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VINCY CYCLOTRON MAGNET

by

Sasa CIRKOVIC', Jasna RISTIC-DJUROVIC!, Alexey S. VOROZHTSOV?,

and Serguei B. VOROZHTSOV?

Received on October 27, 2002; accepted on Deceember 2, 2002

The MERMAID program will be used to isochronise the nominal magnetic field of
the VINCY Cyclotron. This program simulates the response, i. e. calculates the
magnetic field, of a previously defined model of a magnet. The accuracy of 3D field
calculation depends on the density of the grid points in the simulation model grid.
The size of the VINCY Cyclotron and the maximumnumber of grid points in the XY
plane limited by MERMAID define the maximumobtainable accuracy of field calcu-
lations. Comparisons of the field simulated with maximum obtainable accuracy with
the magnetic field measured in the first phase of the VINCY Cyclotron magnetic field
measurements campaign has shown that the difference between these two ields is not
as small as required. Further decrease of the difference between these fields is obtained
by the simulation model calibration, i. e. by adjusting the current through the main

coils in the simulation model.
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INTRODUCTION

The VINCY Cyclotron is an isochronous cyclo-
tron with an azimuthally varying magnetic field. It is
a multipurpose machine which will be used to
accelerate a wide variety of ions whose specific
charge ranges from 57 = 0.15 to n = 1 [1]. Because
isochronous fields corresponding to ions with dif-
ferent specific charges differ, the VINCY Cyclotron
will provide a number of isochronous fields. The
isochronous field of an ion grants that the rotation
frequency of the chosen ion during its acceleration
in a cyclotron is constant [2]. In the case of the
VINCY Cyclotron, the nominal isochronous mag-
netic field is the one corresponding to the ion whose
specific charge is 7 = 0.5. The nominal magnetic
field should be obrained by exciting the magnetic
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structure [3] (Fig. 1.) by the nominal current of the
main coils only. All other isochronous fields are created
using not only the main coils but also the trim coils [4].

In order to obtain the nominal isochronous
magnetic field, the shape of the magnetic structure
of the VINCY Cyclotron was adjusted through an
iterative procedure. During the first phase of the
magnetic field isochronisation [5] each iteration had
three steps: two-dimensional (2D) calculation of
the magnetic field, magnetic field measurement and
sector shimming (Fig. 1.), 7. £. adjusting the sector
shape by taking off a thin layer of ferromagnetic
material from a sector side. During the first phase
of the field measurement campaign, one set of
measurements was performed without sectors, 7. .
with a medial pole plate, and five sets of measure-
ments carried out with sectors of five different
profiles. Analysis of the results of the first phase of
the magnetic field measurement campaign [6]
showed the disadvantages of 21D calculation of the
magnetic field. Namely, that the predicted nominal
isochronous field is not achieved and that the dif-
ference between predicted and obtained fields is
particularly large in the central region of the cyclo-
tron. Therefore, magnetic field isochronisation was
subsequently obtained by using MERMAID, the
new three-dimensional (31D) magnetic field simula-
tion code [7].
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Figure 1. Magnetic structure of the VINCY Cyclotron. 1 - the pole, 2 - the upper part of the yoke, 3 - the side
part of the yoke, 4 - the main coil, 5 - the medial pole plates, 6 - the sectors, 7 - the elevation system

The sector shape should be designed by simu-
lating the response to the nominal main coils current
of a number of MERMAID models. The simulated
field corresponding to the final sector shape is to be
compared with the measured magnetic field in the
second phase of the field measurement campaign.
The measured magnetic fields obtained during the
first phase of the field measurements should be used
to calibrate the MERMAID simulation model of the
VINCY Cyclotron.

THE FIRST PHASE OF FIELD
MEASUREMENTS

Extensive magnetic field measurements are an
important step in the construction of a cyclotron.
During the first phase of magnetic field measure-
ments of the VINCY Cyclotron, one set of meas-
urements was carried out without sectors and five
sets of measurements were performed with sectors
of five different profiles. The main coil currents
during the measurements without sectors had seven
different values ranging from 250 A to 1000 A (Fig. 2).
On the other hand, all five sets of measurements
with sectors of different profiles were performed for
three main coil current values:minimal of 250 A,
nominal of 600 A and maximal of 1000 A.

