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Abstract

As compared to traditional magnets, permanent magnets
can effectively reduce energy consumption and eliminate
the impact of current ripple and the water-cooling system
on beam current. The use of permanent magnets in accel-
erators has become a new trend as permanent magnet tech-
nology has advanced. In HALF (Hefei Advanced Light Fa-
cility), we have designed a permanent magnet based on the
quadrupole magnet, and the central magnetic field strength
of the permanent magnet can be adjusted, indicating that
single or multiple permanent magnets can be developed to
replace different sizes of quadrupole magnets in accelera-
tors, greatly improving systematization. The magnet’s me-
chanical design has been finalized, and the prototype of the
permanent magnet will be manufactured and tested soon.

INTRODUCTION

Fourth-generation light sources feature lower beam
emission, higher brightness, and better transverse coher-
ence than existing synchrotron light sources. The tradi-
tional magnet system in accelerators consumes a lot of
electricity, and water power, and accelerators require quad-
rupole magnets with variable gradients, which is a time-
consuming process for researchers to create. As a result,
the benefits of a permanent quadrupole magnet with an ad-
justable center magnetic field gradient are clear.

Since permanent magnets are used, there is no need for
an excitation coil, which reduces the longitudinal space of
the magnet by more than 10 cm. This eliminates the issue
of a large number of magnets in each bend section and a
small longitudinal spacing brought on by the MBA lattice
structure, which is typically used in fourth-generation light
sources, and significantly lessens the difficulty of magnet
assembly and installation.

The use of permanent magnets as the excitation source
eliminates the need for power and water-cooling devices,
saving space for the original electromagnet circuit and wa-
ter cooling devices, as well as the cost of power and water
required by conventional accelerators; and the physical de-
sign avoids the impact of micro-vibrations on beam quality
caused by power instability, current ripple, and cooling wa-
ter turbulence.

Simultaneously, permanent magnets with adjustable
central magnetic field gradients would increase the system-
atization of the light source and will surely be a pioneering
effort for the building of future light sources from the
standpoint of the development of the light source as a
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whole. This is an audacious attempt to build on this foun-
dation, and in the future, we can construct permanent di-
pole magnets, permanent sextupole magnets, and perma-
nent hybrid magnets, and try to make their gradients ad-
justable [1].

Table 1: Summary of Magnetic Design Requirements

Parameter Value Units
Effective Length 300 mm
Maximum Central Gradient 70 T-m™?
Minimum Central Gradient 55 T-m™?!
Good Field Radius 9 mm

We began developing a permanent quadrupole magnet
with an adjustable central magnetic field (PQM) in HALF.
The main requirements of PQM are summarised in Table
1.

THE DESIGN OVERVIEW

The PQM is based on the design of permanent magnets
to achieve high gradient field strengths, as well as the ad-
dition of motor modules, allowing the PQM to modify the
central magnetic field gradient.

The PQM is divided into three parts: the main excitation
module, which is similar to a normal permanent quadru-
pole magnet, provides the majority of the magnetic field
gradient, the sub-excitation module regulates the central
magnetic field gradient, and the motor module changes the
direction of magnetization of the permanent magnets of the
sub-excitation module by the rotation of the motor. There
are four sub-excitation modules in the PQM design for
symmetry reasons, which are adjusted by using four mo-
tors to rotate the sub-excitation module at a corresponding
angle, changing the magnetization direction of the sub-ex-
citation module. It should be noted that all four sub-excita-
tion modules rotate at the same angle. In practice, the cen-
tral magnetic field gradient for the corresponding magnet-
ization direction can be marked prior to installation to
make subsequent adjustment and use easier.

To reach the required field strength while utilizing less
material, we use Neodymium Iron Boron (NdFeB) with
high remanence and high coercivity in PQM. And the poles
will be composed of DT4 steel.

For simulation, we used two main software programs,
Radia [2] and Opera [3], throughout the design process.
Radia has the advantage of being able to calculate multiple
models at the same time in a single program, but the results
may be less accurate. The advantage of Opera is that the
results are more accurate, but the models in the software
are more complex to build.
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Figure 1: The image of PQM model in 2D.

