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Abstract 
FZJ is responsible for the design and construction of 

the HESR [1], as a contribution to the future Facility for 
Antiproton and Ion Research (FAIR) [2] at GSI in Darm-
stadt, Germany. This task comprises the layout and provi-
sion of the dipole, quadrupole, and sextupole magnets and 
the floor management. All the magnets will be iron-domi-
nated and normal-conducting. Magnetic-field calculations 
have been carried out in order to optimize the pole shapes 
of the magnets and their end chamfers, with the goal to 
reduce the higher harmonics for each magnet. This 
publication reports on the results of these calculations. 

OVERVIEW OF THE HESR 
Figure 1 shows the overall layout of the HESR. The de-

sign of the lattice is the result of detailed beam dynamics 
calculations. The general layout has already been de-
scribed in an earlier publication [1].  
 

 
Figure 1: Design of the future HESR for FAIR. 

MAGNET LAYOUT  

Overview of Magnets  
The HESR lattice will comprise 44 dipole magnets, 84 
quadrupole magnets, and 60 sextupole magnets. Table 1 
gives an overview of their characteristics, and Figure 2 
shows their design. 

The dipole magnets have a finite radius of curvature in 
order to keep the circulating particles closer to the centre 
of the magnets, where the field is more homogeneous. On 
the other hand, this curvature introduces additional higher 
harmonics, as has already been investigated for previous 
magnet designs [3]. 

Table 1: Properties of the Magnets 

 dipole quadrup. sextupole 

aperture  100 mm 100 mm 140 mm 

eff. length 4,200 mm 600 mm 300 mm 

curvature 29.432 m - - 

Yoke    

length 4.126 m 0.58 m 0.3 m 

width 1.142 m 1.06 m 0.45 m 

height 0.62 m 1.06 m 0.45 m 

mass  19.27 t 4.3 t 0.160 t 

Coils    

numb.  coils 2 4 6 

turns / coil 24 50 15 

layers /coil  4 2 

wind. / layer 6 14,13,12,11 7.5 

conductor  35 x 20 mm2 15 x 8 mm2 10.6 x 7 mm2 

cooling bore 12 mm 4.5 mm 4 mm 

current dens. 5.02 A/mm2 4.13A/mm2 4.77 A/mm2 

voltage 43.8 V 28.12 V 1.92 V 

power 64.17 kW 3.0 kW 0.296 kW 

Magnet data    

mass 24,000 kg 5,200 kg 220 kg 

inductance 37 mH 46.4 mH 3.4 mH 

power  128.34 kW 12.0 kW 1.8 kW 

water flow 61.6 l/min 6.4 l/min 0.86 l/min 
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Figure 2: Overview of the coil geometry (shown in red) 
and part of the yoke (in green) for the three magnet types. 
Only an eighth (dipole and quadrupole) or a twelfth 
(sextupole) of the iron yoke is shown for visual clarity. 

Multipole Calculations 
As a first step, the cross sections of the magnets were 

optimized with the 2D software package MAGNETO [4], 
such that the variation of the absolute value of the B field 
along the reference circle (33 mm radius for dipole and 
quadrupole, 44 mm radius for the sextupole) showed 
minimum variation. The optimized cross sections were 
rebuilt in the software package TOSCA [5] and extruded 
in the 3rd dimension, based on the design length of the 
magnet. The Fourier transforms of the radial flux density 
distributions on reference circles at representative loca-
tions along the beam axis were analyzed using self-writ-
ten programs in MathCad or Excel. To comply with con-
ventions, the multipole components were normalized by 
assigning a value of 104 to the main field component. In 
an iterative process appropriate chamfers at the ends of 
the magnet poles were introduced to reduce the integrals 
of the higher harmonics taken along the beam direction.  

