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1. - INTRODUCTION. 

A three sectors cyclotron with superconducting coils is now under construction at the 

University of Milan. The machine covers a wide range of energies and ions, the maximum 

design energies being 100 MeV/n for fully stripped light ions and 20 MeV/n for the heaviest 

ones, corresponding to a Kfoc equal to 200 MeV and Kb equal to 800 MeV respectively. The 

machine design and the expected performances are presented in detail in Ref. (1). An impor.,!. 

ant issue in designing superconducting coils for a cyclotron is to estimate with some accuracy 

the forces acting on them, in particular those arising from centering errors etc. These cal­

culations are usually plagued by a number of uncertainties. Some effort has been made in or­

der to narrow down the errors limits, and this paper reports briefly on the results. They 

concern: 

a) The axial forces arising in an ideal situation, i. e. when the coils are perfectly centered 

with respect to the iron structure. 

b) The axial and radial forces arising from errors in the coils positioning. 

Since the coils design is extensively described in Ref. (2), it is sufficient to recall 

these aspects: 

- the coils are split into two independently excited sections in order to achieve the proper 
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isochronism for all the ions, while minimising the necessary trim-coil power. The section 

closer to the median plane is referred to in the following as coil G, the one farther away 

as coil ~. A sketch of the coils geometry with all the relevant dimensions is given in Fig. 1. 
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FIG. 1 - Schematic cross section of the coils. All the dimensions 
are in CIll. 

The coils are wound with the double pancake technique and the pancakes are held together 

with properly prestressed rods so that , from a mechanical point of view, the ensemble of 

the coils above and below the median plane can be regarded as a rigid body. The coils are 

supposed perfectly cylindrical with a uniform current density equal to the actual average 

current density. 
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The operating diagram of the cyclotron in the (Ia' Ifl) plane is given in Fig. 2. The 

average current densities J a and J~ J are given by the upper and right scale in A/crn 2. On 

the diagram lines of constant center field, Bo' and charge to mass ratio, Z/ A, are also 

shown. The current densities range between 1500 and 3500 A/cm 2 in the a section and between 

-1500 and + 3500 A/cm 2 in the ~ section, the minus sign meaning that the currents are op­

posite in the two sections . For accelerating 3He++ beams the negative limit J~ may reach 

- 2000 A/cm 2. 
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FIG. 2 - Operating diagram of the cyclotron in the (Ia. Ip) plane. The 
average current densities are given by the right and upper scale. 

The magnetic forces have been calculated by integrating the expression dF = i' dll\. ~ 

over the coil region. The fields have been calculated using the magnetostatic bidim ensional 

code POISCR(3~ a modifed version of the POISSON program which computes the vector pote,!! 

tial over a relaxation grid consisting of 6000 points at maximum. The magnetic properties 

can be defined with up to ten different B-H tables. 

2. - POISCR CALCULATIONS. 

The circular parts of the magnet exhibiting cylindrical symmetry such as the overall 

yoke structure and the coils are treated exactly. Following the TRIM models adopted at 



- 4 -

M. S. U. (4), different BwH tables have been adopted in order to describe with iron rings of 

diff er ent magnetization all the element s not having cylindrical symmetry like the sectors, 

the hole s through the upper part of the yoke and the poles, and the penetrations through the 

yoke median plane necessary for beam injection and extraction etc. For these non sym ­

metric regi ons the field B has been scaled assuming that the iron magnetization M is re ­

duced according to ~ = p-oli + F· M. In this form ula the fraction F is the ratio between the 

ac tual vol ume of the iron and the volume of the circular ring which simulates it. The iron 

fr actions used for the different regions are indicated on the relaxation grid shown on F i g. 3. 
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FIG. :3 - Relaxation grid used for the magnetic field calculations with the 
POrSeR code. The numbers over the iron regions show the iron fraction, 
F, used (see text for details) . 

