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KOMIIBIOTEPHBIE TEXHOJIOTHU B ®U3UKE

ITPOI'PAMMHOE ITPHWIO2KEHHE CyclSyntWin
JJIA CHHTE3A 1 OIITUMU3AIINA MATHUTHBIX
CTPYKTYP U MATHUTOB IUKJIOTPOHOB

U. @p uko, I'.I'. I'ynvbexan, U.A. He nenko

OGbeqMHEHHBI UHCTUTYT SINEPHBIX MCCIeNoB Huil, [lyoH

J1 6op topug suepHbix pe kumid OUSIUN (Iy6H ) 3 HUM eTcsd p 3p OOTKOW M CO3 HHEM HOBBIX LIHU-

KJIOTPOHOB. B H 4 11bHO# ¢ 3¢ T KuX p 3p 6GOTOK HEOOXOMUMO 3 OTHOCHUTENIBHO KOPOTKOE BpeMsl Ipo-
H JIN3UPOB Th HECKOJIBKO B PH HTOB UX M THHUTHBIX CTPYKTYP.

B p 6ore p ccm TpuB ercs p 3p 60T HHoe B 11 60op Topuu mporp MmHOoe npmwioxeHne CyclSyn-
tWin, KoTopoe IO3BOJISIET ITIPEAB PHUTEIBHO IPO H JHM3UPOB Th HECKOJBKO B DU HTOB U OIPENEIIUThH
OCHOBHBIE (DH3UUECKHE U TE€OMETPUYECKHe I P METPHl M THUTHOH CTPYKTYpBl, T KX€ C MOTO M I-
HUT LUKJIOTPOH . T KMM crocoOoM IoiTydeHHble J HHbIe MOTyT OBITh B JI JIbHEHIEM HCIOJIb30B HEI
B 3D-nporp MMHBIX HNPHJIOXEHHUSX, YTO CYLIECTBEHHO YCKOpSIeT Iporecc (pUH JIbHOTO CHHTE3 M THHT-
HOH CTPYKTYpPbl U M THHUT IIMKJIOTPOH .

Iporp mmubeM npunoxenneM CyclSyntWin MOXHO CHHTE3UPOB Th U ONTUMHU3HPOB Tb M THHUTHBIE
CTPYKTYPHI IUKJIOTPOHOB C IPSIMBIMH U CITUP JIBHBIMU CEKTOP MM, GJIU3KHE 3UMYT JIbHO-CUMMETPHYHBIM.
OTHOIIEHNE UX BO3AYIIHBIX 3 30POB B JOIUHE U B P HOHE CEKTOPOB HE JOJIKHO MPEBBII Th 3H YeHHs 25,
YIOJI CIUP JIbHBIX CEKTOPOB HE JOJIKEH ObITh Gosbine 40 ° U cpeHee M THUTHOE T10j1e He Gonee 2 Tii.

The Laboratory of Nuclear Reactions, JINR, Dubna, is engaged in the development and creation of
new cyclotrons. In the initial phase of development it is necessary in a relatively short period of time
to analyze several variants for their magnetic structures.

The paper deals with the software application CyclSyntWin developed at the Laboratory, which
allows one to pre-analyze several variants and determine the basic physical and geometrical parameters
of the magnetic structure and the cyclotron magnet. In this way, the data can then be used in the
3D software applications, which greatly speeds up the process of the final synthesis of the magnetic
structure and a cyclotron magnet.

Software application CyclSyntWin can synthesize and optimize the magnetic structures of cyclotrons
with straight and spiral sectors, close to azimuthally symmetric ones. The ratio of the air gaps in the
valley and in the sectors area should not exceed 25, the angle of the spiral sector shall not be greater
than 40 degrees, and the average magnetic field is no more than 2 T.

PACS: 07.05.Fb; 29.20.dg

BBEAEHUE

JInd cuUHTe3 U ONTHMHU3 LMK M THUTHBIX CTPYKTYp M M THHTOB LUKJIOTPOHOB NPUMEHI-
10TCs K K OoJiee POCThIe W AOCTYIHbIE Mporp MMHbIe mpuwitoxenns (Poisson [1]), T x u 3D-
NpWIoXeHus, p 3p 60T HHble KomMmepueckumu (upm Mu (ANSYS [2], Opera3D-Tosca [3],
MerMaid [4], Kompot [5,6] u T.1.).
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JI 60p Topus saaepubix pe xuuit OUAU (dy6H ) sgensercsd (pU3MUECKAM HEHTPOM, B KOTO-
poM Ob1T10 p 3p OOT HO M CO3A HO HECKOJIBKO IHUKJIOTPOHOB.

JI 6op Topusl T KXe 3 HUM ercsl p 3p OOTKOW HOBBIX IIMKJIOTPOHOB, LIEJIM U 3 J YU KO-
TOpbIX OBIB 10T P 3HbIE. B H U jbHON ¢ 3¢ T KuX p 3p GOTOK HEOOXOAUMO 3 OTHOCHTEIIBHO
KOPOTKOE€ BpeMsI PO H JIM3UPOB Th HECKOJIBKO B PH HTOB M THHTHBIX CTPYKTyp. Tpebos -
HUS K TOYHOCTU T KOIO MpeB PUTEJBHOIO H JIM3 HEBBICOKHE, T K K K JUI OKOHY TEIbHOTO
CHHTE3 BbIOp HHOH CTPYKTYphl Y IlI€ BCErO HCHOJIb3YEeTCS OJHO W3 BbILIEYNOMSHYTBIX 3D-
[IPOrP MMHBIX IPUIOXEHUH.

