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Abstract

The Circular Electron Positron Collider (CEPC) proposed in China is a dual-ring collider with electron and positron beams in
the energy range of 45.5-180 GeV. The main dipole in the CEPC collider is a dual-aperture dipole with a shared coil between
the two apertures, forming an I-shaped structure that can reduce power consumption by 50%. Because of its long length
and low field strength, the development of this dual-aperture magnet faces challenges regarding its mechanical design, field
measurement accuracy, and field performance. Numerical simulations were performed to better understand the Earth’s field
and the effect of different BH curves on field performance. The field results of the prototype are presented herein, and the
field quality satisfies the requirements. The remanent field accounts for 2% of the integral field at 140 Gs, and the hysteresis
effect caused an increase in field strength of approximately 0.075% after a standardization cycle of the trim coils. Research
on this prototype can provide useful insights for understanding low-field dipole magnets.
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1 Introduction

The planned Circular Electron Positron Collider (CEPC) is
a collider with a circumference of 100 km in China. The
accelerator device consists of a linear accelerator, damping
ring, booster, collider, and several transport lines. The CEPC
collider can function as a W, Z, Higgs, or ttbar factory, cor-
responding to beam energies of 45.5, 80, 120, and 180 GeV.
The collider has a double-ring scheme and shares the same
tunnel as the CEPC Booster [1-3].

According to the FODO lattice of the CEPC collider,
there are more than 3100 dipole magnets, 4000 quadrupole
magnets, 3000 sextupole magnets and 7000 correctors [4].
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Both the field strength and gradient of the dipole and quad-
rupole magnets in the CEPC Collider are relatively low, so
they are designed as warm iron-dominated magnets, except
in the IR regions [5, 6]. With such a large-scale magnet sys-
tem, we need to make unremitting efforts in magnet design,
construction, and commissioning to ensure economical cost
and sufficient magnetic field performance.

The electron and positron beams gain energy in the RF
cavities and lose energy due to synchrotron radiation in
the dipoles distributed along the collider circumference [7,
8]. Most synchrotron radiation is produced by arc-bending
magnets. Because the beam energy is very high, the syn-
chrotron radiation in arc dipoles has a significant effect on
the beam behavior, leading to a substantial sawtooth shape
variation in the central beam energy along the ring, which is
called the energy sawtooth effect [9]. With only two RF sta-
tions, the sawtooth orbit in the CEPC rings is approximately
1 mm for Higgs running. Beams with an off-center orbit
will encounter an additional field in the magnets, resulting
in a 5% distortion of the beam optics and a reduction in
dynamic aperture (DA). To compensate for the closed orbit
and optical function distortion, the magnetic field strength
in the two apertures should be tapered independently of the
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energy along the beam orbit in the collider [10, 11]. There-
fore, the main dipole and quadrupole magnets are designed
with trim coils to fine-tune the field strength and gradient by
approximately +1.5%.

As the CEPC beam energy increases, the radiated power,
which is proportional to the fourth power of the energy,
affects various accelerator components, including the vac-
uum chamber, magnet coils, and cables [9]. Lead blocks are
used as a shield against synchrotron radiation [12—14].

The CEPC is planned to be built underground, and the
tunnel cross section directly determines civil engineering
costs. The electron and positron rings are compact and paral-
lel in most regions. The main dipole and quadrupole magnets
are designed as dual-aperture magnets for power and cost
savings, as proposed by FCC-ee [15-18]. The total length
of the dipole magnet was approximately 70 km. Because
the dipole magnets were maintained as long as possible to
limit synchrotron radiation losses, each dipole magnet had
a length of approximately 28 m. The core was divided into
several sections in the longitudinal direction for ease of fab-
rication and transport, similar to the design of LEP [19]. The
cores of one magnet are installed end-to-end in groups, and
the coils of different cores are connected in series to form a
complete dipole magnet.

Due to the large perimeter of the CEPC collider and the
strong synchrotron radiation effect, the dipole field is very
low, and its uniformity will be affected by the residual field
of the magnetic materials [20, 21]. The collider operates
at four different energies; therefore, the field uniformity in
the dipole magnet may vary depending on the permeability
of the magnetic material. A full-scale prototype of a dual-
aperture dipole magnet (DAD) with a magnetic length of 5.7
m was developed to verify the magnet design, field quality,
and excitation characteristics. In the prototype measure-
ment, the repeatability of the magnetic field excitation and
the effect of residual magnetization caused by hysteresis on
the magnetic field uniformity in a good magnetic field area
should be observed, which is difficult to evaluate in numeri-
cal simulations.