The grid has been chosen so as to g ive the highest points density in the coils regions . It has 

been checked that the fie l d on the median plane agrees within 100 Gauss foJ" r >.. ,...." 20 em with 

the one obtained using the relaxation grid optimized for median plane caleulations(5). Lines 

of constant flux are shown, together with the regions subdivisions , in Figs. 4 and 5 for the 

cases Ja = Jp = 3500 A/cm 2 and J a = 3000 , Jp = -1500 A / cm 2 respectively. These two 

limiti ng cases correspond respectively to the maximum ampere turns in the coils and to the 

maximum negative current in the ~ coils . Moreover, as can be seen from the operating di!. 

gram presented in Fig. 2, the former case is close to the bending limit of the machine and 
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FIG. 4 - Lines of constant flux calculated by the POrSeR code for the 
case J a = J~ = 3500 A/cm 2. 
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FIG. 5 - Lines of constant flux calculated by the POrSeR code for the 
case J a = 3000, J~ = - 1500 A/cm 2 
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the latter one to the focusing limit for Z/A :: 0.5, i. e. the maximum extracted energy. 

Magnetic fields maps covering the coils and the air region surrounding them have been 

calculated in the (r, z) plane with radial and axial steps of about 1 em, approximately equal to 

the mesh size. The radial, B r • and the axial, Bz ' field components are given in Table I for 

the fl section and in Table II for the p section in the case J a :: Jp :: 3500 A/cm 2. Field va­

lues are in Kgauss, radius and distance from median plane in em. In the case Ja :: 3000A/cm 2 

and ,Jp :: -1500 A / cm 2 the same field components are listed in Table III for the coil a and in 

Tahle [V for the coil p. 
For hoth the two limiting cases, the trend of Bz and B r , when they are averaged from 

the inner to the outer coils radii, is plotted as a function of z in Fig. 6. 
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FIG. 6 - Axial, Hz, and radial, B r , field components inside the coils. The 
field components are averaged from the inner to the outer coils radii and 
plotted as a function of z. The solid lines refer to the Ja :: Jp = 3500A/cm 2 

case, while the dashed ones to the J a :: 3000, Jp = - 1500 A / cm 2 case. 
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A coars~ map of the absolute value of the field B is shown in Figs. 7 and 8 for the 

J a = Jp = 3500 A/cm 2 and J a = 3000, Jp = -1500 A/cm 2 respectively. In these figures the 

field values, always expressed in Kgauss, are written on the corresponding pOints of the en­

tire POlSeR region. Just outside the yoke, i. e. z = 150 em and r = 210 em, only the average 

value of B is given, since POrSeR calculations exhibit large fluctuations on the calculated v~ 

lues. These fluctuations are due to the local irregular zoning and to the boundary between iron 

and air. 

3. - ATTRACTIVE FORCES BETWEEN THE COILS. 

In an ideal situation, i. e. when the median plane and the axis of the magnet and the 

coils coincide, the only forces acting on the coils are an axial force, F Z' induced by the r~ 

dial component of the field (Fz being equal in magnitude and opposite in sign for the coils 

above and heloy,' the median plane) and a radial and a tangential stresses induced by the 

axial component of the field. Evaluations of the radial and tangential stresses are reported 

elsewhere(2,6). 

The axial forces nrc then simply given by F z = 2nJ jBr(I',z)rctrdz where the inte­

gral is extended over the coil region, J is the average current denSity inside the coils and 

Br is the radial field component calculated with the POISeR code. The forces thus obtained 

for the coil a , F:, the coil p, F~, and their sum, F~ot, are listed in Table V for the two 

TABLE V - Attractive rorcea between the coila. 