IIp XTMK 1OK 3 J1 , YTO NPUMEHEHUE B ] HHOM INPWIOXEHUH 3 BUCHUMOCTEH C HIKero-
K 3 HHBIMH IpeIe] MU HETOUYHOCTEH YIOBIETBOPSIET DTHUM TPEOOB HUSM.

H npepenbl HETOYHOCTEH 3THX 3 BUCHMOCTEH B OCHOBHOM BIIHSIET P 3HOOOp 3He KOH-
CTPYKTHBHOI'O PEILEHUSI M THUTHBIX CTPYKTYp, BXOSIIUX B O 3y 1 HHBIX, U OTp HUYUB €T UX
00J1 CTU NPUMEHEHUS.

P 36poc M THUTHBIX CBOWCTB HCIIOJIB3YEMOIl CT JIM I X KOHCTPYHPOB HUS MEHbIIIE BIIU-
deT H TOYHOCTb Pe3y/JbT TOB IIPUMEHEHHs STUX H JMTHYECKUX 3 BHCUMOCTEH.

B ar10ii p 60TE p ccM TpuB ercd p 3p OOT HHOE B J1 OOp TOPHM IPOrP MMHOE IPUIOXe-
Hue CyclSyntWin, KoTopoe 1o3BOJIS€T MpeB PUTENBHO PO H JM3UPOB Th HECKOJBKO B PU-

HTOB M ONPEIEIUTh OCHOBHBIE (PH3MYECKHE 1 TEOMETPHYECKHE I P METPbl M THUTHOW CTPYK-
TYpel, T KX€ C MOr0 M THHT LHKJIOTPOH .

T kUM cnocoGOM IOJIydeHHbIe J| HHble MOTYT OBbITh B JI JIbHEWIIEM HCHONb30B Hbl B 3D-
MIPOTP MMHBIX NPHIOXEHHSIX, YTO CYIIECTBEHHO YCKOPSIET Mpolecc (pUH JIBHOTO CHHTE3 M TI-
HUTHOH CTPYKTYPBI U M THUT LHUKJIOTPOH .

Iporp mmueM mpwnoxerneM CyclSyntWin MOXHO CHHTE3UpOB Th W ONTHMU3UPOB Th
M THUTHBIE CTPYKTYPbI IIMKJIOTPOHOB C NPSIMBIMH U CIIUP JIbHBIMH CEKTOpP MU, OJIM3KHE 3UMY-
T JIBHO-CUMMETPUYHBIM. OTHOIIEHHE UX BO3IYIIHBIX 3 30POB B JOJIMHE M B P HOHE CEKTOPOB HE
JOJIKHO TPEBBILI Th BEJTMYMHY 25, Yrojl cup JIbHBIX CEKTOPOB He NoJiKeH ObITh Gobure 40 °
U cpejiHee M THUTHOE Tolie He Gombiue 2 Ti.

Iporp mmuoe mpwioxenue CyclSyntWin p 60T er mom orep HUOHHOU cucTeMoit Win-
dows.

1. OIIMCAHHE CTPYKTYPBI
1 OCHOBHBIX BO3MOXKHOCTEN MPOTPAMMHOI'O ITPIJIOXKEHUS

B ocHoBy usroputM mepBoil BepcuM rporp MmHoro mnpuiioxenus CyclSynt, p 60T o-
iero mnoy ornep uuoHHOW cucremoil DOS, Bouun p Hee ONyONMKOB HHbIE Pe3YJbT Thl H -
JIN3 HEKOTOPBIX 3 BUCHMOCTEH M THHUTHBIX CTPYKTYp, 3KCIIEPUMEHT JIbHO HOJIyYeHHbIE K K H
MOJIENIBHBIX, T K U H P€ JIbHO AEHCTBYIOIINX M THUT X LHUKJIOTPOHOB [6].

B mocnegaue romgsl B 1 60p Topuu ObUIH p 3p OOT HBI M cO31 HBI HUKIOTpoHBl DC 72 s
CnoB xuu [7-11] u DC 60 gng K 3 xcr 1 [12]. T xxe p 3p 60T HO (PpU3UKO-TEXHUIECKOE
000ocHOB HHUe mpoekT HoBoro mukinoTpon DC 350 mia K 3 xer 1 [13]. B mporuecce atmx
p GoT ObUIN HOJIyYeHbI HOBBIE JI HHbIE K K B PE3YJIbT T€ 3KCIIEPUMEHT JIbHO M3MEPEHHbBIX K PT
MoJIel M THUTHBIX CTPYKTYp (II€PBBIX ABYX LIUKJIOTPOHOB), T K U 3D-p cueToB aTHX CTpyK-
Typ [14, 15]. TlomyueHHsle o HHbIE OBLTH UCIONB30B HBI IUI MPOBEPKHU M YTOUYHEHHUS HCIOJb-
3yeMbIX B [IEPBOI BEpCHM Mporp MMHoro npunoxenus CyclSynt H JUTHYECKHX 3 BUCHMOCTEH
I P METPOB M THHUTHBIX CTPYKTYD.
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IIp kTHYecK s p 6OT C TUM IPHIOKEHHEM BbI3B JI HEOOXOMMUMOCTb P CLIMPEHHS BO3-
MOKHOCTH €TO IIPUMEHEHHS 3 TP HHUIl MU MCIHOJIB3YEMbIX B HEM H JIMTHMYECKHX 3 BUCHMOCTEH.