2 Magnetic design and considerations

According to the CEPC Conceptual Design Report, the
dipole magnet will operate at 4 different field strengths, cov-
ering the beam energy range from 45.5 GeV to 180 GeV.
All magnets function in DC mode at one field strength at a
time. The main dipole characteristics are listed in Table 1.
The overall magnetic field strength is minimal; therefore,
the magnet core operates at a very low field, corresponding
to the initial segment of the magnetization curve, which is
nonlinear.
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Table 1 Main parameters of the CEPC collider ring dipole magnets

Parameters Value

Field strength@45.5 GeV (Gs) 140

Field strength@180 GeV (Gs) 560

Gap height (mm) 70

Effective length (m) 28.7, 5 parts
Good-field region radius (mm) 13.5

Field quality <5x107*
Trim coil adjustment capability +1.5%
Center field difference in two apertures <0.5%

As an electron and positron collider, the dipole magnets
in the two rings have the same polarity and nearly the same
field strength. Initially, two separate C-shaped dipole mag-
nets were placed together, as shown in Fig. 1a. The cross and
dot marks indicate the inflow and outflow of the current in
the excitation coils, which represent the negative and posi-
tive directions of the current. In a single-dipole magnet, an
external current loop outside the iron core is essential as a
closed loop; however, its contribution to the central magnetic
field is negligible. Although the two parallel C-type dipole
magnets have the same field strength, the current directions
in the coils between the two yokes are opposite. When these
two magnets are considered as a whole system, they can can-
cel each other out. The parallel magnets can then be placed
closer together and simplified as dual-aperture dipole mag-
nets, as shown in Fig. 1b. The coils inside the apertures are
connected to a closed circuit. Compared to the two separate
magnet placement schemes, the total lengths and areas of the
coils were reduced by 50%, as was the power consumption.
This I-shaped dual-aperture dipole magnet is the first option
for the CEPC collider.

The beam separation between the two apertures is
350 mm, determined by the vacuum chamber, the syn-
chrotron radiation shielding lead blocks, and the excitation
coil [13]. Solid iron (DT4) was used for the yoke and poles
to simplify the structure of the magnet. The iron core con-
sists of three parts: the upper and lower poles and the center
support yoke. The main coil is wound around the central
yoke. The trim coils were wound around the upper and lower
poles of the left and right apertures, respectively. Two small
power sources were used to excite the trim coils in the two
apertures for independent tapering. The lead blocks on both
sides of the vacuum chamber ensured the resistance of the
coils to synchrotron radiation. Stainless steel blocks are
placed at intervals on the open sides of the two apertures.
These support the poles and reduce the deformation of the
magnetic poles.

For an iron-dominated magnet, its field quality strongly
depends on the pole profile. The simplest parallel pole
surfaces were chosen to reduce manufacturing costs. A
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Fig. 1 (Color online) Two
C-shaped dipole magnets placed
side by side (a) and dual-aper-
ture dipole magnet (b)

trapezoidal platform on the opening sides was used to
improve field uniformity. Magnetic field simulations were
performed using the FEA software OPERA [22]. The fields
in the two apertures of the DAD were asymmetric. In the
ideal DAD model, the structure is symmetrical about the
central yoke; however, the opening gaps of the two holes are
located on opposite sides. Therefore, the amplitudes of the
high-order harmonics within the two apertures are the same;
the signs of the odd-order harmonics are identical, but the
signs of the even-order harmonics are opposite.

This DAD magnet has no obvious poles, and the field is
very sensitive to the positions of the coils. This implies that
the coils should be symmetrical with respect to the upper
and lower poles. Field error analysis shows that with a 2 mm
position error of the coil, a skew dipole term of 3.4x10%is
introduced. Once there is a slope in the pole face, an error
of 0.015 mm changes the field uniformity by 0.6x10~%. This
demonstrates the need for controlled tolerances in coil and
pole-profile machining.