Ja Jp B{R=40cm) Fa FP F tot 
z z z 

(A / cm
2

) (A / cm
2

) (Kgauss) (Tons) (Tons) (Tons) 

3500 3500 50. 68 + 91 - 1667 - 1576 

3000 - 1500 31. 51 - 1114 + 593 - 521 

limiting cases, The forces are expressed in Tons, the negative sign meaning actractive for­

ces between the coils above and below the medi,;m plane. The magnetic field on the median 

plane at r -= 40 em is listed as an indication of the field level. In the case J a '" J P '" 3500 

A/cm 2 the coil a is attracted toward the median plane with a force of 1667 Tons while the 

coil p is pushed away with a force of 91 Tons, the resultant being obviously toward the mi£ 

plane. In the other case, instead, the upper coil is pushed away by 593 Tons while the lower 

one is attracted toward the median plane by 1114 Tons, the resultant being 521 Tons toward 

the median plane, 
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FIG. 7 _ _ Calculated absolute values of the fielrl R at different points 
over tile entire POISCH area for the case Jet = Jp = 3500 A/cm2. 
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Lines of constant axial forces are plotted with steps of 0.5 Tons in Fig. 9, on the left 

for the Ja = J~ = 3500 A/em 2 case and on the right for the Ja = 3000 A/em 2, J~ = - 1500 

A/em 2. 

Fz ( T) constant contours lines (Fz >O repulsive force) 

)0- 3500 A/em' Ja ·3000 A/cm2 

Jp·3500 A/cm2 J,--1500 A/cm2 
70 -4.6 . 0 
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N 
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o ~_---'''--_--I F:- -1114 T 

20 

10 
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FIG. 9 - Lines of constant axial force on the coils drawn at intervals of 0. 5 Tons. 
On the right of the figure the Ja = J~ = 3500 A/em 2 case, on the left the J a = 3000, 
J~ = - 1500 A/em 2 case. 

The magnitude of the repulsive force on the coil p has been calculated also for Jp = 

-1500 A/em 2 wit h Ja = 2000 and 3000 A/em 2 and Jp = - 25 00 , J a = 3000 A/em 2 , even 

though the latter case is well outside the operating diagram of the machine. The expected foE. 

ces are of comparable magnitude for the two Jp = -1500 A/cm 2 cases, while they almost 

double in going to Jp = - 2500 A/cm 2. Their values are reported in Table VI. 
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TABLE VI - Attractive forces between the coils (Jp<O), 

J. Jp B (R-40cm) Fa FP F tot 

• z z 

(A/cm 2) (A/cm 2) (Kgallss) (Tons) (Tons) (Tons) 

3500 - 1500 35.30 1438 + 690 - 748 

300.0 - 2500 27.01 1509 + 1140 - 369 

2000 - 1500 22. 90 - 590 + 423 - 167 

At very low coils excitation, as during the ramping to reach an operating point, the 

total axial force F~ot is positive, the coils being attracted by the upper part of the yoke. For 

the case J a equal to Jp the trend of F~ot versus the current density is shown in Fig,IO. The 

solid line, obtained using a "standard" POISeR model , i. e. with hill-valley regions simulat­

ed by iron rings with magnetization fraction F = 0.383, shows that F~ot is repulsive to J '" 

'" 800A/cm2 , the positive maximum being ", 20 Tons. The broken line is a more conserva­

tive estimate obtained by assuming a sector gap equal to the valley height, as it is for the 

coils parts along the valleys , In this case the maximum repulsive force is tv 54 Tons and the 

axial force is directed away from the median plane up to v 1150 AI em 2, The values 

FfJ and F tot obtained using the Tlstandard" POISCR model are listed in Table VII. z z 

a 
of F z' 

Since these calculations rely on the magnetic fields obtained with a POISeR model 

there are, obviously, uncertainties related to the choice of the mesh and to the truncation 

errors, The sensitivity of the calculated forces to different POrSCR. fields can be inferred 

form Table VIII. Listed, for the cases J a = J~ = 3500 A/cm 2 and J a = 3000, Jp = - 1500 

A/c m 2 , are the values of the axial forces obtained with quite different relaxation grids labe..!. 

ed as GRC2, GRB, DJ. The GRC2 case corresponds to the mesh presented in Fig. 3 and to 

the final cyclotron geom etry, the other tw o refel' to previous calculations with slightly dif­

fel'ent geometries and with a higher points density in the midplane region. Only a variation 

of roughly 10% is observed between the maximum and the minimum values of F~ot. The 

geometrical differences are quite small "for the GRC2 and GR.B cases like a difference of 

O.:l mm in the minim um distance from the median plane of the iron part of the inner cryo­

stat wall and the dimensions of the penetrations on the median plane region. Larger geom~ 

trical differences are instead present in the OJ case which involves a 2 mm difference in 

the sectOl'S dimensions , the minimum coils distance from the median plane (6.35 cm in the 

OJ case against 6.2 cm of the other two cases) and the dimensions of the holes through the 

upper part of the yoke. 



