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1. INTRODUCTION   
 

Over the past few decades, developments in magnet 

technology and the improved understanding of the electron 

cyclotron resonance (ECR) ion source have led to 

remarkable performance enhancements in ECR ion sources. 

Plasma is produced in ECR ion source and is confined by 

the minimum B configuration [1].  

In the minimum B configuration, the magnetic field from 

a hexapole is used for radial confinement [2]. Hexapoles 

could have several design structures. This paper 

implemented and analyzed several low temperature 

superconductor (LTS) hexapole structures in 18-GHz ECR 

ion source for the RAON system from the Rare Isotope 

Science Project (RISP) in Korea. RAON is the name of the 

heavy ion accelerator in Korea. The RAON ECR ion 

source was considered as a 3rd generation source. For 

the18-GHz radio frequency, BECR, the magnetic flux 

density for ECR is equal to 0.643 T. The confinement field 

condition for the 18-GHz ECR ion source is given by [3] 

 

                                                    (1) 

 

where Binj is the axial magnetic flux density at injection part; 

Bext is the axial magnetic flux density at extraction part; and 

Bmin is the minimum axial magnetic flux density.  

 
 

Fig. 1. Confinement field condition for ECR ion source. 

 

Br is the radial magnetic flux density at plasma chamber 

wall. The parameters for the confinement field condition 

are shown in Fig. 1. 

Hexapole-in-solenoid with three-solenoid system was 

used to analyze the different hexapoles. In Section 2, three 

hexapole structures are analyzed and according to the 

comparative results, the saddle type has been selected for 

further study. In Section 3, a new hexapole design called 

‘snake’ was developed and analyzed. Finally, the suggested 

design for the snake ECR ion source for the 

hexapole-in-solenoid system was presented.  

 

 

2. COMPARATIVE ANALYSIS 

 

2.1. Definition of the hexapole  

 Three kinds of LTS hexapole structures, racetrack, 

graded racetrack and saddle, were analyzed in this section.  
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(b) 

 

 
(c) 

 

Fig. 2. Parameters for the hexapole. (a) Racetrack. (b) 

Graded racetrack. (c) Saddle. 

 
TABLE I 

 PARAMETERS FOR THE HEXAPOLE COILS. 

Item Parameters Racetrack Graded 

racetrack Saddle 
Winding width (along 

radial direction for 

the saddle) 
W

w (mm) 32.5 24.2 23 

Winding thickness 

(Angle of coil section 

for the saddle) 
T

w  (mm) 

( φ(º) ) 

30 30 20.5 

Radius of the 

hexapole R
s (mm) 73 73 73 

Left length of the 

hexapole L
hl (mm) 350 350 350 

Right length of the 

hexapole L
hr (mm) 350 350 350 

Radius of the arc r
a (mm) 5 5 5 

Radial magnetic flux 

density B
r (T) 1.3003 1.2997 1.2976 

 

The section of the used LTS wire is 1.43 × 0.98 mm
2
. The 

current density J was set at 150 A/mm
2
. The parameters of 

the racetrack, graded racetrack and saddle hexapoles are 

shown in Fig. 2. Table I gives the values of the three kinds 

of hexapole coils. 

The radius of the plasma chamber wall, Rw, was set at 62 

mm [4]. There should be some space between the plasma 

chamber wall and the inner-most coil for refrigeration. The 

space should be larger than 11 mm. Therefore, the hexapole 

radius was set at 73 mm. 

2.2 Hexapoles without solenoid 

    For hexapole, the Lorentz force at radial direction can 

deform even damage the coil. Therefore the Lorentz force 

should be reduced. The Lorentz force F in the hexapole 

coils can be calculated by [5] 

 

dvBJF d                                                             (2) 

 

where B is the magnetic flux density and J𝑑𝑣 is a 

differential current element.  

The total radial force FTρ can be calculated by 
 

vdFFT                                                               (3) 

 
where Fρ is the Lorentz force at the center of the element 

and dv is the element volume.  

Table II shows the comparative results of the three kinds 

of hexapole structures. FEρ is the total radial Lorentz force 

at the end of the hexapole. FCρ is the total radial Lorentz 

force at one coil of hexapole. According to the comparative 

results, the saddle hexapole has the least maximum B in 

hexapole coils Bmax. In addition, the saddle has the 

minimum volume of hexapole coil, Vcoil, and the least outer 

radius of the hexapole Ro. 
 

TABLE II 

 COMPARATIVE RESULTS OF THE HEXAPOLES WITHOUT SOLENOID. 

