


"The VINCY Cyclotron isa compact 1sochronous cyclotron w1th four streught' ,
sectors; des1gned to accelerate a wide range of jons (= 20 pA of 73 MeV deuterons, i

~ 2 yA of . 66 MeV protons, heavy ions-of lower energy etc)

7 The descnptlon ‘and pa.rameters of the magnetlc system under cons1derat10n‘ o
is glven in Refs. [1], [2]. Selected set of the most a.pproprlate for.the glven studyv '

'parameters is shown in the followmg Table L. s TR

Dxameter of the pole : o 212000 mm
| Maximum extraction radius (for D ) 1 860 mm | v

prral a.ngle of thesector - i .l 0o
| Angular span of the sector T o -
"} Number of sectors o ‘ RIS 47 ’
*|: Distance between the hill 2251 mm

190-mm | -

‘Distance: between the va.lleys g )0-m ROk

| Minimum: ma.gnetlc gap
Number of main coils - ": 27

Maxrmum power consumptlon of ma.ln corls 110 kW) S
7+, | Maximum ma.gnetlc 1nductlon a.t the center 21T
Loy Number of trim. coils . -r;" L . | 10fpole |- T
2 Maxxmum power, consumptlon of tr1m c01ls N =1 30 kW -
‘Number, of ha.rmonlc corls o e 8/pole .
Ma.x1mum power consumptlon of harmomc corls 5 kW -

" Number of the main coil turns/pole [N R 256 -
Maximum main coil current o L1920 A
Mam coil current at field B(r-—O) = 1. 84 T N 600 A

o

Vanous aspects of the system are shown schema.tlca.lly in Flg 1

Magnetlc cha.ra.cterlstlc [B(H) dependence of 1nduct10n value ”B” on a.pplled

,;ﬁeld strength ”H” ] for two posslble type of iron were used for the calcula.tlons SRR
"armeo” v TR T |
e steel 08 [3] [4] fj e ‘;f

and in the followmg Ta.bles :-« ; S i
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Flgure 1: VINCY Cyclotron Magret Conﬁguratlon l-vertlca.l yoke, 2- pole d.lSl( ‘3-
central plug, 4- sector shlms, 5 honzonta.l yoke, 6- pole, 7-ma.1n coxl S
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“Table-2 - ARMCO MAGNETIC PROPERTY

B(T) [H(A/m) [ B(T) [ H(A/m) [ B(T) [H(A/m)

0.30 | 100 1.84 8000 2.1928 | 58000
0.69 ]160. - - | 1.898 | 10500 2.2205-| 72000
1.11 | 294 1.9569 | 13500 .- | 2.2682 | 102000 |-
1.37 | 501 - '2.0113 | 17000 2.3259 | 140000 ,
1.51.| 796 2.0673 | 21800 - | 2.3812 | 180000

1.56 |-1154 .| 2.1001 | 28000 2.4364 | 220000 -
1.62 | 1795 2.1205 | 32300 ...'| 2.5370 | 300000
1.1.69° 13000 - | 2.1352 | 36000 2.7255°| 450000
1.73 | 4000 2.1527 | 42000 | 2.9140 | 600000
1.78 5500. 121703 48000 3.2910°| 900000

Table-3: STEEL 08 MAGNETIC PROPERTY ‘

B [EA/m [0 [E/m) B0 [HAm)
100 0.0 1.6671740 | 3501.4087 | 1.8533932 | 11140.846
0.0493226 | 39.7887 - | 1.6799812 | 3819.7186 | 1.8675500 | 11936.620
0.2221271 | 79.5774- | 1.6908231 | 4138.0285. | 1.8795473 | 12732.395 .
0.4677219 | 119.3662 . |.1.7016828 | 4456.3384 | 1.8918014 | 13528.170
0.6443858 | 159.1549 - | 1.7066988 | 4615.4933 | 1.9033305 | 14323.944
0.8664074 | 238.7324 | 1.7116702 | 4774.6483 | 1.9142617 | 15119.719
| 1.0138164 | 318.3099 | 1.7165140 | 4933.8032 | 1.9250651 | 15915.494
1.1607398 | 437.6761 | 1.7213538 | 5092.9582 | 1.9354075 | 16711.269
1.2340496 | 517.2536 | 1.7348483 | 5570.4230 | 1.9449435 | 17507.043
1.2929994 | 596.8310 | 1.7556339 | 6366.1977 | 1.9545682 | 18302.818
1.3407906 | 676.4085 " | 1.7678689 | 6843.6625 | 1.9637000 | 19098.593
1.4248335 | 875.3522 | 1.7748412 | 7161.9724 | 1.9738631 | 19894.368
1.4854011 | 1114.0846 | 1.7922863 | 7957.7472 | 1.9810109 | 20690.142
1.5676269 | 1750.7043 | 1.8091750 | 8753.5219 | 2.0132481 | 23873.241
1.6135324 | 2387.3241 | 1.8248878 | 9549.2966 | 2.0334833 | 26260.565
1.6466752 | 3023.9439 | 1.8396224 | 10345.071 :