TARLE VII - Forces between the coils at low coils excHation, 

.10 .1# n (I1:40cm) Fa F~ F
tot 

z z z 

(A/cm 2) (A/cm 2) ( 1\~;'I\lss) (Tuns) (Tons) (Tons) 

---.- .------ ---
1750 1750 n.!'Io •• 9 :\f\:i 2~J.I 

J 050 1050 25. 11 fil 111 50 

700 700 20. 75 + 4·1 ,. • 
525 525 18. ~ 1 + :14 I. + 20 

:HlO 100 14. G!'I • 19 + 2 21 

TABLE VII! - Attractive forces between the coils for three different POISeR 
models. 

.10 .J~ Ii(H : "Oem) Ff'I F~ F
tot 

z z z 

(A/cm
2

) IA/em 2) (Kgauss) (Tons) (Tons) (Tons) 

3500 3500 50.68 + 91 - 1667 1576 
CRe2 

3000 1500 31. 51 1114 + 593 521 

3500 3500 50. 50 + 105 - 1733 1628 
G8 

3000 1500 31. 27 - 1110 + 600 510 

3500 3500 50,43 + II. - 1571 1477 
DJ 

3000 1500 32. 19 1052 + 571 .81 
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4 . - FORCES DUE TO POSITIONING ERRORS. 

Errors in centering the coils with respect to the iron structure introduce magnetic 

forces whose magnitude and direct! on depend on the centering errors. Obviously a net axial 

force arises when the coils median plane is shifted with respect to the cyclotron median pl~ 

ne and a net radial force appears when the coils and the cyclotron axis do not coincide. Th~ 

se forces can be parametrized by a spring constant K, since it can be easily sho wn that in 

the case of small centering errors, where a linear variation of the magnetic field can be 

reasonably assumed. they are proportional to the coils displacement. A negative spring co!;. 

stant is assum ed for a stabilizing force, 1. e. for a force that tends to reduce the positioning 

error. 

The evaluation of these forces is quite uncertain since: 

a) The net force must be obtained as diffe rence among similar numbers, i. e . the difference 

between the for ces acting o n the coils above and below the median pl ane for the axial case 

and the differences among the forces acting on the coils elements at different azimuths for 

the radial one. 

h) The calcu lation of the magnetic field in presence of small asymmetries between the iron 

and the coils i s diffic ult. Il is almost impossible in the case of a displacement of the coils 

axis since it would require the use of a nprovedn tridimensional magnetos tatic code. It is 

unc ertain also in the case of a median plane shift, although this pr oblem retains full cyli~ 

ddcal symmetry. 

Bearing the diffi c ulties of an exact calculation of the field. an estimate of the net fo£ 

ces has been cal'rierl out for both types of errol' using a model , referred below as Hiron field 

model n , which involves only magnetic fields symmetric with res pect to the midplane and to 

the cy clotl'o n axis as t hose obtained with the relaxation grid presented in Fi g. 3. Only for the 

case of an axial shift we t ried 1.0 use a magnetic fiehJ calculated in an asymmetric configura­

tion. The I"esults obtained in this way are referred in t he following as I' non symmetric field 

model." 

-t, 1. - Iron field model. 

It has been as s urned thal: i) Th e coils have the exa ct design geometry, including full 

cylind rical syillmetl"y; ii) The total magnetic field, HPoisson(r,z) can be written as the sum 

of the field generated by the air-core coils, Beoils(I', z) and the field generated by the iron , 

BIl'on(r,z) , the coils component being indipendently computed; iii) T he BIron field is not 

sensitive to small variations (a few mm) of the coils position. 