 
2.3 Hexapoles with solenoid 

The solenoid parameters in the ECR ion source can be 

defined as shown in Fig. 3.  

 

 
 

Fig. 3. Parameters for the solenoid. 

 

The radius of solenoids can be defined as matrix a. The 

length of solenoids can be defined as matrix b.  
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                 (4) 

 

Hexapole Br(T) Bmax(T) Vcoil(mm3) Ro(mm) 

Racetrack 1.3003 3.2534 9.0869e+06 113.6 

Graded racetrack 1.2997 3.1169 8.2539e+06 112.2 

Saddle 1.2976 2.7462 6.3925e+06 93.5 

 

Hexapole 
FEρ(N) [-z] FEρ(N) [-z] FCρ(N)  

1st  2nd  1st  2nd  1st  2nd  

Racetrack 159 156 157 162 20113 20182 

Graded racetrack 105 101 103 108 16406 16380 

Saddle 556 557 558 553 13138 13837 
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According to the hexapole dimension and the axial 

confinement field, the solenoid dimension can be computed 

by 
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             (5) 

 

Table III shows the comparative results of the three 

kinds of hexapole with solenoid. According to the 

comparison, the saddle hexapole has the minimum Bmax, 

Vcoil and Ro. The +FEρ was all enlarged after adding the 

solenoid system. The difference of +FEρ in the graded 

racetrack and the saddle is small. However, Ro in the saddle 

is less than that in the graded racetrack, so the solenoids in 

the saddle can be made smaller. Thus FEρ in the saddle 

could be smaller. Therefore, the saddle is a better design 

and is selected for further study. 

 
TABLE III 

 COMPARATIVE RESULTS OF THE HEXAPOLES WITH SOLENOID. 

 
 

2.4 Analysis of the saddle 

The outer radius of the saddle is smaller, thus, the 

solenoids were designed again. According to the axial 

confinement field, the new solenoids for the saddle system 

can be computed by 
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           (6)  

 

The ECR zone boundary in the z axis direction is from 

about -30 mm to 109 mm [6]. The FEρ and FCρ of the saddles 

were checked with respect to the changed half-length of the 

saddle hexapole. The results are given in Table IV and Fig. 4.  
 

TABLE IV 

 RESULTS OF THE SADDLE WITH SOLENOID. 

 

 
 

Fig. 4. FEρ with respect to the half-length of the saddle. 

 

        
(a)                                          (b) 

 

Fig. 5. Expanded view: (a) Saddle hexapole. (b) Snake 

hexapole. 

 

At the adjacent coils the direction of Bz in the saddle is 

different. Because of the superimposed Bz from solenoid, 

Bz in the hexapole would be changed. Therefore, the 

direction of the Lorentz force in the hexapole will be 

different at the adjacent coils.   

From the analysis, the maximum value of FEρ in the 

saddle can be reduced by increasing the hexapole length. 

The length of the saddle hexapole can be decided by the 

value of FEρ. 

 

 

3. A NEW DESIGN FOR THE HEXAPOLE 

 

3.1. Definition of the ‘snake’ 

Based on the design of the saddle hexapole, a new design 

called the ‘snake’ hexapole was developed. Fig. 5 shows 

the expanded view of the saddle and the snake hexapoles.  

The parameter definition of the snake hexapole is same 

as that for the saddle hexapole. The angle of the coil section 

φ for the snake hexapole is twice of that for the saddle 

hexapole. The other parameter values for the snake are the 

same as that for the as saddle shown in Table I. The same 

solenoids were used for both hexapoles.  

 

3.2. Analysis of the snake hexapole 

The adjacent coils of the snake have the same direction 

of Bz. Therefore, after superimposing Bz from solenoid, the 

direction of the Lorentz force in the snake could be 

different. Bz distribution of the snake is shown in Fig. 6. 

 

Models FEρ(N) [-z] FEρ(N) [-z] FCρ(N)  

Hexapole Lhl Lhr 1st  2nd  1st  2nd  1st  2nd  

Saddle 

with 

solenoid 

750 750 471 638 620 490 13864 14998 

700 700 446 664 637 474 15220 14429 

650 650 412 697 657 450 14260 14143 

600 600 368 743 693 417 15286 14743 

550 550 305 807 738 371 14349 14317 

500 500 204 907 810 300 14781 14699 

450 450 55 1060 921 192 15468 16131 

400 400 -187 1297 1102 11 15253 15104 

350 350 -605 1740 1433 -308 12425 14545 

300 300 -1348 2452 2007 -902 10438 10579 

250 250 -2863 3972 3359 -2250 9222 10356 

 

 

Hexapole 
FEρ(N) [-z] FEρ(N) [-z] FCρ(N)  

1st  2nd  1st  2nd  1st  2nd  

Racetrack -2203 2534 1560 -1247 19142 21154 

Graded racetrack -2241 2243 1497 -1287 15429 17347 

Saddle -1180 2322 1598 -470 12425 14545 
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Fig. 6. Bz distribution of the snake. 