The measured field map of the VINCY Cyclo-
tron magnetic structure without sectors corre-
sponding to the main coil current value of 1000 A
is shown in Fig. 3. It was to be expected that the
measured maps would reflect the cylindrical sym-
metry of the pole plates. Analysis of the measured
field maps detected an error in the operation of the
magnetic field measurement system [8]. The Hall’s
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Figure 2. Response of the VINCY Cyclotron mag-
netic structure without sectors. Figure shows radial
dependence of the mean magnetic induction for
seven values of the main coils current. The dip
around R = 0 cm is caused by the axial channel in the
magnet poles, while field drops around R~ 100 cm and
R = -100 cm are due to the pole edge

probe was not properly positioned at the initial
radial position along the measuring arm due to the
malfunction of the mechanical switch used for the
detection of the initial radial position. The measure-
ment system was subsequently modified by replac-
ing the mechanical with an optical switch and meas-
ured maps were corrected numerically [9]. Further
on in the text, only the corrected maps are used.

THE MERMAID CODE

The MERMAID is a product of SIM Limited,
Novosibirsk, and is used for two and three-dimen-
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Figure 3. The measured magnetic field map. The measured response of the magnetic structure without sectors to
the main coil current of 1000 A is shown. Due to an error in radial positioning of the Hall's probe in the initial

int on the measuring arm, the measured magnetic field B,,,, does not have an expected axial symmetry. The
measured field values corresponding to two probe positions with the same radius and azimuthal coordinates that
are 180° apart differ. This difference is the most visible at azimuthal position 0°, 7. e. 360° and 180° where it

appears as field discontinuity

sional calculations of static magnetic fields. The
MERMAID model of a desired geometry is created
by mashing the space of interest by dividing it into
regions of constant cell size and then characterising
each region as a vacuum, ferromagnetic, coils or a
permanent magnet. The magnetic field produced by
the created model is calculated using first order
finite elements. The accuracy of the solution de-
pends mainly on the number of mesh nodes: the
denser the mesh, the more accurate the calculated
field is. The maximal number of nodes in the X-Y
plane sets the software related limit to simulation
accuracy, while the random access memory size
of the computer used for calculations determines
hardware limitations. The number of Z planes is
not limited, but it is usually equal or near to the
corresponding parameters of the X and Y planes.
The solving procedure will slow dawn signifi-
cantly if the mesh size in direction Z is not larger
than or at least comparable with the average cell
size of the X-Y mesh. The capacity of random
access memory also restricts the number of Z
planes. All the results shown were obtained with
the code and personal computer restrictions of
49729 nodes and 750 MB random access mem-
ory, respectively.

Taking into consideration the dimensions of
the cyclotron, even the maximal number of nodes
in the X-Y plane is not sufficient for creating a
high-quality model of the whole cyclotron. There-
fore, cyclotron symmetry and proper boundary con-

ditions along the symmetry lines are used to
model the smallest possible part of the cyclo-
tron. This method enables the achievement of
the highest available accuracy in field calcula-
tion.

The two MERMAID models of the VINCY
Cyclotron without sectors (see Table 1) were created
by using only 1/8 of the machine and a free space of
the appropriate size that was necessary for the calcu-
lation of the stray field. For the M1 model, the
dimensions of the simulated volume in the XYZ
coordinate system were 350 x 300 x 300 cm? and this
volume was covered by 258 x 193 x 159 = 7917246
mesh nodes. To simulate the magnetic field of a
model with this many nodes, MERMAID re-
quired 618534 kB of random access memory.
For the M2 model, the simulated volume was
350 x 250 x 300 cm?® and it was covered with
262 x 190 x 190 = 9458200 nodes. The needed
MERMAID random access memory in this case
amounted to 738921 kB.

Figure 4 and Table 1 show that a bigger
number of nodes does not grant a higher accuracy
of the model. The distribution of nodes also signifi-
cantly affects simulation accuracy. Although the
smaller volume was covered with a greater number
of nodes in the M2 than in the M1 model, the
simulated magnetic field in the median plane of the
M1 model was, on the average, 4 mT closer to the
measured field than the simulated field of the M2
model in the R < 86 cm region. Better accuracy is
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Figure 4. Difference between simulated and measured
fields. The radial dependence of azimuthally averaged
ficlds is showed. The two simulated fields are obtained
as a response of the two MERMAID models to the
main coils current of 1000 A. The response of the
model M1 is closer to the measured field than the
response of the model M2 for R < 90 cm. This is
because the mesh of the model M1 is denser for
R < 20 cm than the mesh of the model M2 (Table 1).
The denser mesh near the edge of the pole plate causes the
response of the model M2 to be closer to the measured
field in this region than the response of the model M1

achieved by a denser mesh in the above mentioned
region. The number of nodes in the 0 < R < 20 cm
region was three times larger in the M1model than
in the M2 model. On the other hand, the M2 model had
denser mesh around the pole plate edge at R = 100 cm
and consequently gave better results than the M1
model in that region.