Fig.2 (Color online) Transverse 1E-3
field distribution in the right
aperture of DAD at different 8E-4

energies
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2.1 Influence of magnetic materials on magnetic
field

Usually, the multipole component is expressed in “units,”
which means a strength of 0.01% or 100 ppm normalized to
the fundamental field [23]. Here, the fundamental field is the
normal dipole field in the DAD.

The general BH curve (DT4medium.bh) is used for the
core material. The transverse distributions of B, at different
energies were simulated and are plotted in Fig. 2. At the
first two working points of 45.5 GeV and 80 GeV, the field
uniformity was nearly the same. At 120 GeV and 180 GeV,
the distribution differed from that at the first two working
points. The main difference was in the quadrupole compo-
nent, with a maximum difference under the four energies of
the two units.

Several previously measured BH curves were incorpo-
rated into the same model, which is plotted in Fig. 3a.
The tenten.bh and default.bh curves are built-in curves
of OPERA. There were slight changes in the magnetic
field strength and significant differences in the magnetic
field uniformity. The material with a higher permeability
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Fig.3 (Color online) BH curves 18
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(DT4high.bh) produced a higher magnetic field strength
than the other materials (tenten.bh) by approximately
0.9%.

Figure 3b shows the field distribution in the right aper-
ture at 120 GeV, when the central field B, is approximately
373 Gs. Significant differences were observed in the
transverse distribution of the magnetic field with different
core materials. This indicates that variations in magnetic
materials can affect the uniformity of the magnetic field
and high-order harmonic components. The quadrupole
component, which is the first higher-order component of
a dipole magnet, is particularly sensitive to these changes.
The initial phase of the BH curve also exhibited nonlinear-
ity. Considering that the magnetic induction intensity at
the center of the magnet spans approximately four times
across the four operating points, even though the magnetic
field strength of the magnet is low, the magnetic material
demonstrates nonlinear behavior in the low-field region,
which affects the uniformity of the magnetic field.

For tenten.bh and default.bh, the field distributions at
the four field strengths are nearly identical. This is due to
their BH curves being relatively smooth and linear in the
operating region of the DAD magnet.
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2.2 Effects of the Earth field propagation
in the dipole aperture

In the CEPC collider, the DAD has a minimum field strength
of 140 Gs and a field uniformity requirement of 0.05%.
Although the Earth’s field is approximately 0.5 Gs and
accounts for 0.3% of the lowest field, its propagation varies
with different orientations of the device or the main field
direction. Several studies have been conducted on ID devices
and low-field dipole magnets [24, 25]. Therefore, the influ-
ence of Earth’s magnetic field on the magnetic performance
of DAD in different orientations must be evaluated.

A pair of parallel current plates is used to approximate
the distribution of the Earth’s magnetic field and to simulate
its propagation through the aperture and iron of DAD. The
first simulation without DAD iron was performed to define
Earth’s field value in the model region. The distribution
of the Earth’s field in the DAD region is close to constant.
For the Earth field in one direction, the same finite element
model was used for all simulation cases, differing only in the
material settings of the coils and iron core.

Both the horizontal and vertical Earth fields are con-
sidered, and the flux line distribution in DAD is shown in
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Fig.4 (Color online) Flux lines in DAD with a horizontal and b ver-
tical Earth fields only, ¢ introduced B, by horizontal Earth field in
different cases, and d introduced B, by vertical Earth field in different
cases

Fig. 4a and b. The magnetic flux is bent and concentrated
through the iron core because its magnetic resistance is
much lower than that of air. However, there remains a leak-
age field that propagates through the two apertures of the
magnet, which is our concern.

With no exciting current in the DAD, the horizontal Earth
field, which is perpendicular to the main field By, introduces
a horizontal field B, of approximately 0.02 Gs in the gap
of the apertures, and the variations of B, in the good-field
region are less than 0.015 Gs. No vertical component B,
exists in the two apertures. The main dipole field is in the
vertical direction, and its magnitude and distribution remain
almost unchanged. When the field strength of the main field
differs, the B, component introduced by Earth’s field within
the good-field area varies slightly, as shown in Fig. 4c. The
largest harmonic introduced by the horizontal Earth field
is the skew dipole a;, approximately 1.5 units at 140 Gs,
which requires special attention. The introduced field B, is
almost the same for all cases. This effect is similar even
when the main current is zero. Subsequently, the impact of
the horizontal Earth field decreases with an increase in the
main magnetic field.

