
484 

MULTIPURPOSE AIR-CORE SUPERCONDUCTING CYCLOTRONS 

K.M.Subotic, Boris Kidrich Institute 
POB 522, 11000 Belgrade, Yugoslavia 

Abstract: Air core superconducting cyclotrons are cha- 
racterised by the feature of the magnet structure that 
is formed entirely from the current carrying supercon- 
ductor configurations. The isochronous average magne- 
tic field is provided by a spherical-like supercondu- 
cting main coil while the focusing power is produced 
by the active flutter configuration. This design appro- 
ach allows practically mutually independent design pro- 
cedure for: 
- isochronous magnetic field configuration 
- modulation magnetic field configuration and 
- suitable accelerating system 

I. Iron Cored Superconducting Cyclotrons 

In the case of an ordinary AVF cyclotron the con- 
cerned feromagnetic structure has a dominant role in 
production of average magnetic field and field modula- 
tion for the purpose of axial focusing. The operating 
limit of an ordinary AVF cyclotron at a smaller pole 
radii is determined by the magnet bending power. When 
conventional coil is replaced-by a superconducting one, 
the bendina limit becomes considerablv hiqher than the 
focusing limit, the latter then becoming an operating 
limit for energy-per-nucleon achievements in the regi- 
on of light nuclei j1,21. 

The most important types of the operating limits 
in the case of the iron cored superconducting cyclo- 
trons are: 
T/A=Kf (Z/A) focusing limit 121 

v,=N/2 and v,=N/2 stopband limit 

V r 
+ 2vz.=3 coupling resonance limit 13; 

yr=l and vz=l resonances 

The stopband resonance limit and focusino limit 
are of a fundamental character. The coupling resonance 
limit can be crossed if the beam is perfectly centered 
and/or has the possibility to jump over the resonance. 
Less severe but still important are: saturation limit 

at Bav < 2.35 T and orbit separation limit 141 . 

1.1. Proton window i4,5,6,7[ 

In the early phase of design of MSU K500 super- 
conducting cyclotron it was recognised that the prob- 
lems of proton acceleration cannot be efficiently re- 
solved in the type of machine which in the same time 
has to be used as a powerful heavy ion accelerator re- 
quiring to be designed with a sufficiently large ra- 
dius in order to produce a sufficiently high bending 
constant Kb and large focusing constant to bendin 
stant (K,/Kb) ratio. Analytical considerations 14 9 

con- 
con- 

firmed in the numerical analyses /5,6,71 indicate that 
protons may be accelerated without experiencing poten- 
tial blow up catastrophe, caused by the presence of the 
[ocusing limit 121 and dan erous coupling resonance 

'Jr + 2vz =3) phenomena 13 9 , only in the narow window 

of the operati 
8 

nal 
F-(3-~)~/4 < 

region determined by relation: 
y -1 <F where F=field flutter, and y is 

the relativistic factor. Taylor series expansion of 
the "zero flutter" isochronous field: 

Bisoc = 3.1.1 s/R {1+.5 s2(r/R)2 \I-.5 (t-/R)'11 

where s=(v/c)max also shows that an increament of the 
magnet pole radius R (what is the basic requirement 

for the achievement of sufficiently high values of Kf 
and Kt, at 6= const (constant proton maximum energy) 
implies the decreasing of the local values of isochro- 
nous magnetic field. This feature combined with the 
fact that iron cored superconducting cyclotrons are 
characterized by constant value of the modulation fi- 
eld amplitude, gives rise to the overdosing of focus- 
ing power at respective value of roton energy. The 
results of numerical examination 5 / of these problems, P 
using K500 magnetic field data are given in figure 
1. confirming the predictions based on “smooth appro- 
ximation" and "zero flutter" formulae. If as an acce- 
ptable set of values of the extraction radii are acce- 
pted only the values in close vicinity of the value 
R=26.5", it appears that: 
1. The window for acceleration of protons, free of pro- 
blems with '.I + 2~ 
sing power &n be 

=3 resonance and the lack of focu- 
'found in the region of proton ener- 

gies between 125 and 155 MeV. 
Z.v,=1.5stop band andvz= 1 resonance indicating an over- 
c$s;;g,,o: focusing power are observed at proton energy 
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Figure 1. Resonance \)r + 2 uz = 3 as a function of 

radius for protons in K 500 magnetic field 

II. Air Core Superconductiong Cyclotrons 15,81 - 

The prominent features of an air core design are: 
- the mutually independent current settings in the 
suoerconductins main coil and flutter confiouration 
- 'the mutual independence of the symmetry numbers for 
accelerating system and flutter field configuration 
- a considerable degree of freedom in accelerating 
system design 
- considerable cost savings. 

The limiting phenomena are under full control in 



sense that maximum achievable energies/nucleon depend 
only on the symmetry numbers used and the performances 
of superconducting material employed. The maximum achi- 
evable proton energy per nucleon for air core supercon- 
ducting cyclotrons is given in fig. 2 as a function of 
the field-symmetry number and minimum extraction radius 
allowed at maximum superconductor field value of 7 T 
at the current density of 30 kAicm2. The analyses of 
the fissibility of the air core cyclotron design sati- 
sfying the technical requirements at present status of 
the art has been performed up to the energies of 1 GeV/ 
nucleon. 
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Figure 2. The maximum proton energy achievable as a 
function of field symmetry number and minimum radius 
at allowed total field in superconductor of 7 T 

In particular beam dynamics and basic design con- 
siderations are given for the air core superconducting 
cyclotron for acceleration of protons up to 115 MeV 
and Z/A= .5 heavy ions up to 45 MeV/nucleon (as a type 
of machine which can respond to the demands of conte- 
mporary medical and industry applications and can also 
have the distinguished performances as an heavy ion 
accelerator). 

