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Various accelerator lattice magnets will be built for the 

3-GeV Taiwan Photon Source ( TPS).  A modified ideal 

pole profile, edge shim and magnet end chamfer are 

used to enhance the quality of the magnetic field to 

meet the requirements of the beam dynamics.  Detailed 

magnetic and mechanical design of these magnets is 

performed within the framework of the project.  The 

sextupole magnet was designed to include corrections for 

horizontal, vertical and skew quadrupole fields.  Analysis 

of the multipole field errors with systematic and random 

multipole field components is made with the Fast Fourier 

Transform (FFT) method.  We report herein the design 

considerations and concept of the lattice magnets, the 

magnetic circuit design, the engineering layout of the 

magnets, and the field analysis by means of FFT and 

polynomial fitting.  Finally, the status of the magnet design 

and construction will be described herein. 
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The DBA lattice with 1.6 nm rad has been designed 

for the TPS storage ring[1].  The magnetic computation 

codes of TOSCA and RADIA[2] software packages were 

used to design the magnet circuits of the accelerator 

magnets[3,4].   The design of a magnet circuit must take 

into account both the requirements of accelerator physics 

and practical engineering constraints.  The requirements 

of magnet design technology[5-7] have been improved 

to provide increasingly accurate beams for third-

generation light sources.  We apply pole edge shims and 

end magnet chamfers to enhance the field homogeneity 

and to decrease multipole components, respectively.  The 

calculated field B(x) and the integral field ∫B(x)ds at the 

mid-plane are expressed in polynomial expansions as

in which an and bn are the skew and normal components, 

respectively.  The integral field normalization at the good 

field region x is defined as |Bn/Bj|=(Bn/Bj)x(n-j), in which j is the 

main component of each kind of magnet and An and Bn are 

the integral skew and normal components. 

Al l  magnet ic  cores  are  made of  1-mm-thick 

50CS1300 silicon steel sheet and the magnet cores with 

electrical insulation and preventing corrosion process 

are special order from the ChinaSteel Corporation.  The 

permeability of the core material may deviate up to 

5 % from the specification value.  The laminations must 

be shuffled to ensure uniform magnetic property.  The 

iron laminations are made through punching and dyer. 

The contour dimensions of the lamination are precisely 

controlled to within 10 µm.  However, magnet assembly 

accuracy is controlled within 15 µm.  Upper magnet 

halves can be removed to install the vacuum chamber. 

The reproducibility of the position after the reinstallation 
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should be controlled within 10 µm.  Meanwhile, the 

magnet can be removed without taking out the vacuum 

chamber.  Magnets are accurately fixed on girder and 

without alignment.  The safety factor of magnet design 

is about 15%.  The main characteristics of the magnet are 

that the current density of the copper is between 2 and 

4 A/mm2, that the magnet can be run at nominal energy 

of 3 GeV, and that the coil temperature rise can be held 

within 10oC through cooling water.   A voltage up to 5 kV 

in an impulse tester serves to detect defects in the inter-

turn insulation of the coil.

The dipole magnet is designed as a longitudinal 

bending curve to manage the unsymmetrical magnetic 

field distribution due to the sagitta effect.  The H-type of 

dipole magnet profile is designed for the dipole magnet 

that the parameters were listed in Table 1.  The pole face 

of the dipole magnet is designed for a wide matching of 

field homogeneity of order 10-4 over a specified good field 

region.  Figure 1 shows the iron lamination dimension and 

the calculated field quality ΔB/B and Δ∫Bds/∫Bds of the 

central field and integral field of the dipole magnet was 

shown in the Fig. 2.  The field quality ΔB/B in the good 

field region was verified to be within 0.01 %.  Figure 3 

Table 1:  Parameters of the accelerator magnets of the TPS storage ring.

 Dipole  Quadrupole  Sextupole A (B) (C) 

Quantity  48  192 / 48  96 (48) (24) 

Magnetic length (m)  1.1  0.3 / 0.6  0.25 

Field strength (T(T/m(T/m2)))  1.191  17/15.63  478 

Central Field (ΔB/B)   1 × 10-4   2 × 10-4   3 × 10-4 

Integral field (∫Bds/∫Bds)   2 × 10-4   3 × 10-4   5 × 10-4 

Magnetic gap height/radians (mm)  46  37  39 

Good field region (mm) (HxV)  ± (20 × 15)  ± (30 × 30)  ± (32 × 32) 