If the Earth field is vertical, it will increase or decrease
the main field in the Y direction. When the vertical Earth
field is 0.5 Gs, the average field increment (dB,) is approxi-
mately 0.0028 Gs, as shown in Fig. 4d, which is reduced by
almost 1 order of magnitude compared to that in the hori-
zontal Earth field. Magnetic poles shield the Earth’s vertical
field; therefore, the propagation of the vertical Earth field in
DAD can be neglected.

2.3 3D field simulation of DAD

The 3D field simulation is also performed in OPERA/3D.
The model was extruded from a 2D model, and its core
length is 5.67 m. At a nominal operating current of 1063
A, the calculated magnetic field reaches 373 Gs, which cor-
responds to an energy of 120 GeV. At 1623 A, the central
field is 560 Gs at 180 GeV and the power dissipation is
approximately 1.3 kW.

The effective length is approximately 5.78 m. It is longer
than the core length, and the increment is greater than 1.15
times the gap height, as supplied by the empirical formula
Leff = Liron + (1.05 ~ 1.15) Gap [26]. This indicates that
the low-field dipole has a larger effective length. In practice,
an accurate effective length should consider nearby com-
ponents, such as the neighboring magnet and end coil. The
effective length of the DAD at different field strengths varies
slightly, with a maximum difference of 1.4x107*. This can
be compensated for by interpolating the excitation curve and
adjusting the excitation current.

The integral field uniformity of By is somewhat different
from the central field uniformity, especially in such a long
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dipole magnet. The main reason for this is that the shared
coil in the middle of the dual-aperture magnet is not sym-
metrical on either side of the good-field region of one aper-
ture, which introduces an asymmetric field, such as a quad-
rupole field. The integral end field in the good-field region
indicates that the field outside the iron has been integrated.
The main harmonic components of the end-integral field
are the quadrupole and sextupole components, with values
of 106 and 36 units, respectively. This constitutes a small
proportion of the total integral field (approximately 2%).
This slightly alters the integral field; therefore, no end-field
chamfer is required in this long magnet. The integral field
harmonics at the four energies were calculated. The main
difference in the harmonics at different field strengths is the
quadrupole component, which is influenced by the end field
and main coil. The other components were nearly identi-
cal to those in the 2D simulation. The trim coils had little
effect on the field uniformity in both their aperture and other
apertures.

3 Mechanical design and prototype
manufacturing

The dual-aperture dipole mainly includes an iron core, sup-
ports, aluminum busbar coils, trim coils, and a cooling sys-
tem. The iron core consists of three parts: the upper and
lower poles, and the central yoke. The two poles are bolted
to the central yoke with positioning pins at the top, bottom,
and ends. The core length is 5670 mm, and the cross sec-
tion measures 530 mm X 160 mm. The total weight of the
prototype is approximately 2.6 tons. The central yoke has
a width of 46 mm, compared to the pole width of 530 mm.
Given the structure’s large leverage due to the narrow yoke
and wide poles, the flatness requirement for the central yoke
is very stringent; otherwise, amplification errors can eas-
ily occur at the opening gap. Concurrently, spaced contour
blocks made of stainless steel were added at the opening
side to ensure consistent gap height and reduce the slope of
the pole. Threaded holes were pre-drilled at each end of the
magnet for end shimming, if required.

Based on numerical simulations and the general machin-
ing level, the total mechanical tolerance is +50 pm, which
includes profile and assembly errors. This tolerance is
achievable for such long magnets and is not particularly
harsh.