I p CIUMpeHus 3THX Ip HUL ObUI CO3M H W TPEeXMEPHOI IPOrp MMOW PO H JIH3UPO-
B H MOJIelIb M THUTHOH CTPYKTYphI ¢ Gojiee IyOOKOil B pu LMed M THUTHOTO I0JIs (C OTHO-
[IEHHEM BO3JIYIIHbIX 3 30pOB B JIOJIMHE U B p ioHe ceKTopoB 10 25). T KuM criocobom ObLIu
nosy4eHsl B 6ojiee IUPOKOM AW I1 30HE HOBblE H JIMTUYECKHE 3 BUCHMMOCTU HEKOTOPBIX I -
P METPOB M THHUTHBIX CTPYKTYP, KOTOpPbIE BOLIJIM B OCHOBY ITOCJIEIHENH BEPCHUH MPOrP MMHOTIO
npwioxenus CyclSyntWin.

[Tporp MMHOE NpPUIIOKEHHE MO3BOJISET BHIOP Th (B BHIE ONLMH) OIMH M3 ABYX HUCXOIHBIX
I p METPOB — DHEPTHI0 MOHOB H HYKJIOH WJIM JU METp HOJIOC M THHUT , OIpENesSIOIInX
JIOTUKY p 3BUTHS p cyeT (puc.l).

B nporp MMHOM NPUIIOXEHHH MCIHOJIB3YETCS HECKOIBKO DKCIIEPUMEHT JIBHO IOYyYEHHbIX
I p METPOB, KOTOPBIE PEIKO MeHSIOTCs (puc. 1), T KXe I p MeTpbl, onpeneieH’ue KOTOpPbIX
P CCMOTPEHO HHXE.

H puc.2 H migaHO NOK 3 HO ompefeseHre NepBoro U3 ®THX I P METPOB — OTHOLIEHHE

MePTYpbl M THUTHOM CTPYKTYphl BeAper K BepTHK JIbHOMY p 3Mepy mydk BeDim.

= Isochronous Cyclotrons Magnet Synthesis

Irput data | Resuls | Saved resuis |

~Select the Initial Parameter for Calculation -
 on Energy per Nucioon ~ Cycloton Pole ismeter

Im
_T/ml_ {0,

Extraction Radius to Pole Radius Ratio

Puc. 1. Oto0Op XeHue OKH BHIOOP HMCXOAHOTO I p METP MPOTP MMHOIO NMPHIOXKEHHUS U ONpeneeHust
9KCIIEPUMEHT JIBHO MOJYYEHHBIX I P METPOB

CorCoDim

Puc. 2. H msanHoe oToOp XeHHe I p METPOB MydK W M THHTHOW CTPYKTYpPBI LIMKJIOTPOH
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~Insert Input Data

Necessary lon Energy per Nucleon MeV/ul | |2.775
Average Magnetic Field on Extraction Radius M| |1.5341
lon Atomic Mass 129
lon Charge |18
Symmetry Number of Sectors Structure [3, 4] S— L
Spiral Angle of Sectors on Extraction Radius [degree] |0
Vertical Betatron Oscillations 1]0.357
Aperture for lons Beam _ [mm] |60
Vertical Dimension of Correcting Coils under the Sector [fmm]_ {20
Conductor Material of Main Coil [Cu, All Cu

Puc. 3. Otobp XeHHe OKH oOIpefeeH:s] BXOAHBIX IT P METPOB MPOTP MMHOTO IPUJIOKEHHS

ITnotHOCTE  Mnep-BUTKOB kATugens ONpenensercs K K OTHOLIEHHE BETMYMHBI —MIEp-
BUTKOB OIHOW M3 [IByX K TYIIEK OCHOBHOW OOMOTKHM K IUIONI U T€OMETPHYECKOTO CEYEHHs
9TOM K TYLUKHU.

H cnenytomem 11 re 3 g ercs eile HECKOJIBKO BXOAHBIX I p MeTpoB (puc. 3). Omnpenene-
HHUE IBYX M3 HUX, MEpTYphl ATd Mydk BeAper v BO3IYIIHOTO 3 30p WIS KOPPEKTHUPYIOLINX
K Tymek CorCoDim, T KXe H DISAHO OTOOp XeHO H pHC. 2.

IMTocne BBOX BceX BXOAHBIX I P METPOB M 3 IYCK P CYET IPOTP MMHOE NPHIOXKEHHE BbI-
I €T H ®Kp HE OCHOBHYIO U CTh PE3YJbT TOB P CUET K K (PU3MUYECKHX, T K M TeOMETPHUYECKHX
I P METPOB M THUTHOH CTPYKTYpHI U I1 p MeTpoB I1I-00p 3HOro M rHUT LMKIOTpPOH (puC.4).