Unde r ,these hypotheSis the force can be calc ulated by integrating the expression dF == 

'" i· dl A ~Iron' over the displaced coils. 



- 17 -

The procedure can be affected by large errors mainly due to uncertainties in the BIron 

component. The latter is in fact a relatively small quantity obtained as a difference between 

similar numbers Bp . and Be '1 . As an example the radial component of BIron' ave Olsson 01 S _ 

raged from the inner to the outer coils radii, is plotted as a function of z in Fig. 11 for the 
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FIG. I! - Average radial com panent of the iron field plotted as a function of z for the 
J a = ,J~ = 3500 A/cm 2 

case J a = Jp = 3500 A/cm 2. The solid line is the BIron component obtained by subtracting 

from the total field the air core coils field calculated with the POISeR program and with the 

same relaxation grid used for the total field. The broken line has been obtained by subtrac.,!. 

ing from the total field the exact analytical coils field and it exhibits large, unphysical fluc­

tuations probably due to the truncation errors. Therefore the POISeR code has been used to 

calculate consistently both the total and the air core coils fields. 

The axial forces Fa, FP, F
tot 

obtained in the case of a median plane error of 1 mm z z z 

are listed separately for the coils above and below the median plane in Table IX for the two 

limiting cases J a = Jp = 3500 A/ cm 2 and J a = 3000, Jp = - 1500 A/cm 2• The net axial fo~ 

ce is expressed in terms of the spring constant, i. e. Tons/mm. The magnitude of the for-
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ces acting on the coils above and below the median plane indicates that the net force, around 

1. 5 Tons /mm , is stabiliz ing in both cases, 

T ABLE IX - Axial forces for the case of a media plane error. 

Ja Jp Fa FP F
tot 

K 
z z z z 

(A/cm 2) IA/cm 2) (Tons) (Tons) (Tons) (Tons / mm) 
_." .----<-. ---- -_. 

I\IIOVI-; M. I'. I 1117. 71i2 - III, :1!i!J 1 I fi!J. 10:1 

:1~Jn{) :J!iIlO - 1.:15 S13btlizing 
BELOW M. P. -187.752 .. 17,001 ·170,751 

- ---_._- -_._ - --

ABOVE M. P. 60.987 + 54.200 6.787 
:WOO - 1500 - 1.55 Stabilizing 

BELOW M . P, + 59.7R5 - 54 . 549 + 5.236 

For the case of a radial centering error the total radial force acting on the coils is 

ohviously the sum of the forces acting on the coils above and below the median plane. Thp 

forces obtained for a centering error of 1 mm are listed in Table X for the two usual cases. 

TABLE X - Radial forces for the case of a radial centering error. 

I n Jp F n FP Jo .. a + FP K 
z z z z r 

(l\ / cm 2) (i\/cm 2 ) (Tons) (Tons) (Tons) (Tons/mm) 

~500 ~500 - 0.0026 + O. 3390 + O. 3365 + 0. 6729 Destabilizing 

:1000 - 15no + O. :l003 + 0. 0075 + O. 3878 + 0.7756 Destabilizing 

The ,"adial forces acting on the coil a, the coil ~ and their sum are given together with the 

spring constant. The values obtained are nearly equal, 0. 67 Tons / mm for the Ja. =.J~ = 

= ~500 A/ cm 2 and 0.78 Tons / mm for- the J a = 3000, J~ = -1500 A / cm 2, and the forces are 

in both cases unslabilizing. Calculations done on other cases where Jp is negative have 

shown that the r:l.dial force is "'-' 0.9 Tom:/ mm in the (.Jo.' J~) = (3!100, - ]500) A/ cm 2 case 

and can reach 1.!1 Tons / mOl in the ext rem e case of (Jo. • .J~) = (3000, - 2500) A/ em 2. 

4. 2. - Non symmetric field model. 