.Steel ”st-08” was taken into consideration because the measured at the JINR

permeability curve for the i iron samples of steel proposed for the magnet core
fabrication was more like one for the ”st-08” than for "armco”. "This can be
well seen in Fig 3. But except "armco” all the other magnetization curves are
incomplete and it is ‘not possible to use them in the saturation region where
magnetization is = constant (47rM ~ 2:.16 T for "armco”). Unfortunately, as it
could be seen below this region is of interest for the calculation the magnet in the
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Flgure 3: Steel magnetlzatlon dependence on apphed ﬁeld strength Boxes - a.rmco”
Circles - measured for steel 08, solid lme - measured |n the JINR for the steel sample

N1 from the VINCA Instltute o

workmg field range Thls means ‘one should rely only on the armco” data for
the moment until a new steel sa.mple measurement da.ta, covermg also saturatlon
region, be obtainable for the field srmulatlon
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Formulatlon of Problem
. The main goa.l of the 3D srmulatlon is a cross check w1th the 2D calculatlons
(mainly used for the field srmulatlon up to now) to ﬁnd out some possrble
) hmlta.tlons of the 2D approach :

- A constructron»of the global field map in:the median plane is con-
cerned. -It is based on ohe axial symmetrical 2D model and a set of
2D calculations in X-Y geometry (one azimuthal cross section model
for every radial pomt) The former yields the radlal distribution of-
the mean magnetic field, while the latter 51mulates the az1muthal field .

. va.rlatlon from the sector shlms e e :

~ Other trouble could arise from the end eﬂ'ects a.t the very center and[
at the extraction region of the accelerator. 2D models could give very
~_poor results due to the intrinsic 3D nature ‘of the conﬁguratlon there.




e There is also a possibility to get a new infor'ma.tion\onkthe';ha.gnetization

curve of the cyclotron magnet for various magnetic permeability of the core. .

The most realistic curves could be obtained only within 8D model of the
magnet. Several variants of these calculations are possible:

— According to Ref. [1] it is important to g'et information on "field at the
center for different currents of the main coils, without correction coils,

and without the sectors.” The aim ...is to test the operating range of-

the main coils” ‘and to compare with the data of the future magnetic
field measurements for the ma.gnet

— The same but with the sectorskm place.

o Stray field map calculation in the region beyond the extraction radius for
the particles trajectory simulation after the stripping foil.. This information
also can be obtained only with 3D magnet model due to intrinsic nature of
this field distribution produced by a combination of the round poles, 4 sector

“shims a.nd yokes of rectangula.r form and less than 360° azimuthal extension.

With the 2D models one can never get the median pla.ne tield d1str1but10n

- along the radial lines without the crossing the yokes. This information is

) needed for the calculation of the transport lines of the extracted beam and

o to) estlma.te the ma.gnetlc field env1ronment for the equ1pment s1tua.ted near
" the magnet (vacuum pumps for example)

o The field contribution of the trim coils obtained with the help of. the set of
2D models is also suspected of the possxble systematic errors. An overes-
timation of their, contribution could cause- serious problem with: the abllxty

. of the trim coils to produce a necessary 1sochronous field correctlon under

...the given power consumptlon ain nj~ ; :

‘. kThe same rea.sonmg as above could be a.pplled to the ponderomotxve force
. estimation within 2D- models. One-should be certain about the magnet
- _structure to sustain these forces when:the magnet is on. :

3 Claleulati‘orlf-Techn_i(q:ue‘sy |

The followmg computer codes for performmg ma.gnetlc ﬁeld calcula.tlons are ava.ll-
a.ble for the study SETNE ~ : -

° 3 dlmensmnal computer simulations of the maguetlc ﬁeld w1th the help of
the program TOSCA [6).

