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The heavy ion cyclotron was designed and constructed in the Dzhelepov Laboratory of Nuclear Problem, Joint
Institute for Nuclear Research. Tons with A/Z~5 were accelerated up to the energy E=2.4 MeV/nucleon. The ECR
source with an intensity of 3.5000'* ions/sec is used as an ion source. The extracted beam of ~10'" ions/sec is intend-
ed for the track membrane production. The magnetic field of this cyclotron is formed in the compact magnet with
the pole diameter 1.6 m by means of four pairs of sector shims installed symmetrically up and down. The gaps are
100 mm, and 40 mm between the poles and shims, respectively. The proper dependence of the isochronous magnet-
ic field on the radius is created, basically, by increasing the angular extension of sector shims inside the range o =

30°...41.8°. Power consumption of an electromagnet is 25 kW.

PACS: 29.20.Hm.

1. INTRODUCTION

The heavy ion fixed energy cyclotron based on the
compact magnet with the pole diameter 1.6 m was de-
signed and constructed in JINR. The ions with A/Z=5
were accelerated up to the energy E=2.4 MeV/nucleon
for track membrane production. The isochronous mag-
net field is formed by means of the fore pair of sector
shims. The beam phase shift in the formed field is less
then + 10° of RF, and the first magnetic field harmonic
is less then 3 G in all the radii of the beam acceleration.
Power consumption of the magnet is 25 kW. The analyt-
ical formulas assuming a uniform magnetization of the
magnet elements were used for the preliminary choice
of the magnet structure. The 2D computer simulation
based on a mesh technique (FEMM) was used to check
this choice. To find the final form of the sector shims
the magnetic model with scale 1:2.5 was constructed.
The 3D computer simulation based on RADIA code was
made to determine an influence of some parts of the
magnet on the field structure. The choice of main pa-
rameters of the magnet and the modeling and forming
the isochronous field are described below.

2. CHOICE OF THE BASIC PARAMETERS
OF THE MAGNETIC SYSTEM

Analytical formulas assuming a uniform magnetiza-
tion of the magnet elements were used for the prelimi-
nary choice of the magnet structure [1]. A 2D computer
simulation based on a mesh technique was used [2] to
check this choice. To find the final form of the sector
shims the magnetic model on a scale 1:2.5 was con-
structed [3]. The 3D computer simulation based on the
RADIA code [4] was carried out to determine an influ-
ence of some parts of the magnet on the field structure.

The H-shape electromagnet is used for cyclotron.
Four pairs of sector shims are placed on the poles to
provide axial focusing. At the same time, an increase in
their angular size with the radius from a=30° in center
to 0=41.8" at the last radii is used to form the
isochronous magnetic field. Poles and yokes of the mag-
net have axial holes for the axial injection. The main pa-

rameters of magnetic system are given in the Table and
the view of computing model is shown in Fig.1.
The basic parameters of the cyclotron magnetic system

. . 5 3700x2000
Overall dimensions of yoke  (mm®) <1650
Diameter of poles (mm) 1600
Gap between poles (mm) 100
Weight of iron t) 83
Height of sectors (mm) 30
Gap between coils (mm) 200
Section of the coil (mm) 260 x 200
Section of the coil on copper (mm) 220 x 160
Ampere — turns of the coil (kA) ~95
Cross section of the conductor (mm) 18.5x18.5
Coil current (A) 524
Voltage on the coil W) 50
Power consumption (kW) 25
Weight of copper (t) 2.4

Fig. 1. Main view of 3D computing model
The sector shims whose form was chosen for model-
ing (Figs.2,3) were fabricated (Fig.4) at the factory with
a high accuracy. The valley shims applied to exact cre-
ation of the isochronous field and for correction of the

first harmonic of the cyclotron magnetic field are also
shown in Figs.2,3.