Table 1. Grid of the MERMAID model of the VINCY
Cyclotron. Density of the model grid dependes on the
cell size along X and Y-axes. The two MERMAID
models of the VINCY Ciclotron are created and used to
simulate the magnetic field. The quality of a model
depends on how well its simulated magnetic field match
the measured field

Riinge Model M1 Model M2
fem Ax [em] | Ay[em] | Ax[em] | Ay [em]
= 5 0.5
it 0.25 0.25 . :
9-20 . »
20-93
93-98 1 1 0.5 0.5
98 - 100 - 0.25
100 - 103 15 3 0.25°
103 - 126 - 1
126 - 151.5 3.188 ]
151.5-154 2
154 - 156 2,008
156 - 350 10.429 5 5.222
250 - 280
280 - 300 - ;
300 - 350

* A fictitious node had to be introduced in the vicinity of ¥ = 100 am in
order to enable MERMAID model to describe the VINCY
Cyelotron geometry. In the model M1 the fictitious node is
at ¥ = 100,1 cm and for the model M2 it is ar ¥ = 100,01 cm

MODEL CALIBRATION

A deviation of the accomplished magnetic
field from the required isochronous magnetic field
causes a phase shift between the orbital frequency
of accelerated particles and the frequency of the RF
acceleration system. An acceptable phase shift sets
the tolerance of the accomplished magnetic field as
being not larger than AB/B = 107, In the case of
the VINCY Cyclotron, the required accuracy of the
magnetic field equalled AB = 0,5 mT.

The isochronisation of the nominal magnetic
field is performed by adjusting the sector shape in a
MERMAID model of a cyclotron until the resulting
simulated magnetic field is equal to an error of the
required isochronous field. Therefore, the accuracy
of the simulated magnetic field should also, at the
very least, match the required isochronisation accu-
racy of 0,5 mT.

In order to achieve the highest available accu-
racy of the simulated magnetic field of both of
the two above mentioned MERMAID models
of the VINCY Cyclotron, a maximal number of
nodes in the X-Y plane were used. Although the
accuracy of the M1 model was improved by better
node distribution, the difference between simu-
lated and measured fields of 16 mT (Fig. 4)
was much lager than the required isochronisa-
tion accuracy. In order to use the MERMAID
model of the VINCY Cyclotron for further field
isochronisation, the simulated field must re-
semble the measured field with higher accu-

4
A4
0 - Add . ....._“
=~ —
€ i)
cni ik ‘\_‘J'""'n-...- g, ‘\‘
S |
=8 —a—f_ =1038 A \
-10 —a—/  =1040A ,\;\#v~
12 —O—J*"=1050A s
“d
-14 I I
] 20 40 60 80 100
R [cm]

Figure 5. The field difference for the main coil cur-
rent of 1000 A. The radial dependence of the differ-
ence between azimuthally averaged measured and
simulated magnetic fields is shown. The measured
field is the response of the VINCY Cyclotron mag-
netic structure without sectors to the main coils
current of I, = 1000 A. This field is compared
to the three simulated fields obtained as a response
of the MERMAID model M1 to the main coils currents
of 1038 A, 1040 A, and 1050 A. The smallest differ-
ence between the simulated and the measured ficlds
is required in the acceleration region to which the flat
portions of the curves correspond. The best results
are achieved when the simulation model is excited by
the main coils current of I;, = 1038 A
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racy than the one achieved in the 15 cm< R < 86 cm
acceleration region. Since the possibilities to
improve simulation accuracy by adjusting the
model mash were thus exhausted, the better of
the two models, model M1, was calibrated.

Calibration was performed by adjusting the
value of the main coil current used in the simulation
until the simulated field was as close as possible to
the measured field in the acceleration region.