-
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. 3- dlmensxona.l computer simulations based on the 1ntegral techmque for cal-
“culation of the field’ outsxde the iron core progra.ms MAGSYS [7] at the
JINR computers

4 Computer Model’
The first computer model was constructed having in‘mind the idea to find any
problem connected with the 3D structure. The source of the 3D effects are the sec-
tor shims and not 360° yokes of rectangular form contra.ry to the axral symmetry
of the poles. To check it one should start with as simple as possible configuration
to get quick answer with minimum efforts.: If there would be some’ differences
between the 3D and 2D model with the same parameters, one should coutlnue
to enlarge and refine the 3D, model to get T more precise results “The next reﬁued
3D model in the sequence will be enriched with more deta.lled descrxptron of the
reglon arouud the medlan plane of the ma.guet

<This ﬁrst very 51mphﬁed 3D computer model of the VINCY cyclotrou ma.gnet
has-been: constructed: with:the help of the VF OPERA-3D - TOSCA :package.
The magnet configuration .with .the ‘minimum finite. element subd1v1s1on (6300
FEs, 27407 nodes for the 2-nd order FEs) is shown'in Fig 4740 : :

- One cau'see,»mr-thls«Flgure a.rpa.lr of,c1rcula,r,c01ls, 4-sector shim structure

 above the pole, horizontal and vertical yokes. For the sake of simplicity the air

gap between the sector is constant and equal to'4 cm. Also, the plug is removed.
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Figure 5: Coinputer rnodel of the magnet used for the simulation

Sector shirns are of constant helght and extended to the véry center and the end
‘of the pole. No central hole for- the ion source is mtroduced at all

It is necessary to remark that in the simulation only '1/8 of the magnet iron
was taken into consideration. This is due to the existence of the symmetry planes
with the positive and negative reflection of the field induction.vector. Th1s part

of the iron is shown in Fig 5.

5 .,‘,‘Simlﬂ'-at'ion Results

5.1 Magnet Magnetlzatlon Performance
The data on magnetlzatlon curve w1thrn above mentloned VINCY cyclotron mag-
net1c model are presented in Fig 6. : "

There is rather large difference between field levels for armco” and "st-08”
(=~ 0.1 T at J=600 A, which is an operational value for D~ acceleration). The
final calculations should be done with an approprlate B(H) curve, that implies
a new set of measurements of the cyclotron steel magnetlc property for the ﬁeld
strength up to saturation value: : .

One can also get an impression on the so-called magnet efficiency at the oper-
ational point J=600 A. From Fig 6 it is possible to define the ratio of amperturns,
"spent” to get the field in the air gap, to the total number of amperturns. In our
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Figure 6: Magnet magnetxzatxon curves; circle - armco dash lme st 08” box 2D

.model, real conﬁguratxon, "armco”; triangle - no sectors, ’armco”.

case this ratlo is about 40%, that ‘shows rather bad efﬁc1ency of the magnet (
60% of the total’ amperturns are _]ust waxsted to overcome magnetlc'reslstance of

2. - Field Survey:.at the Main Coil Current :,GOOAA Lii et

Field distributions in the median” plane is’ calculated w1th the oper 1onal£'c01l
current of 600 A within the magnetlc structure penod ¢ 0" < 90° and’ presented
in Figs. 7, 8 and 9., T PR S U JUIVE L VS NSRS NS Ly

Ihi

Maxxmum ‘hill value is ~ 2.7 T, that supports the above. made’ statement
concerning'the saturation of the sector iron. ‘Radial field dependence over ‘the hlll
has a waving form with maximums at the interface surfaces of the FE subdivisions.
These d1stortlons change their, position when the number of \FEs:is increased:in
the sector reglon This eﬂ'ect shows an: art1ﬁc1a.l nature of the wavmg In the
valley there is no such a ‘waving due to larger air gap.. ., . oo

"' To make a’comparison of 3D results with'the 2D field snnulatlon one should
perform this 2D run with the same parameters as in the 3D 51mp11ﬁed ‘model.
In Fig. 7 one can see that there is rather good agreement between.two methods -
except in the very center and at the magnet edge where the 3D structure of the. -
ﬁeld mamfests R AT i rie Do LTV i S wniere eborend
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Figure 7: Ra.dla.l field value dependence. Solid lines - hill field at ¢ = 0° and valley
ﬁeld at qS = 45° for 2D model dash lines - the same for 3D model. o .

