, 6, FOR PEER REVIEW    8 
 

 

 

Figure 4. Model of the combined horizontal and vertical correcting magnet and magnetic field con-

tours obtained using Opera-3D. 

 

 

(a)  (b) 

(c)  (d) 

Particles 2023, 6, FOR PEER REVIEW    9 
 

 

(e)  (f) 

Figure 5. Magnetic flux density obtained using Opera-3D (at z = 0 mm) for (a) the horizontal cor-

recting magnet; (b) the vertical correcting magnet; and (c–f) the combined correcting magnet with 

the direction of currents in four coil permutations. Red arrows illustrate the vector direction of the 

magnetic flux; white arrows indicate the vector direction of the force exerted on electron beam.   

The direction of  the  force on  the electron beam’s position depends on  the current 

supplied to the pole pair. A simple schematic can be demonstrated using a DC supply for 

the SOFB, although fast AC correction for FOFB induces a force in the same direction. In 

Figure 5, the field at a cross-section of the magnet center (z = 0 mm) is depicted with a red 

vectors, while the direction of the force acting on the electron beam is indicated in white 

arrow. Figure 5a illustrates that when excitation was supplied to the vertical pole pair to 

generate a downwards vertical magnetic field, the electron beam was nudged to the right. 

Conversely, when the current direction for the vertical poles was inverted, the magnetic 

field was directed upwards, causing the electron beam to shift to the left. Figure 5b illus-

trates that when horizontal excitation was applied, the magnetic field was directed hori-

zontally to the right, restoring the electron beam in an upwards direction, and vice versa. 

Figure 5c–f illustrate that when current excitation was supplied to both vertical and hori-

zontal correctors,  the  force on  the electron beam was directed diagonally. Vertical pole 

pair and horizontal pole pair excitation permutations were as follows: N–S and N–S in 

Figure 5c; N–S and S–N  in Figure 5d; S–N and N–S  in Figure 5e; and S–N and S–N  in 

Figure 5f. The magnetic field restored the electron beam position, directing it northeast, 

southeast, northwest, and southwest, in that order. For fast perturbation, the sinusoidal 

force direction was  the same as  in Figure 5, but  the current alternated with a specified 

frequency instead of being direct. 

4. Mechanical Design 

Computational structural analysis was performed using finite element methods  in 

both SOLIDWORKS  [15] and ANSYS  [28] simulation software. Static deformation  took 

into account the gravitational force of the magnet core and coil (94 kg), as well as the mag-

netic force of attraction between poles (67 N), during maximum excitation. This resulted 

in a maximum total deformation of 0.85  μm, as shown in Figure 6a. The deformation was 

minimal, indicating the magnet core’s robust structural design. Coupled electromagnetic, 

heat transfer, and mechanics co-simulations were carried out using Opera-3D [26], as de-

picted  in Figure 7. The  impact of heat  transfer at maximal excitation was negligible  in 

terms of heat generation and did not contribute additional mechanical deformation.  In 

terms of heat transfer enhancement, air cooling proved to be sufficient. In the absence of 

a stainless steel end support structure, Figure 7b shows that deformation could be as high 

Figure 5. Magnetic flux density obtained using Opera-3D (at z = 0 mm) for (a) the horizontal correcting
magnet; (b) the vertical correcting magnet; and (c–f) the combined correcting magnet with the direction
of currents in four coil permutations. Red arrows illustrate the vector direction of the magnetic flux;
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4. Mechanical Design