For the exciting coil, an aluminum busbar was chosen for
its low weight and cost compared to the copper conductor.
In this prototype, the rectangular busbars have dimensions of
60 mm X 27 mm. The total power dissipation of all the dipole
magnets exceeds 13 MW; therefore, the conductors must be
cooled. The conductors were extruded from the former with
a 6-mm-diameter cooling hole. Several dipole magnets were
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connected in series with a voltage limit of approximately 1
kV. To reduce power consumption in the power cables, each
magnet has two turns of busbar coils and end blocks that are
connected in series with bolts and a sealing ring. Nitrogen
gas at a pressure of 1 MPa is injected, and a sealing test is
conducted. The aluminum busbars have a plasma-sprayed
ceramic insulating coating on the surface with a thickness of
0.03 mm and are expected to withstand high voltages of up to
1000 V. The ceramic coating is an inorganic material sprayed
onto the surface of a coil for electrical insulation and radia-
tion resistance. Because aluminum is prone to oxidation, the
contact surfaces are silver-plated or insulated and lacquered
as required. The conducting contact surface is covered with
a layer of indium flakes. Owing to indium’s flexibility, excel-
lent conductivity, and sealing properties, it effectively reduces
contact resistance. The trim coils were directly wound on the
poles using enameled aluminum wires because of the small
number of turns. They were then secured to the iron core using
internal and external blocks.

It is crucial to study the manufacturing technology dur-
ing machining. The core parts are processed using a CNC
machine with a machining tolerance of less than 10 pm. The
total tolerance of the aperture gap was less than +50 pm
which was checked using a stop-and-go gauge. At the maxi-
mum magnetic field strength, the electromagnetic force
between the poles in the aperture was approximately 1600 N,
which was far less than the gravitational force and could be
neglected. The maximum deformation caused by gravity of
the DAD simulated in ANSYS [27] is approximately 17 pm,
which is local and smaller than the mechanical tolerance and
can be disregarded. A special truss fixture was used to lift
the magnet and reduce deformation during lifting.

Before leaving the factory, the magnet’s coils were sub-
jected to a high voltage test of 1000 V, and the leakage cur-
rent was very high. The thickness of the external insulation
layer of the busbars is less than 0.03 mm, and the coating
technology used is not very stable. The large surface area
of aluminum with such a thin ceramic layer could have pro-
duced local defects that significantly impacted the insula-
tion properties. Therefore, the external insulation layer of
polyimide tape was half-stacked over the coil, which was
then insulated to pass the 1000 V high voltage test. Further
research is being conducted on the potential of other inor-
ganic insulation measures for the electrical insulation and
radiation resistance of coils.

4 Field measurement of DAD prototype
and analysis

All magnets should be measured individually to determine
their excitation characteristics and magnetic field perfor-
mance. The Hall probe system is a general method used for
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measuring dipole magnets [28-30]. However, this is inef-
ficient for batch magnets; therefore, a rotating coil meas-
urement system was developed [31]. The prototype DAD
was measured using both the Hall probe and rotating coil
measurement system.

4.1 Main field measurement without trim coils

Prior to the field measurement, some test preparations were
required. Oxygen-free copper bars were used as a bridge
between the power cables to the power supply and the mag-
netic busbars, and water cooling was monitored for flow and
temperature rise. The maximum current of the magnet was
1623 A. During the first excitation, the contact surfaces of
the extended copper-bar adapters were relatively hot, which
was effectively addressed by applying indium sheets to the
contact surfaces.

The Hall probe was installed on a motion guide bracket,
which is placed on the surface of the lower pole. The trolley
with the Hall probe was driven back and forth by a motor
and positioned by adjusting the support structure. The
straightness and height of the Hall probe were maintained
during movement. The position of the Hall sensor is fed

Fig.5 (Color online) DAD
magnet on the Hall probe
measurement system (a) and
on a rotating coil measurement
system (b)

(a)

back by a laser at one end. The DAD with the Hall probe
measurement system is shown in Fig. 5a.

By scanning the longitudinal field of B,, the integral
field and central field are obtained in the two apertures. The
measured central field in aperture A was 378.558 Gs when
the excitation current of the main coil was 1067 A, which
corresponded to a beam energy of 120 GeV. The effective
length of the dipole magnet in aperture A was 5.75 m. The
integral field difference between the two apertures was less
than 0.1%, which satisfied the requirements. The integral
field measured using the Hall probe was used to calibrate
the coefficient of the rotating coil.