Number of turns / pole  36  54 / 48  26 

Conductor dimension (mm2)  16 × 16  8 × 8 / 9 × 9  8 × 8 

Coolant hole diameter (mm)  7  4 / 4.5  4 

Current  (A)  640  188 / 187  135 

Current density (A/mm2)  2.94  3.66 / 2.87  2.65 

Voltage drop (V)  13.3  13.6 / 15.3  5.7 

Power consumption (kW)  8.53  2.56 / 2.86  0.77 

Magnet mass (kg) A (B)(C)  3000  590 / 1190  498 (595) (745) 

Coil mass (trim)(kg)  550  100 / 180  60 (9) 

Inductance (mH)  31  13.6 / 23.5  5.8 

Resistance (mΩ)@30oC  20.82  72.2 / 81.6   43.8 

Water flow (l/min)  11.1  3.7 / 4.1  1.10 

Coolant temp. rise ΔT (oC)  5  6.2 / 6.2  1.7

Water velocity (m/sec)  1.23  1.2 / 1.34  0.73 

Water pressure drop (atm)  2.3  3.82 / 3.79  1.81

Water circuits /magnet  4  4  2 
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shows the normalized harmonics Bn/B0 of the central field 

and integral field at a normalization radius of 20 mm to 

be within 0.05 %.  End chamfer with dimensions of 6 mm 

at the end caps, applying a 45° cut to the pole tip to prove 

effective in suppressing the sextupole components.  FFT 

and polynomial fitting are used to analyze the multipole 

components yielding the same results.  According to 

the integral dipole field strength, a magnet iron magnet 

length of 1.018 m we obtain an effective length 1.1 m 

after the end chamfer.  The magnet is a rectangular dipole. 

Therefore, there is edge focus strength at both end of 

magnet that the edge integral focus strength is -0.124 T[8]. 

Fig. 2:  Field homogeneity of the central and integral 
f ie lds  on the transverse x-axis ; ΔB / B 0= 
[B(x)-B(0)]/B(0) (left side) and Δ∫ Bds/∫ B0ds= 
[∫B(x)ds-∫B(0)ds)]/∫B(0)ds (right side).

Fig. 1:  Dimension of the iron pole lamination of dipole magnet.

The laminations are stacked and glued to a steel 

frame.  Steel bar at magnet both side is welded to keep 

whole lamination together.  The upper and lower yokes 

are aligned relative to each other with precise rectangular 

holes for pins. These pins are fabricated with high precision 

and provide the positioning of the upper and lower yoke 

with the required relative accuracy (about 10 µm). This 

technique is used to disassemble and reassemble the 
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complete magnets without losing accuracy.  The two 

magnet halves should be keyed with respect to each 

other in the longitudinal direction with an accuracy 

of ± 0.1 mm.  End-plates and end chamfer are welded 

together with the end block laminations.  Each end-plate 

and end chamfer is designed to correct the end field to 

provide the correct magnetic length and to control the 

variation of magnetic length with radial position.  A precise 

reference base plate is assembled together with the dipole 

magnet.  The dipole magnet 

will be installed on the girder 

precisely by adjusting the base 

plate to touch the reference 

posit ion and plane of  the 

girder.  The coil was designed 

considering the number of 

turns, the height of the pole 

gap, the specifications of the 

p owe r  s u p p l y  a n d  w a te r -

cooling system. The coil  is 

insulated by a 0.5 mm layer of 

fiberglass that is impregnated 

with epoxy resin in vacuum.  

For the ground insulation of 

each coil pancake a 1.5 mm 

thick fiberglass is used. 

For the quadrupole magnets that have three 

yoke lengths, the parameters are given in Table 1.  The 

bore radius R = 37 mm is determined according to the 

dimensions of the vacuum chamber and the dynamic 

aperture of the beam.  Figure 4 reveals the cross section 

of the contour equation xy = R2/2 and the return yoke for 

the quadrupole magnet.  Following a standard procedure, 

Fig. 3:  Normalization multipole field components 
of the central field (left side) and integral 
multipole components (right site) in the 
dipole magnet.  The normalization radius is 
20 mm.

Fig. 4: Dimensions of the iron lamination for the 
quadrupole magnet.
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Fig. 6:  Field strength of higher-order components 
at a normalization radius 30 mm of the 
quadrupole magnet.  Left side is the central 
field and right side is the integral field.

removable end caps, applying a 60° cut of depth increasing 

to 14 mm and 12 mm up to the pole tip for the short and 

long quadrupole magnet, respectively.  Figure 5 reveals the 

field deviation of the central field ΔB/B and the integral 

field Δ∫Bds/∫Bds that are distributed along the transverse 

x-axis.  The field quality ΔB/B and Δ∫Bds/∫Bds in the good 

field region are within 0.01 %.  For the normalization 

of the integral field Bn/B2, Fig. 6 shows the higher-order 

components at a normalization radius 30 mm to be within 

0.03 %.