In the coil case of the cyclotron magnet’s internal
cylinder and ring inverted to the horizontal yoke are
made of steel to provide a growing average field in the
gap of the magnet. A quarter of the magnet pole with
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sector and valley shims and steel elements of the coil
case are shown in Fig.2.
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Fig.2. 3D computing model of % pole, one sector and
valley shims and the ferromagnetic parts of the coil
case
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Fig.3. Pole with sector and valley shims up cross sec-
tion; down-plane view
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Fig.4. In foreground-bottom pole with the vacuum
chamber, on the left-top pole with the cover of the vacu-
um chamber

An influence of steel elements of coil cases comput-
ed by the 3D code Radia on a magnetic field is shown in
Fig.5. The curve dB represents a difference between the
calculated average magnetic field with steel elements
and without them. It is seen, that these constructive ele-
ments of the coil case create a magnetic field smoothly
growing on a radius up to 300 G. The difference be-
tween the calculated dB and experimental field was
found less than 10 G.
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Fig.5. Magnetic field of the coils case steel elements
computed by the 3D code Radia

To measure the magnetic field we have designed and
constructed a measuring system comprising:

1. Mechanical system that provides both azimuthal
(by step motor) and radial (manually) moving of
the Hall probe.

2. PC with the codes for control of the measuring
system and for preliminary computing of the
measurement results.

The axial betatron frequency Q, is equal (0.05...0.4)
inside the radial range (0,05...0,75) m, while the radial
betatron frequency Q; changes from 1.0 to 1.01. Close-
ness Q. to unity requires to form the average magnetic
field with a high accuracy and establishes the upper lim-
it 3G for the first harmonic of imperfections.

During the magnet production all measures were
taken to fabricate the gap between poles (h=100 mm)
and the gaps between all four pairs of sector shims
(h=40mmMm) with an accuracy Ah<0.05 mm To guarantee
this requirement all planes of the yoke parts and poles
that come into contact with each other were polished. In
spite of these efforts the gaps between sectors were found
(after installing the magnet on the place) exceeding the
nominal size of 40 mm by 0.06...0.13 mm. Then stainless
steel inserts of proper size 40.1+0.01 mm were fabricated
and installed between each pair of sectors at radii 780—
800 mm where they do not cross the beam path.

3. FORMING OF CYCLOTRON
MAGNETIC FIELD

The proper dependence of the average magnetic
field on radius is created, basically, by increasing the
angular extent of the sector shims. In addition the valley
shims are placed for exact shimming of the average
field and for correction of the first harmonic. The exter-
nal borders of the valley shims are shown in Fig.3. This
is unique place for the valley shims arrangement, be-
cause two opposite valleys are used for the dees.

The result of measuring the magnetic field without
valley shims is shown in Fig.6 (curve 1). It is evident
that the magnetic field in the range of R=660...740 mm
is higher then needed one even without the valley shims.
Hence the only possible decision was to extract some
part of steel from the sector shims. To find experimen-
tally the proper quantity of steel which has to be extract-
ed, some of steel bolts which fix the sector shims to the
pole at a radius of 710 mm were changed by stainless
steel ones. Using the results of these experiments it was
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decided to make in each sector shim two 21 mm holes
placed at the radius 740 mm at the angle 17° symmetri-
cally to the sector shims axe (Fig.3).

51 151
150 150

~ ’k

Qug 9

JHNEEERLI

8

i 7/ [—
[ e
ur Ly
0 0 20 kil i D 0 n 0
1 R(om)

Fig.6. Average magnetic field: Bis-(required); 1-first
measurement; 2-measurement with valley shims
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Fig.7. Average magnetic field: Bis-designed;
B19-without valley shims,; B21-final after shimming;
dFi-calculated beam phase shift

The obtained average field with such holes is shown
in Fig.7 (curve B19). This field is lower than needed
one and therefore the valley shims were used to form
the needed field. The final average magnetic field
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Fig.8. Amplitude and phase of the first harmonic of a
magnetic field

formed with the valley shims is shown in Fig.7 (curve
B21). The corresponding beam phase shift does not ex-
ceed ~+10° RF (Fig.7, curve dFi).