IMonueiit H 6GOp Bcex pe3y/ibT TOB p cYeT (B TOM YHUCJIE M FEOMETPHYECKHX I P METPOB
M THUT OpOHEBOIO THI ) MOXKHO, II0 YCMOTPEHHUIO MOJIb30B TeJIsl, 3 MUC Th B CO3/ HHBIN s
®TOTO TEKCTOBOM JOKYMEHT.

BonpIMHCTBO M3 3THX I P METPOB BBIYMCIISETCS MO OOIIEN3BECTHBIM (DOPMYNT M, HO s
HEKOTOPBIX M3 HUX HCIOJB3YIOTCS H MM ®KCHEPHMEHT JIbHO IOJydEeHHbIE H JIMTHYECKHE 3 -
BUCHMOCTH.

JIng ompepeneHus 3 BUCUMOCTH OTHOILUEHMS BO3OYLUHBIX 3 30pOB B JOIMHE U B P HOHe
CEKTOPOB dyall,hill M THUTHOM CTPYKTYpPBI OT CPEHEro M THUTHOro nonst B u ¢n trep F' uc-
MoMb3yeTcst (YOpMyIT  BUI

dyan,hin =
hothy x 1 (B) + hy x (In(B))? + ha x (In (B))® + hs x In (F) + hs x (In (F))?)
- (L + ho % In (B) + hr(In (B))? + hs x (In (B))® + ho x In (F)

B npouecce cp BHEHUS A HHBIX OTHOLIGHHUS BO3IYIIHBIX 3 30pOB B JOJUHE M B P HOHE
CEKTOPOB dyall hill, MOMYYEHHBIX IO 3TOH 3 BUCUMOCTH, C 3KCIIEPUMEHT JIbHBIMU JI HHBIMH
ObUT OMpefeneH HETOYHOCTh MX BBIYMCIIEHHS B mpeden X +23 + —9%.

H puc.5 orobp XeHO rp ¢puyeckoe MpeicT BICHHE 3TOW 3 BUCHMOCTH.

3 BHCHUMOCTb BEJIMYMHBI MIIEP-BUTKOB H €IMHHIY BO3LYIIHOIO 3 30p B p HOHE CEKTO-
poB AmTurp;;; OT cpelHero M rHETHOrO MO B M OTHOLIEHHs BO3AYIIHBIX 3 30POB B JIOJIMHE
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= Isochronous Cyclotrons Magnet Synthesis

Input ot Resubs | Saved resuls |
~Physical Data

Total lons Energy at the Extiaction Hadius
Coefficient of Magnetic Field Growth
Vertical Betatron Dscillation

Veitical Dimension of lons Beam

Total Hill Air Gap on Extraction Radius

TR ETTIT e T —TY

Cyclotron E xtraction Radius [m]
Cyclotron Pole Diameter : [m] |
Vertical A of M i [Pi.mm. mrad]
Radial Betatron Oscillations

Fluttes

Cyclotron Center Magnetic Field Tl
Radial Growth of Isochronous Magnetic Field Im
lon Frequency IMHz]
Valley Air Gap [mm]
Center Probe Air Gap [men]
Valley Air Gap to Hill An Gap on Extiaction Radius ]
Main Coils Ampere-Tums TeAtuins] |
Main Coils Input Power kw1

~Geometrical Data

T —

H-shape Magnet Height [ml_ | {312 (315 319
H-shape Magnet Width [m] 274 2N 267
H-shape Magnet lron Weight U] 309 307 304
H-shape Magnet Yoke Cross Section Im2] | |2.441 (2410 (2379
Main Coil Cross-Section Width [mm] 381.2 3899 399.0
Main Coil Cross-Section Height [mm] 3812 3839 3330
Main Coils Conductor Weight ] 161 (167  (17.4

Puc. 4. Otobp XeHue OKH pe3y/IbT TOB CHHTE3 M THUTHOW CTPYKTYPBHI U M T'HHT LMKJIOTPOH

U B p HOHE CEKTOPOB dyall,hill M THUTHOH CTPYKTYpbI OIpesiesgercs 1o ¢opMyie BUL

AmTuryy = by + bl/(l + ((B - bg)/b3)2) + b4/(1 + ((dvall,hill - b5)/b6)2)+
+b7/((1+ ((B = b2)/b3)*) x (1 + ((dvaninint — bs)/bs)?))-

B mpouecce cp BHEHMS I HHBIX MIIEP-BUTKOB H €IUHHILY BO3AYLIHOIO 3 30p B P HOHE
cextopoB AmTuryj);, MOIy4eHHBIX 10 9TOM 3 BUCHMOCTH, C DKCIEPUMEHT JIbHBIMHU JI HHBIMHU
ObUT OIpedeneH HeTOYHOCTh MX BBIYKCICHHS B mpenen X +8 + —5 %.

H puc.6 orobp XeHo rp ¢pryeckoe NpeiacT BISHUE dTOW 3 BUCHMOCTH.