  The top and bottom halves of the quadrants are not 

connected with a flux-return yoke; each half is connected 

mechanically with aluminium or stainless steel spacers of 

different shape to accommodate the vacuum chamber. 

Therefore, the quadrupole magnets are of two lengths 

Fig. 5:  Field homogeneity of the central and integral 
f ie ld  of  the quadrupole  magnet  in  the 
transverse direction; ΔB/B0= [B(x)-(b0+ b1x)]/B(x) 
and Δ∫Bds/∫B0ds=[∫B(x)ds-(B0+ B1x)]/∫B(x)ds.  Left 
side is the central field deviation and right side 
is the integral field deviation.

with three types: QA (standard type), QB and QC with 

extended and cutticg block.  However, the lamination 

design of the three types is the same.  The material of 

the spacer for QA is aluminum and for QB and QC is 

stainless steel.   The quadrant laminations are shuffled 

after precise punching and accurately stacked during the 

magnet construction.  The laminations are stacked and 
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Fig. 7:  The configuration of the sextant lamination 
and the pole tip contour of the standard type 
(SA) of sextupole magnet.

Fig. 8:  Field homogeneity of (a) the central and (b) 
integral fields of the sextupole magnet in the 
transverse direction; ΔB/B0= [B(x)-(b0+ b1x+ 
b2x2)]/B(x) and Δ∫ Bds/∫ B0ds=[∫ B(x)ds-(B0+ B1x+ 
B2x2)]/∫B(x)ds.

glued together in a special fixture for each 

quadrant. Two quadrants are assembled as 

a half yoke by means of a precise assembly 

fixture.  The assembly precision of the 

lamination and the half quadrant should 

be controlled within 20 µm.  The top and 

bottom halves are aligned relative to 

each other with precise circular holes and 

pins.  These pins are fabricated with high 

precision and provide the positioning of the 

upper and lower halves with high accuracy.  

This technique allows disassembling and 

reassembling the complete quadrupole 

magnets without losing accuracy.  The two 

magnet halves should be keyed with respect to each 

other in the longitudinal direction with an accuracy of 

±0.05 mm.  A precise reference base plate is attached to 

the quadrupole magnet.  The quadrupole magnet will 

be installed on the girder precisely by adjusting the base 

plate to touch the reference position and the plane of the 

girder. 

The sextupole magnet is designed not only for the 

main sextupole field but also for field correction of the 

vertical and horizontal dipoles and the skew quadrupole. 

The configuration of the sextant lamination and the pole 

tip contour is shown in Fig. 7.  The bore radius R = 39 mm 

was decided by the requirements of the field quality and 

the space constraint between the vacuum chamber and 

the pole contour.   Figure 7 shows also the equation for 

the pole tip contour 3x2y - y3 = R3.   However, the pole 

contour R is 39.1 mm so that it can reduce the 30-pole 

strength.  The sextupole magnetic parameters are listed in 

Table 1.

There are three different kinds of laminations for the 

sextupole magnet that will have extended supports on the 

inside and the outside of the magnet to let the synchrotron 

radiation beam lines pass through and to maintain the 

symmetry of magnetic field.   Therefore the top and 

bottom halves of the sextants are connected with different 

size flux-return yokes to accommodate the vacuum 
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chamber.  Consequently, the sextupole magnets are made 

from three types of lamination: SA, SB and SC with the 

same magnetic lengths of 0.25 m but with different iron 

lamination shape.  Following a standard procedure, we 

chamfered the removable end caps, applying a 45° cut 

of depth increasing to 10 mm up to the pole tip for the 

sextupole magnet.  Figure 8 shows the calculated field 

deviations of the central field ΔB/B and the integral field 

Δ∫Bds/∫Bds along the transverse x-axis.  The calculated 

field quality ΔB/B in the good field region is within 0.03 %.  

The normalized integral fields Bn/B2 harmonics are shown 

in Fig. 9 at a normalization radius of 32 mm.  However, if 

the main coil and the all corrector coil were excited, the 

multipole field strength will be larger than that is without 

charging corrector. 

The magnet circuit and engineering design has been 

completed of the storage ring magnet and the prototype 

magnet construction of the 1/24 section has be open bid 

to Taiwan local company.  The prototype of each kind of 

magnets will be completed and field measurement before 

June of 2009 and all the magnets of the 1/24 section will 

be finished before the end of 2009.◆

Fig. 9:  Multipole content of the field error for the 
sextupole magnet field, (a) central field, (b) 
integral field.  The normalization radius is 
32 mm.
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