A relaxation grid covering the regions above and bel ow the median plane can be used 

to obtain the magnetic field in the case of a median plane error. Sine the main drawback of 

this procedure is a poorer mesh I'esolution, these calculations have been carried out only 

for the case of a rather large mid-plane error, z = 2 em, namely a distance corresponding to 

the mesh size of the grid used for this model. Otherwise it is likely that the differences in 
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the Br field component above and below the median plane are just due to the different distri­

bution of the relaxation points. In fact the inspection of the field maps has shown that also in 

the case of a m idplane shift of 2 em the differences in Br are, on the average, a few hundred 

of Gauss at maximum. i. e. only a few percents or less of the field value. 

The results obtai ned with this model are presented in Table XI which lists the forces 

acting an the coils above and below the median plane and the resultant net force. These calc~ 

lations indicate that the coils are in unstable equilibrium. Assuming that the force is propor­

tional to the median plane error, the axial spring constants are IV 0.6 Tons/mm for the J a "" 

= Jp = 3500 A / cm 2 case and ~ 1 Tons / mm for the Ja = 3000, Jp = -1500 A/cm 2 case and so 

they are roughly comparable in magnitude with the results obtained integrating over the Biron" 

TJ\BLI': XI - Axial forces for the case of a median plane error of 2 em (Non symmetric field modell, 

.Ia Jp Fa FP Flat Net fOI'ce K 
z z z z 

2 (A/em) (A/cm 2 ) (Tons) (Tons) (TanH) (Tone) (Tons/mm) . 

/\ nOVE i\t . p. + Rn. II!) - 1 finO,455 -1591.:1:15 

:1500 3500 -+ 11. 4 fl I 0.57 Dc" l<lhi Ii 7. i OJ:! 

BELOW M. P. 71.407 -+ 1674.222 ... 1 f'i02. HIS 

!I~OVE 1\1. P. - 1107.007 + 591.959 515. 048 

:1000 - 1500 ... 22. 09 + I. 15 DC8tahlIJzing 
BELOW M. P. +1131.588 593.648 + 537.940 

5. - CONCLUSIONS. 

The calculation of the attractive forces between the coils have given a maximum for­

ce of 1576 Tons for the case Ja = J~ = 3500 A/cm 2 corresponding to an average pressure of 

153 Kg/cm 2 exerted by each coil, above and below the median p!ane, on the centra! ring of 

the cryostat. The repu!sive forces between the a and ~ sections of the coils are around 600 

Tons for the case J a = 3000 , J~ = -1500 A/cm 2 , chosen as the more critical o ne for the ac 

celeration of ions with Z / A ~ 0.5. From a crude interpolation between the results obtained 

for the cases Ja = 3000 A/ cm 2 with Jp = - 1500 and - 2500 A/ cm 2 the repulsive forces at 

the coils excitations necessary to accelerate the 3He++ beams will be less than 850 Tons. 

While the evaluation or these attractIve forces is relatively accurate, as the close re­

sults obtained using different Poisson fieldS confirm, serious uncertainties remain on the 

magnitude and direction of the forces introduced by the centering errors. This is quite ap­

parent from the contradictory results on the axial spring constant obtained with the two mo­

dels used. It should be noted that the two models are really different, since the "non symm~ 
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tric field model" uses the total fields obtained assuming a large coils displacement (so chanK 

ing drastically the iron-coils geometry), while the other one assumes the independence of the 

iron field from the centering errors. There is no way to say which model is the right one, 

but it can be said only that the former represents correctly a very large error, while the 

latter can be a reasonable assumption for centering erro r s of the order of a few mm. 

The calculations have gi ven an axial spring constant of r¥ 1. 5 Tons / mm and a radial 

one'" 0.8 Tons /m m. Since it does not seem possible to extimate more accurately these fo£ 

ces large safety factors must be taken in designing the coils supports. The experience with 

the K-500 supercondllcting cyclotron at M . S. u. (7) has indicated in fact that positioning er­

rors introduce not trivial forces since the measured radial spring constant resulted to be 

." 4 Tons/mm at the maximum coils excitation. 
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