The 115 MeV air core superconducting cyclotron 
consists of a spherically shaped superconducting main 
coil composed of four component coil sections, genera- 
ting the average isochronous magnetic field of desired 
accuracy and the multipole axially symmetrical super- 
conducting flutter configuration producing the modula- 
tion field of a sufficiently high amplitude to obtain 
neccessary focusing power for acceleration of protons 
and heavy ions up to the energies determined by a ben- 
ding power of the cyclotron magnet. The parameters of 
the cyclotron designed to accelerate 115 MeV protons 
and 45 MeV heavy ions with Z/A = .5 are given in tab- 
le 1. 

Table 1. 

field symmetry number N 
outer coil radius 
inner coil radius 
extraction radius 
max. average current density 
max. frequency 

= 3 
= 50 cm 
= 13 cm 
= 38 cm 
= 30 kA/cm' 
= 56.8 MHz 
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Actual average magnetic field compared to the 
isochronous magnetic field required to accelerate pro- 
tons up to the energy of 115 MeV is shown in fig. 3a. 
This average field is produced with a spherically sha- 
ped main superconducting coil, composed of four inde- 
pendently powered sections shown in fig. 3b. The fre- 
quencies of radial and vertical oscillations together 
with the phase slip for 115 MeV protons are shown in 
fig.4. The provided field accuracy permits sin of a 
phase slip to be retained below .5 without trim coils 
employment at an energy gain of .6 MeV/turn. 
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Figure 3. a) Actual average main coil 
magnetic field at proton energy 115 MeV b) Main coil 
magnetic structure and field lines from POISSON code 
calculations 
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Figure 4. Frequency of radial (1) and axial (2) oscila- 
tions together with the phase slip (3) at proton ener- 
gy of 115 MeV, based on the usage of 4 section in main 
coil, only 
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111.1. Design considerations 

1. Superconductor field calculations. The overall cu- 
rrent densities applied to produce the required values 
of the average and modulation fields are less then 
30 kA/cm2. At the maximum superconductor field value 
of 7 T the required overall current density can be re- 
tained stable at 80 X of the critical current and pac- 
king factor of .85 employing 2:l copper to supercon- 
ductor ratio. 

2. Force calculations. The exerted magnetic force per 
unit volume t=JxB at field level of 7 T gives rise to 
the characteristical length of 1 cm for the eventual 
point disturbance under the action of respective magn- 
etic pressure. This value is smaller than the charact- 
eristical length of the point disturbances which may 
be stabilized by the Cu:Sc ratio 2:l (1.5 cm). The re- 
sults of GFlJN3D calculations of azhimutal change of 
body-force-per-unit-length are shown in fig.5. 

3. Stress calculations.One of the most important super- 
conducting magnet design problems is that of minimizing 
thermal stresses which arise in magnet always when ma- 
gnet is brought from the room temperature to 4.2 OK. 
Thermal stress induced by a temperature gradient in 
the component of two-material (i,j) composite may be 
estimated fron: Sti =(dLi)/L (Ej/Ai+Ei/Aj,) Aj, where 

dL, E and A are changes of the length, E is the Young 
module value while A is the component cross-section. 
The resulting value S . =.7 MPa shows that at such a 
low copper to superco&#uctor ratio the thermal stre- 
sses and induced changes in the component resistiviti- 
es should be carefully analysed. 

The Lorentz-force interaction between the curr- 
ent and the field results in stresses within the coil 
which tend to burst the coil radially outward and to 
crush it axially. The upper limits of tangential compo- 
nent of tensile stress of 78 MPa and axial compressive 
stress of 24 MPa in case of the self-field forces are 
estimated from the calculated axial and radial compo- 
nent of body force-per-unit-length. The samples of Sta- 
nsol code numerical calculations of radial and hope 
stresses, and radial displacements for the main coil 
section # 1 closest to the median plane, are given in 
fig. 5. 

4. Quench calculations. The major objective of good ma- 
gnet design is to avoid quenching due to convertion of 
e.m,enerqy into heat.2The adopted design criteria was 
that energy density B /Zu=E/V should be always retained 
below the value which could generate the magnet coil 
temperature higher than 100-150°K(100 MJ/m3) able to 
induce the development of excessive thermal stresses. 
The basic process of quenching: temperature rise, vol- 
tage drop (which may be the source of arcing between 
the turns), spreading of the normal zone and derived 
protection techniques where the subject of the careful 
magnet stability analyses. Careful checkings of the di- 
fferent protection schemes were made employing numeri- 
cal quench code calculations, The typical results are 
shown in fig.6. 

5. The magnet heat inleak and cool-down calculations 
have shown that consumption of ii lit/h. of liquid He 
could be expected. 

6. The effective screening of the magnetic field, if 
dt t the experimental set up, which can- 

z?~'~ing~n~r%?d at R2=2 Rl(Rl=radius of main coil) 
could be obtained using the spherical like coil of rad- 
ius R2 at 8 lower current density than those employed 
in main coil. 
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Figure 6. a)Temperature and normal zone development; 
b) Voltage drop and current decay in coil # 1 
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