Computational structural analysis was performed using finite element methods in
both SOLIDWORKS [15] and ANSYS [28] simulation software. Static deformation took into
account the gravitational force of the magnet core and coil (94 kg), as well as the magnetic
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force of attraction between poles (67 N), during maximum excitation. This resulted in
a maximum total deformation of 0.85 µm, as shown in Figure 6a. The deformation was
minimal, indicating the magnet core’s robust structural design. Coupled electromagnetic,
heat transfer, and mechanics co-simulations were carried out using Opera-3D [26], as
depicted in Figure 7. The impact of heat transfer at maximal excitation was negligible in
terms of heat generation and did not contribute additional mechanical deformation. In
terms of heat transfer enhancement, air cooling proved to be sufficient. In the absence of
a stainless steel end support structure, Figure 7b shows that deformation could be as high
as 1.67 µm. The stainless steel support structure effectively maintained the magnet’s shape,
even at the power supply’s maximum 30 A current.
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Figure 6b illustrates the vibrational analysis conducted to investigate the magnet’s
natural frequency, to prevent the potential disaster of coinciding vibration with forced
frequency, which could result in resonance. The structure’s eigenmodes were solely deter-
mined by the magnet’s material and design. The most crucial eigenmode, the first-mode
natural frequency, was calculated to be 176.95 Hz. In Figure 6b, both front and side views
illustrate the impact of first-mode resonance, which was exaggerated by a factor of 2.4.
Side-view vibration was expected to have the most significant impact. Forced frequencies
could have originated from sources both internal and external to the building infrastructure,
such as traffic noise, a cooling water pump, a vacuum pump, air conditioning, a chiller,
or main’s electricity. Table 1 lists the sources of potential vibration, where the highest
frequency of disturbance is 100 Hz.

5. Manufacturing

The COR-HV (COR-1 and COR-2) prototype magnet, as shown in Figure 8, was
laminated to mitigate eddy current and curtail power loss. The magnet core material was
crafted from ThyssenKrupp silicon steel sheets, a class of non-grain-oriented electrical
silicon steel with low hysteresis loss. The 1 mm thick laminations were insulated on
both sides. To achieve high precision, within a tolerance of ±0.020 mm, wire cutting
was employed using an electrical discharge machine (EDM) for the laminated core. On
assembling 50 silicon sheets, the physical magnet length was slightly longer than 50 mm.
The end plates, which encapsulated the silicon steel sheets, were constructed from 15 mm
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thick SUS304 stainless steel using the same fabrication method. Notably, the stainless
steel had no impact on the magnetic field, but enhanced overall structural integrity. The
assembly process involved stacking and fastening using nuts, bolts, and locating pins, with
four assemblages.
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The coil conductor consisted of enamel-coated copper wire with dimensions specified
in Table 3. To ensure safety, coils were insulated using fiberglass tape and impregnated
with insulation varnish or epoxy resin. The COR-HV was air-cooled.

6. Magnetic Field Measurement

Figure 9 illustrates the Hall probe bench setup for magnetic field measurement. Align-
ment between the Hall probe bench and the magnet was achieved using a laser tracker and
auto-level high-precision apparatus.
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Figure 10a shows the results of the COR-H and COR-V magnetic fields in the XY-
plane (at coordinate (x,y,z) = (0,0,0) mm); both measured and calculated magnetic fields
are plotted against current. The discrepancy between calculated and measured results
was less than 0.2%. Importantly, the magnetic field–excitation current curves exhibited
linearity. Figure 10b,c illustrate the COR-H and COR-V magnetic fields along the magnet’s
length (−200 ≤ z ≤ 200 mm, in 2 mm increments) for all current values, respectively.
The results presented in Figure 10b,c were used for the magnetic field integral, as shown
in Figure 11, which compares calculated and measured values. At an 18 A excitation
current, the magnetic field integral for COR-H was 9.31 Tesla.mm, while for COR-V it was
9.46 Tesla.mm, based on measurement data. The measured field integral was higher than
the calculated integral, which was attributed to three factors: a discrepancy in the B–H
curve used for calculation versus actual measurements, a magnet core with a slightly longer
physical length, and the omission of eddy current effects from the simulation model. In
future experiments, rotating coil and stretched wired instrumentations will be employed to
take direct magnetic field integral measurements.
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