MOoIIHOCTh 1OTEPh B OCHOBHOW OOMOTKE M THUT POw 3 BHCHUT OT YIEIbHOIO CONPOTH-
BJIEHUS NPOBOIHUK  Pcond, AU METP NOMOC Dpole, KOJIUYECTB  MIIEP-BUTKOB B OCHOBHOM
oomotke AmTur, KO3(pUIIMEHT OTHOIIEHHS IMUPUHBI CEYCHUST OCHOBHON OOMOTKH K BbI-
coTe Keojl, TWIOTHOCTH MIep-BUTKOB KATUgens OCHOBHOM 0OMOTKM H 1 MM ee ceueHus,
KO3(phULMEHT 3 TOJHEHUS MMPOBOAHHKOM cevyeHus] oOMOTKH Condgens M olpenensercd 1o

thopmyne Buz

kAr]:‘udens

Condgens .

kcoi
Pow = pcond™ | Dpole + <5 -10~7 AmTur m) AmTur
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Ay, hit

Puc. 5. I'p cuueckoe TpeacT BIEHHE 3 BHCHMO-
CTU JUISl OIIpeeIeHNs OTHOIIEHHS BO3MYLIHBIX 3 -
30POB dyall, hill

—_ NN
wm S W

10

AmTury,, kA - Turns/mm
W

(=]

Puc. 6. I'p ¢uyeckoe Mpeact BiI€HHE 3 BUCHMO-
CTH JUIS ONpENESICHUS] MIICP-BUTKOB H  EIUHHUILY
BO3yIIHOro 3 30p AmTury; B p HOHE CEKTOPOB

BenuuuH mnepen g ypoBHEH M IHUTHOIO IOJS B P HOHE CEKTOPOB U B AOJIMH X M I-
HUTHOU CTPYKTYpPHI FieDifyj11 vall OT CPEAHEro M THUTHOIO 10JId 53 M OTHOIIEHUS BO3IYIIHBIX
3 30pOB B J0JIMHE U B P ioHE CEKTOPOB dya1 hinl ONpefendercs 1o Gopmyie BUi

FieDif i, vanl =

_ kot keB+kin (dvan nin) + ke B? + ks(In (dyan nin))? + k10 B In (dyan,nin)

1+ k1B + ks In (dvan,nin) + k5 B2 + k7(In (dvan,nin))? + k9B In (dvaii nin)

B npouecce cp BHeHMs I HHBIX Iiepemnl A ypoBHeidl M ruutHoro mnoms FieDifyi van B
p HOHE CEeKTOpPOB M B JOJIMH X M THUTHOM CTPYKTYpbI, HOIIy4€HHBIX MO 3TOW 3 BUCHMOCTH,
C 9KCIIEPUMEHT JIbHBIMH JI HHbIMU ObLI OIpeielieH HETOYHOCTh MX BBIYMCIIEHHUS B Ipejie-

a1x+8+—-6%.

H puc.7 orobp XkeHo rp ¢pudeckoe NpeicT BIEHHE 3TOW 3 BUCHMOCTH.

—_
W

FieDify o T

Puc. 7. T'p ¢uyeckoe npeiact BieHHe 3 BUCUMOCTU VISl OIpeleseHUs Iepel J YPOBHEH M I'HUTHOIO
10JI B p MOHE CEKTOPOB U B JOJUH X M THUTHOH cTpyKTypsl FieDifhi van
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JI1 OLEHKH BIMSHMS BHIOOD TEOMETPUHM M THHUTHOM CTPYKTYphl H B KyyMHBIE IOTEpHU
myyk Bbrumcigercs Koagdunnent VacLosCoef, BeudnH KOTOpPOro 3 BUCHUT OT B KyyMHOH
nosepxHocTH VacSurface 1 OT M KCHM JIBHOTO P AUYC BBIBOA Rextr:

VacLosCoef = VacSurface X Reyxir-

ITnour ju ceuennit EquivalentYokePlane croiiku u 6 nxku [11-06p 3HOro M rHUT 3 BHCST
ot mronr v nomoc MagnetPolePlane, cpenHero M THUTHOTO 1o B ¥ BHIOD HHOTO YpOBHS
M rHuTHOrO nonst YoFldLev B cToiik X M 6 JIK X M THHT M Ul T KOTO THII M THHUT OIpe-
IensioTes no opMmysie BUA

MagnetPolePlane B
2 YoFldLev'

Equivalent YokePlane =

DT BeIWMYMH B WUTOTE ONpenesisieT reoMeTpUIecKre p 3Mephl U Bec M THHUT . H misagHOe
0oTo0Op XeHue TUX ceyeHuii i 111-o6p 3HOro M rHUT MOK 3 HO H pHuc. 8.