The first harmonic B1 of the magnetic field was
found less then 5 G just after installation of the magnet.

This good result is explained by a high accuracy of
fabrication and assembling the magnet. Rather small
changes of valley shims have allowed to decrease
B1<3G. The amplitude and the phase of the first har-
monic for the different radii are shown in Fig.8. For
radii R<40 cm B1 is less than 2 G.

4. CONCLUSIONS

The analytical formulas, the 2D computer simulation
and the modeling of the magnet element were used for
the preliminary choice of the magnet structure. For ex-
act approach to the isochronous field the valley shims
were used. The small value of the first harmonic is the
result of a high accuracy of fabrication of the ferromag-
netic elements.

In August 2002 the beam of ions 40Ar® was acceler-
ated up to final radius, beam losses during acceleration
were not significant [5].
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MOAEJIUPOBAHUE U ®OPMUPOBAHUE MATHUTHOI'O ITIOJISA UKJIOTPOHA
TAKEJBIX HOHOB

10.I'. Anenuyxuin, H.JI. 3annamun, C.A. Kocmpomun, JI. M. Onuwenxo, E.B. Camconoe, A.®. Yecnos

HukIoTpoH A yCKOPEHUs TSHKENBIX HOHOB CIPOSKTHPOBaH M M3roToBieH B Jlaboparopun Anepuprx [IpoGiem
mM. B.IL. IxemenoBa OUSN. OcHOBHBIE mapaMeTpbl MATHUTHOW CHCTEMBI IUKJIOTPOHA IMOJTydeHB Ha OCHOBAHHUH
pacyeToB 10 aHATUTHYECKUM (popMyIam, IpH yCIOBUHM PaBHOMEPHOTO HaMarHMYMBaHUS 00bEMa (heppoMarHeTuka,
a TaKKe 1Mo ByXMEPHOU MporpaMMe ¢ UCTONb30BaHueM cetouHoi Metoauku (FEMM). [l Beibopa GpopMel cek-
TOPHBIX ITUMM OblIa M3TOTOBJIEHA MOJIENIb MarHUTHOM cucTteMbl B MaciuTabe 1:2,5. [IpuBeneHbsl OCHOBHBIE Mapa-
METPbI MAaTHUTHON CUCTEMBI M PE3yJIbTaThl MOJISTUPOBAaHUS M (YOPMHUPOBAHMSI MATHUTHOTO TI0JISl IMKJIOTPOHA.

MOJIEJIOBAHHSA I ®OPMYBAHHSA MATHITHOI'O ITOJISA HAKJIOTPOHA BAXKKHUX IOHIB
10.I. Anenuypkui, HJI. 3annamun, C.A. Kocmpomun, JI. M. Onuwienko, €.B. Camconos, A.®@. Yecnos
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IUKI0TPOH [Tt TPUCKOPEHHS BaXKKUX 10HIB CIIPOSKTOBAHUH 1 BUTOTORNICHU#H y JlabopaTtopil Sxepaux I[TpoGiem
im. B.II. Ixxeneroa OISI/I. OcHoBHI mnapamMeTpud MarHiTHOI CHUCTEMH LHUKJIOTPOHA OTpPHMaHi Ha MiJCTaBi
PO3paxyHKiB 0 aHANITHYHHAX (OPMYNax, 32 YMOBH PIBHOMIPHOTO HaMarHidyBaHHS 00'eMy (eppomMarHeTHka, a
TaKOXX 10 IBOMIpHiil mporpami 3 BUKopucTaHHAM ciTKoBOi Mertonuku (FEMM). Ins BubGopy ¢GopMH CEKTOPHHX
muMM Oyi1a BUTOTOBJICHA MOZIENb MarHiTHOI cucteMu B MaciuTabi 1:2,5. IIpuBeieHO OCHOBHI TapaMeTpH MarHiTHOI
CHCTEMH 1 pe3yJIbTaTH MOJIEIIIOBaHHS 1 (POPMYBaHHS MarHiTHOTO TOJISI IIUKJIOTPOHA.
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