Results for Dipoles,Quadrupoles and Sextupoles 
The design of the H-type dipole is shown in the upper 

part of Figure 2. Two types of 3D simulations have been 
carried out. The first one disregards the curvature of the 
magnet in order to be able to assign a realistic packing 
factor of 95% to the yoke iron. The second one takes the 
curvature into account, but inevitably has to assign a 
packing factor of 100%, as a combination of these two 
features is not available. Table 2 shows the results of 
these calculations. The dipoles are to be operated between 
excitations with flux densities from 0.17 T to 1.7 T, at a 
reference point, taken on the median plane at the centre of 
the gap. On request the yoke geometry was optimized for 
1.0 T, and consequently larger harmonic disturbances for 
other excitations will appear. Particle injection is done at 
0.43 T.   
Table 2: Integrated multipole components and effective 
lengths for the dipole at various excitation currents.  

dipole   curved       curved     curved straight 

Flux dens.    0.17 T          1.0 T        1.7 T     1.0 T 

  2 pole    10 000       10 000      10 000  10 000 

  4 pole     -0.03           0.01          0.10  

  6 pole      -4.32           0.72        28.16     -1.98 

  8 pole       0.04           0.06          0.09  

10 pole      -1.62          -0.05          6.03     -0.33 

12 pole       0.01           0.01          0.01  

14 pole      -0.06           0.10          0.43     -0.16 

16 pole       0.00           0.00          0.00  

18 pole       0.00           0.04          0.00     -0.05 

20 pole       0.06           0.00        -0.10  

Eff. length 4.229 m     4.228 m   4.220 m 4.228 m 
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Due to the curvature of the dipole small values of 
higher harmonics appear, that are not present in straight 
dipoles for symmetry reasons. The black curve in Figure 3 
shows the variation of the sextupole component in the 
case of the straight dipole as its largest error harmonic. 

Table 3 gives the results of the corresponding calcula-
tions for the quadrupole and the sextupole that are shown 
in the middle and lower part of Figure 2. With all three 
types of magnets the calculated triple-multipoles are re-
spectively the main contributors to the higher order mag-
netic disturbances. The variation of these main contribu-
tors at the respective exit edges of the magnets are shown 
in Figure 3. Although the variations are relatively large, 
the integrated values nearly cancel, because the area be-
tween the two lobes in each of the bipolar curves have 
been made almost the same by choosing a 50° chamfer 
angle for each of the magnet types.  
Table 3: Integrated multipole components and effective 
lengths for the quadrupole and sextupole magnets. 

 Quadrupole Sextupole 

4 pole          10 000  

6 pole          10 000 

8 pole             -0.08  

10 pole             0.00 

12 pole             -0.20  

14 pole             0.00 

16 pole              0.00  

18 pole            -0.70 

20 pole             -0.17  

Eff. length          0.61 m        0.33 m 

 

 
Figure 3: Triple-harmonics contributions to the magnetic 
fields towards the ends of the individual magnets. 

CONCLUSIONS 
For this work the principal magnets for the HESR have 

been optimized. The curvature of the dipole magnets 
introduces only very small changes to the multipole val-
ues as compared to a straight magnet. For all the magnets 
the first allowed higher harmonics were found to be the 
most pronounced ones. It could be shown that in most 
cases they can be kept within an acceptable range for all 
the specified excitations. This goal was achieved by intro-
ducing chamfers of 50° at the ends of the magnet yokes. 
The only concern at present is the high sextupole compo-
nent of the dipole magnets of about 28 units at an excita-
tion of 1.7 T, see Table 2. Because the sextupole magnets 
are not designed to compensate more than 10 units, the 
sextupole component of the dipole must be limited to this 
value. The sextupole component at high excitations can 
be reduced by the introduction of air gaps inside the yoke, 
which divert the magnetic flux towards the outer region at 
the expense of a somewhat higher power consumption of 
the magnets. 

In practice, however, the magnets will be located very 
close to each other due to space restrictions, which lead to 
the interference of the magnetic fields of neighbouring 
magnets. In particular, the sextupoles for compensation of 
the sextupole component of the dipoles are located within 
the strong stray field of the dipoles. This results in a 
reduction of the effective length of the dipoles and the 
generation of other harmonics. Therefore, the optimiza-
tion of isolated magnets without interference from 
neighbouring ones, as it was performed for this study, can 
only be the first step in order to realistically assess the 
performance of the entire magnet assembly in this case. 
Results on these interference effects will be the subject of 
a future publication. 
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