ITnom jnp ceuenust EquivalentYokePlane KoJjiblieBON CTOMKH M KOJIbLIEBOW O JIKH M THHT
«OpoHEeBOro» THUI 3 BUCHT OT Iutoul au mnomoc MagnetPolePlane, cpenHero M rHUTHOrO
nosd B, BeIOp HHOTO ypoBHI M THUTHOTO 1o YoFldLev B KoJbIeBoii CTOMKE W KOJNBLEBBIX
6 JIK X M THUT M I T KOTO THII M THUT OHpelessercs no gopmysie

EquivalentYokePlane = MagnetPolePlane i
YoFldLev
H misgHOe 0TOOp XeHHe 9THX CedeHuit i «OpOHEBOro» M THHT TMOK 3 HO H puc. 9.
ITonoxeHue OCHOBHOH K TYIIKH OTHOCHUTENIBHO Kp 5 IOJIIOC M MEIM HHOH IUIOCKOCTH
OIpeNesieHO BBICOTON ee cedeHHs (BepTHK JIbHBIM p 3MepoM). H DIsSmHO 3TO mpUBEneHO H
puc. 10. T xum o6p 30M, ompeneieHo T Kxe moyioxeHue 06 yiok III-06p 3HOro M THUT W
KOJIBLEBBIX O JIOK M THUT «OpPOHEBOTO» THUI OTHOCHUTEIbHO MEIH HHOM IUIOCKOCTH.

Equivalent yoke plane Equivalent

yoke plane

Equivalent yoke plane yoke plane

Magnet pole plane

Puc. 8. H msannoe otoOp xenue ceuenuit 6 1ok, Puc. 9. H msanHoe oTo6p XeHue ceueHUil BepxXHeii
CTOeK U Iuioml au nosmtoc III-00p 3HOTO M THUT KOJIBIIEBOM O JIKHM, KOJIBLIEBOM CTOWKM M IUIOIN IHA
LOUKJIOTPOH MOJIOC M THUT LHKJIOTPOH «OpPOHEBOTO» TUI
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0.4 x Coil £
; idth —
0.4 % Coil CroSect widt =
CroSect height +
' 2
T
o
gﬁ 4 _._l")‘_‘.._—
N5 s
S
Puc. 10. H rsgHOe oToOp XeHHe olpeneieHus Puc. 11. H mapHoe otobp XeHue orpe-
nonoxenus 6 Jox u croek III-06p 3HOro M THUT JeNieHus IMpUHBl O ok U croek III-

HUKJIOTPOH 06p 3HOI'O M THUT LHUKIOTPOH

T'opu30HT JIbHBIN p 3Mep CeYeHHUs] OCHOBHOM K TYLIKU OIpenendeT nojoxenue croexk LI-
0o0p 3HOrO M THUT OTHOCHTENBHO €ro BEPTHK JIbHOW OCH (P CCTOSIHUE MEXJIY CTOHK MH),
K K IIOK 3 HO H puc. 10, T KXe BHYTPEeHHHH p JAUYC KOJIBLIEBOW CTOMKH M T'HUT «OpoHe-
BOr'o» THUII .

Omnpeznenenne p 3Mep IUIUPUHBI CTOMKH, T KxXe O jku [II-00p 3HOro M rHUT TNpHUBEIEHO
H puc.11.

Puc. 12. H misgHoe 0TOOp KEHHE OKH TeOMETPUYECKHX U BECOBBIX I p MeTpoB I11-06p 3HOTrO M THUT
LUKJIOTPOH U OCHOBHOM K TYIIKH

IMocrne orpejiesieHUs] BCEX TeOMETPHUYECKHUX P 3MEPOB MOXKHO C TIOMOIIbIO U3BECTHBIX (POP-
MYJ P CCUHUT Th OCT JIbHBIE Il P METPbI M THUT , T KHe K K BecC u jpyrue. HekoTtopsie 13 HUX
BBIBOISITCS H 9KP H KOMIIbIOTep (cM. puc. 12).

3AKJIIOYEHHE

P ccmotpennoe B p 6ore mporp mMmHoe mpwioxenue CyclSyntWin nozsomser mpeas -
PUTENBHO NMPO H JIM3UPOB Th HECKOJBKO B PU HTOB M ONpENETUTh OCHOBHbIE (hU3MUECKUE U
reoOMeTpUYEcKHe I P METPBl M THUTHON CTPYKTYpPBI M C MOTO M THUT ULHKJIOTPOH .

T kUM cnocoboM TMoJTydeHHbIE [ HHbIe MOTYT OBITh B [ JIbHEWIEM HCHONb30B Hbl B 3D-
MIPOTP MMHBIX NPHIOXKEHHSX, YTO CYIIECTBEHHO YCKOPSIET Mpolecc (pUH JBHOTO CHHTE3 M I-
HUTHOU CTPYKTYPhl U M THHUT LHUKJIOTPOH .



IIpoep mmmuoe npunoscenue CyclSyntWin ona cunme3 u onmumus yuu 319

B p 6oTe npenct BiIeHBl H JIMTHYECKHE 3 BUCHMOCTH I P METPOB M THUTHBIX CTPYKTYP,
KOTOpbIe ObUTH TOJyYeHBI B pe3yabT Te oOp OOTKHM O 3 I HHBIX pe JbHO p OOT I0IMUX WU
MPOEKTUPYEMBIX IUKJIOTPOHOB.