As shown in Fig. 5b, the rotating coil magnetic field
measurement system mainly consists of a rotating coil skel-
eton, a titanium alloy outer sleeve, a rotating motor and
control system, an encoder, a coupling joint, a multi-axis
movable platform, a data acquisition system, and an indus-
trial control computer. The skeleton of the rotating coil is
generally made of a nonmagnetic material, with G10 used
here. Due to the difficulty of achieving a length of 5.7 m
with a slender skeleton, segmented coils were selected. The
overall length of the rotating coil is approximately 6.5 m,
composed of four 1.2 m long coils and one 0.84 m short coil.
Self-centering and self-tightening structures were adopted

@ Springer
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between the frame and outer tube. The adjacent subcoils
were connected in series via a coupling and shaft. Auxiliary
connection shaft holes were used to ensure that the coils
were coaxial. Ceramic bearings are arranged at both ends
of the coil. The connecting bolts and grooves are made of
a nonmagnetic titanium alloy, which has minimal effect on
the magnetic field.

Each coil has inner and outer coils wound on the G10
skeleton, resulting in coil coefficients that are sensitive to
high-order harmonic signals. The signals from the subcoils
are individually led out by nonmetallic slip rings. Each sub-
coil has a buckling scheme and should be individually cali-
brated. Different parts of the magnet can be measured and
analyzed, particularly at the ends.

Generally, the radial and azimuthal components of a two-
dimensional field in a current-free region (in the good-field
region of the dipole magnet) can be expressed as below [32].

B,(r,0) = By ). [b,(r)sin(nd) + a,(r) cos(nd)], (1)
n=1

By(r,0) = By Z[bn(r) cos(nf) — a,(r) sin(nd)], )
n=1

B, = B, sin6 + Bycos0, 3)

where b, and a, denote the normal and skew relative
multipole coefficients related to the main field By, corre-
sponding to the 2n-th normal and skew multipole compo-
nents. R, denotes the reference radius; B, is the vertical
component in Cartesian coordinates and is generally used
in a normal dipole magnet. The uniform distribution of the
integral field versus x can be obtained using the formula:

AB,Leff B (x,y = 0)Leff |
B(x=0,y=0Leff B,(x=0,y=0)Leff

o0

_ —n—1

-5
n=2

“

In the above formula, X is the normalized horizontal axis
and is equal to x/R,. b, is the harmonic coefficient obtained
using the rotating coil measurement system.

There are five rotating coils: coil 1 is located near the
motor, followed by coils 2, 3, 4, and 5 in sequence. The mag-
netic coils are rotated within a magnetic field to obtain the
induced voltage signals for each segment, which are accu-
mulated to derive the integral field and multipole harmonics.
The field uniformity can be determined through field har-
monics, which can be calculated using formula (4) [33]. In
Fig. 6a, the field uniformity of the five coils is plotted. The
uniformities of the integral fields of the middle three coils
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are similar. The field uniformities of the first and last coils
differ significantly from those in the middle section due to
the end effect of the magnet.

The integration results of each coil are weighted and
summed to obtain the integral field distribution in the
good-field region of the entire magnet, as shown in Fig. 6b.
Table 2 lists the high-order harmonics measured by the rotat-
ing coil measurement system within two apertures, with all
high-order harmonic components being less than 4 units.
The largest harmonic component of the integrated mag-
netic field measured at the two apertures was the sextupole
component, which is consistent with the numerical simula-
tion results (using DT4 high. bh). This result shows that
the transverse integrated magnetic field distributions within
the two apertures are almost identical, demonstrating good
manufacturing tolerance in magnet processing.

The integral transfer function curves within the two
apertures are compared. At the four working energies, the
integral field differences between the two apertures were
less than 0.1%, which satisfied the physical requirements.
When the current decreased to 0, the measured remanent
field occupied 1.5% of the integral field at 45.5 GeV, and the
variation of remanence in the good-field region represented
only 3x107° of the integral field at 45.5 GeV. In this proto-
type, the influence of the remanent field can be disregarded.
In addition, the magnet was excited several times, and the
integral field reproducibility was better than 6x107>, satisfy-
ing the physical requirements.