The simulation of the PQM's physical dimensions came af-
ter the initial schematic design. The primary excitation
module's peripheral radius as well as the sub-excitation
module's center coordinates and radius were all simultane-
ously simulated using the Radia software during this pro-
cess. The design schematic of PQM is shown in Fig. 1. The
main excitation module is consisting of the green and blue
(yokes, made of permanent magnets), and black (poles,
made of DT4 iron) components. The sub-excitation mod-
ule is represented by the red section.

The pole is optimized after the physical size is deter-
mined. The PQM has many advantages over a conventional
quadrupole magnet due to its much smaller physical size,
but it poses significant challenges for magnet design opti-
mization. The smaller pole size will produce high harmon-
ics. After optimizing the pole, we perform chamfering to
achieve the physical length design goal.

PHYSICAL DESIGN

A preliminary schematic diagram of the main excitation
module’s structure (1/4) was produced for the preliminary
design by simulating the PQM using Radia for various

sizes, as shown in Fig. 2.
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Figure 2: The structure schematic of PQM(1/4).

The PQM’s main excitation module (within the black
curve in Fig. 2) is a permanent magnet and soft iron mate-
rial construction with an 83 mm peripheral radius. Perma-
nent magnets are represented by the blue, green, and red
curve sections, and the red arrow direction represents the
magnetization direction of permanent magnets. The red
curve region corresponds to the 1/4 sub-excitation module,
which has center coordinates of (89.1 mm, 89.1 mm) and
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a radius of 36 mm. the PQM's longitudinal length is 299
mm.

OPTIMIZATION

Because of the PQM's small physical size, the restricted
breadth of the pole causes high harmonics (for example, it
will generate hexapole field), thus we use a pole shaping
method to achieve the needed field integration homogene-
ity and higher order field components. Therefore, as shown
in Fig. 3, we have optimized the shape of the pole using the
optimization method described in this article [4].
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Figure 3: Plot of optimized pole tip coordinates.

Figure 4 and Fig. 5 depicts simulations using Opera2D
to compute the harmonics at the maximum and minimum
magnetic field gradient values at the PQM's center. When
n=6, n=10, and n=14, the high harmonics were all greater
than 1 X 10~° before pole optimization. The high harmon-
ics analysis of the PQM was less than 1 x 1075 after pole
optimization.
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Figure 4: Original Harmonics at the maximum (a) and min-
imum (b) magnetic field gradient values at the PQM's cen-
ter.
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Figure 5: Optimized Harmonics at the maximum (a) and
minimum (b) magnetic field gradient values at the PQM's
center.
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Lastly, Opera3D was used to further optimize the model,
chamfering the model and changing the magnet's physical
length to achieve a goal effective length of 300 mm. The
effective length L can be determined by the following
equation:

Z0 Mld
__ 1=Zg dx
L= (1)

dx s=¢

. . dB )
In this equation, d_xy stands for the central magnetic

field gradient, z, for the longitudinal distance, k, for the
central magnetic field gradient at the PQM’s center.

After 25° of trimming at a physical length of 291.3mm,
the PQM’s final physical length is 299,97 mm. Fig. 6 de-
picts a 3D simulation of the final result after the PQM has
been chamfered.

Figure 6: The image of PQM end chamfering

For the optimized model of the PQM, we can see that the
central magnetic field gradient of the PQM can be adjusted
between 56.28 and 71.6 T/m. The error range of plus or
minus 5%o0 of the center magnetic field gradient (x=0), as
shown by the red and blue lines in Figures 7 and 8, respec-
tively, is regarded acceptable and is also known as the good
field area. The good ficld area was (-8.74, 8.74) mm when
the central magnetic field gradient of the PQM reached its
maximum value, and it was (-8.89, 8.89) mm when the
PQM's central magnetic field gradient reached its mini-
mum value. Fig. 7 and Fig. 8 allow us to visualize the max-
imum and minimum central magnetic field gradient of the
PQM.
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Figure 7: Maximum central magnetic field gradient of the
PQM.
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Figure 8: Minimum central magnetic field gradient of the
PQM.

CONLUSION

Based on the permanent magnet quadrupole iron, we
have developed a permanent magnet quadrupole magnet
(PQM) in this paper that has an adjustable central magnetic
field gradient to meet a specific set of engineering require-
ments. And the light source would save operating expenses
like electricity and water. The impact of waves and turbu-
lence on particles for using traditional magnets has been
optimized to achieve the original design goals. By enhanc-
ing the pole head and magnet structure, we will keep en-
hancing the PQM's performance.
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