In Fi ig. 8 one can see the 3D nature of the, magnet stray field distribution,

beyond the extractlon radits. In the rad1al range 60 cm + 90 cm the amplitude

of the second harmonic is of order 35 rnT The appearance of this harmonic as:

a result of vertical yokes of the magnet could be detected only within the 3D
model.;

In Fig. 9 the azimuthal field distributions is'shown"for three values of radius.
. This is worthwhile to ,compare some experimental data with the VINCY mag-

: ‘net calcula.tlon, usmg 3D s1mp11ﬁed rnodel

- The measured azimuthal field of the cyclotron U-200 is shown in Fi ig. 10.
The main magnet parameters of this cyclotron are close to the ' VINCY one [8]

‘ (mmlmum magnetlc ga.p = 30 mm, dlarneter of the pole = 2000 mm, number of .

sectors —4)

“‘One can see that the curve behavior in calculation and in experiment are very
similar: The top of the curves in the "hills” are not at-all flat and there are 'some

small "holes” at the edges of the ?valley”.: The hill-to-valley field value difference
is larger in the VINCY case due to the larger d1stance between the valleys (190

mm instead of 150 mm for U- -200).... an et A e

~ 'The most approprlate way of field analysrs would be in ternis of field ha.rrnomcs
amplitude-and phases.: Moreover, only the set of field harmonics matters in’ the
beam dynamics analysis. This will give some kind of smoothing for the obtained '
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Figure 8: Radial dependencres of stray field.! Solid line - hill field at’ qS =0°, long dash
line - valley field, short dash lines - hill field at ¢ = 90°.
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11



B (Teslo)

-5 5 15 25 35 45 55 65 75 85
phi{o) s

Fi igure 10: Comparison of the experlmenta.l data with the results of the 3D calculatious.
Sohd lines - measurements for the cyclotron U- 200, da.sh lines - calculation for R=85
cm.’ .

medla.n plane field map under the rather coarse grid of the 3D model.

To get feeling of possible errors, rela.ted to the finite number of subd1v1sxons
-two calculations are carried out with different numbers of grid nodes (Fig. 11).
The increased number of nodes is concentrated ma.mly near the midplane region
to get better accuracy in the working area.

This approaqh'shows asatisfactory accuracy. The large (52527) number of grid
nodes is used for the majority of calculations. However, some of the calculations
were done with the medium (27407) number of nodes.

The mean field and the amphtudes of Fourier harmonics are compared to the
2D results in Fxg 12.

One can see easﬂy that the amplitudes, except the zero order harmonic, agree
~well in both cases. The most sever problems are related to the difference in the
. zero order harmonic (Fig. 13).

In the very center the 3D curve shows pa.rabohc behavror within the radial
‘range 0 - 10 cm. Some very small field bump in the same radial range appears.
The situation is just opposite in the 2D case: some small hole appears there. To
avoid this hole the mesh has to be substantially reﬁned near the axes of symmetry

One mrght say that such an error of the order of magmtude of 5% may be
acceptable. Unfortuna.tely, it turns out that due to this error, the average field

12
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Figure 11: Field Fourier analysis. Dash lines - 8522 nodes, solid lines - 52527 nodes.
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Figure 12: Field Fourier analysis. Solid lines - 2D model,;dé.‘sh lirtes }3D model.
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Figure 13: Mean field Fourier radial dependence for 2D model and 3D models.

may differ for. 1000 Gauss in central region. The most 1mportant difference is in
the radial field gradients.