4.2 Magnetic field measurement with trim coils

We learned that during the ramping process, the trim coil
interferes with the magnetic field strength generated by the
existing main coil. Simultaneously, a hysteresis effect occurs
during the excitation of the ferromagnetic materials. Differ-
ent magnetic fields are generated if the ramp path of the trim
coil changes. Therefore, it is necessary to follow a specific
path when ramping the trim coil to ensure repeatability of
the magnetic field excitation. The maximum current in the
trim coils was 6 A during testing. The current in the main
coil was 1067 A, which corresponded to a main field of 373
Gs. Following the general ramping process of the main coil,
the trim coils ramped in the sequence of 0, 6 A, —6 A, 0 for
three cycles. Magnetic field measurements were performed,
and the excitation curve of the field induced by the trim coil
is plotted in Fig. 7a. The linearity of the curve was very
good. The tapered field at 6 A accounts for approximately
3.2% of the main field. The required correction amount of
the dipole magnets at different longitudinal positions in
the collider ring varies, and the trim coils’ current can be
adjusted as needed for each magnet. After the trim coil’s
current is loaded, the uniform distribution of the integrated
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Fig.6 (Color online) Uniform- 8E-4
ity distribution of the integrated (a )
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Table 2 Integral high-order N b L b R the main coil is ramped up again, eliminating the influence
harmonics in two apertures in - - of the trim coil’s excitation on the magnetic field. This is
DAD@120 GeV (units: 1x107) 2 0.01 0.01 called the wiping-out property of magnetic material [34-36].
3 3.92 3.88 When the main current reaches a certain value and the stand-
4 1.03 ~1.22 ardized loading path of the trim coil is the same, the influ-
5 0.47 0.54

magnetic field of the dual-aperture dipole magnet remains
unchanged.

When the trim coil in aperture A was standardized, the
magnetic field in aperture B changed and showed an overall
increase, as shown in Fig. 7b. During the coils’ ramping
process in aperture A from —6 to 6 A, the variation range of
the field in aperture B was 4x107™* ~10x10*, compared to
the main integral field at 373 Gs. When the trim coil current
in aperture A decreased to zero, the magnetic field incre-
ment ratio in aperture B was approximately 7.5x10~*. Even
if the current of the trim coil had the same value during
the increase and decrease paths, the field strength differed,
indicating that the hysteresis of the iron core affects the mag-
netic field.

Through experiments, it was found that after the current
of the trim coil reduces to 0, the magnetic field repeats when

ence of the trim coil on the main magnetic field is repeated.
In practice, the trim coil can be cycled through a fixed stand-
ardized path, and current is applied to achieve the required
magnetic field adjustment.

5 Summary

A prototype full-scale dual-aperture dipole magnet for the
CEPC collider has been developed. The detailed design,
machining process, and field measurement results are
presented.

In the development, the precision achievable through the
mechanical processing of the long prototype was empha-
sized, and the effects of different iron core materials (with
varying BH curves) on the magnetic field excitation charac-
teristics and quality of low-field dipole magnets were com-
pared and analyzed. Because the yoke material significantly
affects field uniformity, the entire yoke should be made from
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Fig.7 (Color online) Proportion
of magnetic field increased with
trim coils (a) and influence of
excited trim coils in aperture A
on magnetic field in aperture

B (b)
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a single batch of material. In addition, other cost-effective
magnetic materials, such as structural low-carbon steel, will
be considered and studied later.

The prototype uses DT4, which has good magnetic prop-
erties, resulting in excellent linearity across different low
magnetic field strengths. The transverse homogeneity of the
integrated magnetic field was nearly identical for all four
operating modes. This aligns with the simulation results
for the DT4 high-BH curve, which demonstrates that the
fabrication of magnets and the properties of the magnetic
materials can satisfy these requirements. The trim coil of
the dual-aperture dipole magnet fulfills the amplitude adjust-
ment requirements and has minimal impact on the magnetic
field distribution in the good-field region of the two aper-
tures. The magnetic field regulation performance of the
trim coil was studied through excitation experiments, and
the field quality and reproducibility met the requirements
at all field levels.

The successful development of this low-field dual-aper-
ture prototype demonstrates the feasibility of achieving high
field quality and 50% power savings. The stainless steel
blocks at the opening gaps are used to ensure the gap height

@ Springer
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of the two apertures and maintain consistent field strength;
other nonmagnetic materials are considered for use as sup-
port blocks. The aluminum busbar coils met the excitation
requirements without significant overheating. Some techno-
logical choices, particularly regarding the coil conductor and
yoke assembly, require further study to optimize the inter-
faces with several other systems (power, cooling and venti-
lation, and alignment). This prototype provides an effective
reference for the development of collider dipole magnets.
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