 
TABLE V 

 RESULTS FOR THE SNAKE SYSTEM. 

 
 

 
 

Fig. 7. FEρ with respect to the half-length of the snake. 

 

FEρ and FCρ of the snake models were checked with 

respect to the changed half-length of the snake hexapole as 

shown in Table V and Fig. 7. From the analysis, the 

maximum value of FEρ in the snake can be reduced by 

decreasing the hexapole length. 

 

3.3. Comparative analysis of the saddle and the snake 

FEρ of the saddle and the snake are shown in Fig. 8. From 

the analysis, when solenoids were added, the maximum 

value of FEρ in the saddle can be reduced by increasing the 

hexapole length. And the maximum value of FEρ is always 

greater than zero. However, the maximum value of FEρ in 

the snake can be reduced by decreasing the hexapole length, 

and the maximum value of FEρ can be less than zero. 

 
 

Fig. 8. Comparison of FEρ in the saddle and the snake. 

 

 
(a) 

 

 
(b) 

 

Fig. 9. Magnetic density for the saddle and the snake: (a) 

Magnetic density along z axis. (b) Magnetic density along 

the hexapole radius. 

 

Lhl = 265 mm, and Lhr = 245 mm were selected for the 

snake model. Radial confinement flux density Br along the 

radius direction at z = 0 plane and along z axis are shown in 

Fig. 9. In the ECR zone part, the snake hexapole can be 

provided the same radial confinement field as the saddle 

hexapole.  

The comparative results for the saddle and the snake are 

given in Table VI. At the end of the snake hexapole, the 

total Lorentz force FEρ can be ignored. The volume and 

length of the snake hexapole are less than that of the saddle 

hexapole. Therefore snake hexapole is much better than the 

saddle hexapole. 

Snake models FEρ(N) [-z] FEρ(N) [-z] FCρ(N)  

Hexapole Lhl Lhr 1st  2nd  1st  2nd  1st  2nd  

Without 

solenoid 
350 350 3483 3483 3476 3477 18980 19466 

With 

solenoid 

350 350 1939 1944 2338 2338 16066 16787 

340 340 1783 1784 2216 2216 15295 16246 

330 330 1624 1624 2094 2094 14729 15592 

320 320 1444 1444 1953 1953 14551 15178 

310 310 1239 1240 1792 1792 13411 13861 

300 300 1014 1014 1654 1604 12870 12998 

290 290 745 745 1391 1390 11824 12183 

280 280 442 442 1145 1145 11332 11739 

270 270 94 94 848 847 10344 10659 

260 260 -306 -306 504 504 9074 9784 

250 250 -776 -776 86 86 7785 8329 

240 240 -1326 -1326 -422 -422 6746 7065 
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TABLE VI 

 COMPARISON OF THE SADDLE AND THE SNAKE. 

 
 

 

4 CONCLUSIONS 

 

The hexapole which provides the radial confinement 

field in the ECR ion source can have several structures.  

Racetrack, graded racetrack and saddle hexapoles were 

studied in this paper. By comparing the Lorentz force at the 

end part of the hexapole, the maximum magnetic field in 

the hexapole coils and the volume of LTS coil, the saddle 

hexapole was suggested for further study.  

A new hexapole design, the snake hexapole, was 

developed in this paper. Based on the comparative analysis 

of the Lorentz force at the end part of the saddle and the 

snake hexapoles in the ECR ion source, the snake hexapole 

proved to be much better than the saddle hexapole. Finally, 

the design for the snake hexapole ECR ion source was 

proposed in this paper. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Currently, it is may be difficult to produce the snake 

hexapole in the industry. However, through further 

developments in the future, this can be realized. 
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ECR ion source 
Br 

(T) 

Lhl + Lhr 

(mm) 

Vcoil 

(mm3) 

Ro 

(mm) 

Saddle 1.2976 700 9.0869e+06 93.5 

Snake 1.2957 509 6.3925e+06 93.5 

     

ECR ion source 
FEρ(N) [-z] FEρ(N) [-z] FCρ(N)  

1st  2nd  1st  2nd  1st  2nd  

Saddle -605 1740 1433 -308 73349 74210 

Snake -318 -159 -193 -97 8324 8988 
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