On the other hand the 2D model was used both to determine the isochronous
profile of the sectors and to trim the field by concentric correcting coils. In
both cases the required accuracy is less than 5 Gauss. Taking into account the
above mentioned difference between 2D and 3D models, these calculations become
practically useless for an accurate sector sha.pmg or field correction by trim coils.

Due to the remarkable difference in the zero order harmonic, one must do
quite some changes in the 2D computing strategy. To avoid the above mentioned
problem one should apply a variable stacking: factor for -the sector region. The
preliminary results are very encouraging. However, dealing with such an ap-
proach, first one has to clarify the 3D results and moreover to verify them with
» “experimental data. To this end, one should ﬁrst to perform comparison with as

many as possible 3D results. :

) Radlal distribution for the case w1thout sectors for various currents.

e Computatlons of the sector case with other values of maln coil current

(250 A and 900 A).

) ,The simpliﬁed model with the hill ‘to hill gap of 3lmm:(15.5 mm from
median plane) and sector to pole gap of 15mm. It is highly desirable to
-have these results for three values of main coil current (250, 600 and 900 A).

14
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Figure 14: Effect on the mean field of various air gaps.

Having in:mind the: necess1ty to get the: requlred isochronous mean magnetic
field, the effects of various modlﬁcatlons of the magnetxc structure were estlrnated
The results a.re shown in Fig_ 14. :

To get rid of the curve waving some smoothmg procedure has to be applled
to the 3D results. Firstly, the hill-to-hill air gap was reduced from 40 mm to 31
mm. This produced a constant field increase on 150 Gs <+ 200 Gs. Then the
air gap of 15 mm was introduced between the sectors and poles keepmg all the
other dimensions intact. As a result the negative ‘radial gra.dlent of the field was
substantially reduced in absolute value. This modification could be of great help
when tailoring the field performance to 1sochronous one.

Having in mmd the 3D results obtamed ‘it is clear that 1t w1ll be difficult to
form an isochronous field by the varying air gap proﬁle only The angular w1dth
of the sector could also be used for this purpose. : .

Wi

5.3 Field Survey at Varlous Maln Corl Current Values

The results of the VFourler analy51s for dlfferent main COll current are shown in
Figs 15 and '16. : '

can see that there is no such a qualltatlve dlfference like in the sector case. In

15
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Field Fourier analysis for different coil currents
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Figure 17: Mean field radial dependencies for different coil currents and no sectors in
the system. Solid lines - 2D model, dash lines - 3D model g

the region up to radius of 90 cm, the maximum error of 2D results is equal to -
2.2 %,-1:4 % and -1.5'% for the currents of 250, 600 and 900-A, respectlvely
The qualitative agreement between 2D and 3D results suggests that ‘the source &
of troubles is possrbly in the cylindrization of the sectors.

One can also mention that for the magnet w1thout the sectors and poles at -
all, the midplane field amounts to 0.24 T at the main coil current equal 600 A.
The pure coil field at this current obtamed w1th1n the 3D model is also glven in
Flg 17

6 ConCIusion '

. Calculatlons show a rather bad = 40% efﬁcrency of the magnet (~ 60% of
. _the total amperturns are just wasted to overcome magnetlc res1stance of
1ron) which leads to relatively large power. consumption. *

¢ The final calculations should be done with more appropriate ‘-B(H) data»
That implies a new set of measurements of the magnetrc propertres of iron
- for the total field strength up to saturation value. :

. Due to the remarkable difference between the 2D and 3D results of the
zero order harmonic, one must do quite some changes in the 2D computlng
strategy.

17 -



o The final ﬁeld sxmulatlon can be performed only with the help of 3D method.
9D method should be used only for a preliminary definition of the magnetic
system parameters. It is practically useless for an accurate sector shaping
or field correction by trlm coils.

e The effects of various modifications of magnet structure that are obtained
by the 3D model, can be a good basis for the required field tallormg in the
future. :

The .authors are pleased to express thelr thanks to Dr N.A.Morozov for dis-
cussing on the topics of study and help with the input data preparing for the
field simulation. The authors are also grateful to Prof.I.A.Shelaev for giving us
experimental data on the U-200 ‘cyclotron magnetic field. Mary thanks also to
Mrs.0.V.Lomakina for her help in preparmg this manuscript.
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