Iporp mmueM mpwnoxerneM CyclSyntWin MOXHO CHHTE3UpOB Th W ONTHMU3UPOB Th
M THUTHBIE CTPYKTYPbI IIMKJIOTPOHOB C NPSIMBIMH U CIIUP JIbHBIMH CEKTOpP MU, OJIM3KHE 3UMY-
T JIbHO-CUMMETpUYHbIM. OTHOIIIEHHE MX BO3AYILIHBIX 3 30pPOB B JOIMHE U B P HOHE CEKTOPOB
HE JIOJKHO TPEBBILI Th BEIMUUHY 25, Yroj CIUp JIbHBIX CEKTOPOB HE JOJIKEH ObITh OoJIblie
40° u cpenHee M rHUTHOe Mose He 6ombuie 2 To.

B JI 60p Topun siepHbix pe kuuii OUSIM yXe HECKOJIbKO JIeT HCIIOJIb3yeTcsl ®TO Ipo-
IP MMHOE NPWIOXEHHE B K YeCTBe NpeB PUTEIBHOIO CHHTE3 U ONTHMH3 LM OCHOBHBIX
I P METPOB M THHUTHBIX CTPYKTYP U M THUTOB LIUKJIOTPOHOB.

Hcnonp30B HEE TOr0 MPHIOXKEHHS MOATBEPXKA €TCS CP BHEHHEM €ro pe3ylbT TOB C pe-
3yneT T MU 3D-p c4eToB M C 1 HHBIMH, 3KCIIEPUMEHT JIbHO IIOJyYeHHBIMH H CO3]l B €MBIX
YCT HOBK X.

Iporp mmuoe npuwioxenue CyclSyntWin p cnpoctp HsieTcs 6eciut THO. YTOOBI ONTYyYHTh
JOCTYIl K HeMy, HEOOXOAMMO CBSI3 ThCS C BTOP MM CT ThM, KOHT KTHBIE ]| HHbIE KOTOPBIX
npusenensl H http://flerovlab.jinr.ru/finr/staff_list.php.

Bonee netr npHOE OmMUC HUE JITOPUTM TPOTP MMBI, MEPEMEHHBIX, KO3((UIUEHTOB H -
JIUTUYECKUX 3 BUCUMOCTEH M yp BHEHHUH IOK 3 HO B NPHIOXEHUHU.

NPUIOXKEHHUE

Iporp mmuoe npunoxenne CyclSyntWin p cnpoctp Hsetcd 6ecrn THo. [Ipunoxenue p 3-
p 6ot HO B mporp MMHO# cpene Delphi. g BH3y Iu3 LM €ro pe3yibT TOB, T KXe€ I
C MOTO TEKCT IPOrp MMbI MCIIOJIB30B JICd HIJIMHCKU s3bIK. T KuM 00p 30M ObUIM p CIIU-
PEHBI BO3MOXKHOCTH 00Jiee HIMPOKOTo JOCTYIl K J HHOMY IPUIIOXEHHUIO.

Huxe npencr BieHsl BxoaHble 1 HHble npuioxenus CyclSyntWin ¢ yk 3 Huem ux o6o-
3H YeHHd B HCXOJHOM TEKCTe Iporp MMbl. Il jiee ClIefyloT KOHCT HThI, KO3((UIMEHTH H -
JIUTUYECKUX (PYHKLHMH M ¢ MU (PyHKLIMH, KOTOpPBIE IIPIMEHEHBI B ITPOTP MME [UISl BBIYUCIICHUS
YK 3 HHBIX JI HHBIX.

Experimental Constants

Beam Aperture to Vertical Beam Dimension Ratio = becoef
Magnetic Field Level in Magnet Yoke [7] = YoFldLev
Inaccuracy of Magnetic Field Formation [7/m] = dB;nace
Width to Height Ratio of Main Coils Cross-Section = WiHeRat
Ampere-Turns Density per mm2 of Main Coils Cross-Section [AmpTurns/mm2] = kAT Ugens
Space Factor of Cross-Section of Main Coil by Conductor = Condgens
Ratio Coefficient of Extraction Radius to Pole Radius = Tcoef

Input Parameters

Necessary Ion Energy per Nucleon [MeV/u] = Tion,nucl
Supposed Average Field on Extraction Radius [T] =B
Ion Atomic Mass =A

Ion Charge =q;



320 @Dp mHko ., TI'ynvbexan I'.T"., He Henko H. A.

Symmetry Number of Sectors Structure (3, 4) =N
Spiral Angle of Sectors on Extraction Radius [degree] = &deg
Vertical Betatron Oscillation =,
Aperture for Ions Beam [mm] = Beaper
Vertical Dimension of Correcting Coils under Sector [mm] =Corco Dim
Conductor Material of Main Coils (Cu, Al) = Cu
Constants

mu = 1.660538782E-27 Atomic Mass Unit *

c = 299792458 Light Velocity *

e = 1.602176487E-19 Electron-Volt *

ResistCu = 0.0196 Cu Specific Resistance

ResistAl = 0.03197 Al Specific Resistance

WidthCoef = 0.1 Magnet Yoke Width Extension Value

WeFeUnit = 7800 Fe Specific Mass

WeCuUnit = 8900 Cu Specific Mass

WeAlUnit = 2170 Al Specific Mass

* http://physics.nist.gov/cuu/Constants/index.html

Analytical Function Coefficients
hg = -3.3870461 Function Coefficients:
h; = 3.8867933 dvalley/dhill = f (B, CorrFlutt) [ ; T, ]
hy = 0.41973313
h3 = -7.3487012
hy = 3.1914273
hs = 0.39757636