Figures 5 and 6 show how the current value
used in the simulation was calibrated, in respect to
main coils current values applied during field meas-
urement of 1000 A and 600 A respectively. A
similar procedure was used for all seven measured
field maps and the obtained calibration curve is
shown in Fig. 7.
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Figure 6. Fine tuning of the simulation current for the
nominal field. The nominal main coil current of
the real magnet is I,,,, = 600 A. The radial depend-
ence of the difference between azimuthally averaged
measured and simulated field is shown. The smallest
difference in the acceleration region is achieved for
Isim = 620.8 A
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Figure 7. Calibration curve for the VINCY Cyclo-
tron. For each of the seven measured magnetic fields,
the values of main coils currents used in the MER-
MAID model, I, to obtain the simulated field the
closest to the measured field are shown. The measured
magnetic fields are responses of the VINCY Cyclo-
tron magnetic structure to the seven values of the
main coils currents, I, ... Also shown is the difference
between the corresponding currents used during
simulation and measurements, A = I, — I

Asillustrated in Figs. 5 and 6, each calibrated value
of the main coils current was obtained through a
number of simulations of the MERMAID model re-
sponse. The data extracted from these simulations and
summarized in Figs. 8 and 9 were used to ease and
accelerate the calibration process.
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Figure 8. Radial dependence of simulated field sensi-
tivity to simulation current. For each of the measured
ficlds, 7. e. main coil current applied to the real magnet,
I peass @ number of simulations are performed to find
the model response that is the best fit to the measured
field. Graphs show how the increase in simulation
current, Alg,, causes the increase in simulated field,
ABg,. Due to the non-lincar response of ferromag-
netic elements that the cyclotron magnet is built from,
the simulated field is more sensitive to simulation
current for smaller values of the real magnet excitation
current, I, ..
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Figure 9. Sensitivity of simulated field to simulation
current. The value of the sensitivity of the simulated
field to simulation current at R = 40 cm is given for
all seven values of real magnet excitation current used
during field measurements, I, .,

CONCLUSION

A 3D magnetic field simulation package, the
MERMAID, will be used to finalize the design of
the VINCY Cyclotron magnetic structure and iso-
chronise its nominal field. Software and hardware-
limitations prevent the accuracy of the simulated
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magnetic field from reaching the required value. There-
fore, the best obtained MERMAID model of the mag-
netic structure without sectors is calibrated using meas-
ured magnetic field maps of the real magnet.
The obtained calibration curves are to be tested
by comparing the five measured fields of the real
magnet with sectors, and the corresponding five simu-
lated fields of the MERMAID models. During the
final design of the sector shape, MERMAID models
are to be excited by the adjusted values of the main
coil currents obtained from the calibration curve.
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Cama hUPKOBUH, Jacua PUCTHR-EYPOBHUER
Anexcej C. BOPOXKIIOB, Ceprej B. BOPOXIIOB

KAJTUBPAILIMJA CUMYJTAIIMOHOT MOJEJA
MATHETA HMKJIOTPOHA BHHCH

HowmmuaanHo MarkeTcko nosse Luknorpona BUHCH Guhe u30XpoHn30BaHO y3 NoMok nporpaM-
ckor naketa MERMAID. OBaj nporpamMcky NakeT, 3a IPeTXORHO JiethHHical TPOAHMEH3HOHATHE MOJIEN
¥ 3a7aTy noByay, CHMyJIHpa OJ3HB MarHeTa, TO jecT H3padyHaBa MArHETCKO No/be. TaYHOCT TPOJIMMEH3HO-
HAJTHO NPOPAYYHATOT [0JbA AHPEKTHO 3aBHCH OJf TYCTHHE YBOPOBA cUMYJIalfHOHOT Mofiea. IlporpaMckum
NaKeTOM OTpaHW4YeH MaKcuMmanaH Opoj uBopoBa y X-Y pasum u pemensuje Lluknorpona BUHCH pe-
¢hpuHMCanTH cy MAKCHMAJIHY OCTBapHBY TauHOCT NpopavyHaTor momka. [Topeberwe moma cumynupasor ca
MaKcHMalHOM OCTBapHBOM TauyHourhy ca MaTHETCKUM NOJbeM U3MEPEHHM Y TIPBO] (hasH Mepeha MarHeT-
ckor noba Lluknorpora BUHCH nokasano je a MOKJIaname OBa J1Ba 10/ba HHje OCTBAPEHO €A 3a[0BO-
maBajyhoM Taunouhy. [Jaibe cMambekhe OBe pasHKe OCTBapyje ce KanubpalHjoM CHMYTAMOHOT MOfiena
OJHOCHO MONeIIaBaheM MarHeTONOGYAHe CTpYje TIaBHHX KaJeMOoBa Y CHMYIallHOHOM MOJENY.