hg = 1.4210509

hy; = 2.9395

hg = 1.7711816

hg = 2.3284448

bg = 10.861889 Function Coefficients:

by = -289.23006 kAmpTurns/Sector Air-gap = f(B, dvalley/dhill) [kAmpTurns/mm; T,]

by = 2.2198545

bs = 0.28540518

by = -22.510264

bs = 80.353384

bg = 72.891167

by = 651.48818

0.001844899 Function Coefficients:
-1.0778569  FieDiffSectVall = f (B, dvalley/dhill) [T; T, ]|
-0.00085883606

-0.011408802

ks = 0.23317092

ks = 0.41351787

kg = 0.00048921454

k7 = 0.003162237

~ =~~~
MO O
LI | |
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kg = -0.04179965
kg = 0.043875015
kio = 0.14439138

Formulas
Angle Unit Transmission
frad = fdeg X 71—/180
Half Vertical Beam Dimension
z = Beaper/(2 X becoes) [mm; mm]
becoef = BeAper/BeDim
Quiet Ion Energy
To = A x my x ¢?/(e x 10%) [MeV;]
Gap Between the sectors
dniny = 2 X becoef X 2+ 2 Xcorco Dim [mm;]
Procedure “CalcEnergy”, (Tion,nuc Input Parameter)
Total Ion Energy
Tion = Tion,nucl X A [MeV;]
Coefficient of Radial Magnetic Field Increase
k= (Tion/T0)2 +2x (Tion/TO)
Extraction Radius
Regir = (Axmyxc) /(g xexB))x \/(((Twnx 106xe) / (Axmyxc?)) +1)°> =1 [m;]
Centre Magnetic Field

Beent = B/\/1+ (€ % ¢; x B x Reqtr/ (A x my x ))° [T:]
Ions Frequency
fion = Beent X € X q;/ (2 x m x 10% x A x my) [MHz;]
Pole Diameter
Dpole =2X Reztr/rcoef [m;]
Vertical Magnetic Structure Acceptance on Extraction Radius
A, = v, X 22 X 103/ Reyyr [pi.mm.mrad; mm, m]
Field Forming Inaccuracy
kinace = Rextr/B X dBinace
Corrected Coefficient of Radial Magnetic Field Increase
kcorr = k + Kinace
Flutter
F=(N?=1) /N?x (42 + keors) / (1 +2 x tg%€)
Radial Betatron Oscillation
Vr = /(L4 keorr +3 x N2/ (N2 = 1) x (N —4)) x F x (1 + tg2))
Valley to Hill Air Gap
dyall hill =
(ho 4y x In(B) + hy x (In(B))? + hs x (In(B))* + ha x In (F) + hs x (In (F))Q) /

(1 +hg x In (B) + hz (In (B))? + hs x (In(B))® + hg x In (F))

Valley Air Gap
dyaltey = dvail,hitt X dnin
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Ampere-Turns per Hill Air Gap
AmTurpy = bo + b1/ (1 + ((B — ba) /bs) ) + by/ ( + ((dvait,hitt — bs) /55)2) +

br/ ((1+ (B = 52) /05)°) x (14 (duatihinn = b5) /56)°) )
Ampere-Turns
AmTur = 103 x AmTU’I‘h,ill X dhm
Main Coils Power
Pow = peong X T X (Dpole + \/(5 x 10~7 x AmTur x kcoil/k‘ATudem)) X
AmTur x kAT ugens/Condgens
Radial Field Difference
diBrad =B - Bcent
Hill-Valley Magnetic Field Difference
FieDi fsect,vatt = (ko + ka2 X B + kg X In (dvau,ninr) + ke x B* + ksx
(In (dvall,hill))Q + k1o x B x In (dpaiinir))/ (1 + k1 X B + ks x In (dyau,pin) +
ks x B? + k7 x (In (dvall,hill))Q + kg x B x In (dyait,nitt))
Hill Magnetic Field
Bsect =B+ FZ’eDifsect,vall/2
Valley Magnetic Field
Bvall =B - FieDifsect,vall/2
Ampere-Turn for dyaizey,nit = 1

AmTuravaupin= = bo + b1/ (14 (B =b2) /65)*) +ba/ (14 (1 = bs) /b6)”) +
br/ (14 ((B = b2) /2)?) > (14 (1= bs) /)" )

Vacuum Losses Coefficient

VacLosCoef = VacSurface X Reyir

Procedure “CalcDiameter”, (R.,,Input Parameter)
Total Ions Energy

Tjon = My % 2/(10° x €) x (\/(B X Regtrr X @i X €J(A X g X 2+ 1) — 1) [MeV;]
Centre Magnetic Field

Beent = B/\/l + (e X ¢ X B X Regtrr/ (A X my X c))2 [T:]
Axial Magnetic Structure Acceptance on Extraction Radius

A, = v, x 22 x 103/ Restrr [pi.mm.mrad; mm, m]

kinacc = Rextr,r/B X dBinacc

VacLosCoef = VacSurface X Regir,r.
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