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Tbe magnetic system of the cyclotron DC-l is a 4-sector structure 
with superconductiDg coils /1/. Parameters of current and ferromagnet­
ic elements of tbe sector magnet were cbosen by calculation using the 
prograllllle for calculati on of J-dimensi onal. magnetic systems by tbe 
metbod ot integral equations / 2/. 

Tbe stress analyBis of the magnetic system elements was carried 
out on t he computer realizing the met hod ot F £ on a 2-dimen&10nal 
tri angular mesb / 3/, Tbe edge probl em of the str ess theory i s solved 
for the fl a t s t r essed sta te. This problem consists in de terminati on 
of t he displacement tield Ui • deformation field &ij and stress f ield 
6'ij by t he given properties of mat erials and dis t ribut i on of forces. 

The probl em is s olved by liDding t he minJ.mum ot the integral 
value rela t ed t o work of s t r esses and tbe applied external load. 

The f oll owing equation is solved in t he programme: 

I ( [ K t ] {uJ+ ( ftJ ) : 0 
t. 

where a sum i s cal culated OJ elements of quantities 

fK t ] = [ Be] i [De] [B el t -s 
wbere [8 eJ is the torm matrix, [ J) t] contains el astic constants of 
the material, t and S are the t hiclmes s and area ot the element, 
{U} 	 is the tensor of node displa cements, 


{f !J= [8 e]T[DJ{Eoy.t-.r-{pe} 

wbere £0 = J. -A T{!J, is the coet!icient ot temperature deforma ­

tions, AT i s the temper a t ure diff erence, pi: ar e the forces in tbe 

nodes of mesh , 
The structure of the eleotromagnet sect or is sobematically drawn 

in Pig. 1. The sector electromagne t cons i s ts of a o-shaped yoke made 
of CT-10 steel, In the magnetos tatic calcul ati ons the current ooil 
is divided into tbe el ements . Distribution at pondermot1ve forces 
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Table I, 

Material 	 E, JIll/JIf- Poisson'S Temperature
ratio coefficient 

Stain1ess steel 2'105 0,25 0,11'10-4 
12X18Hl 0T 

!MrS 	 0,7 '105 0,3 0,138 ' 10-4 

Copper M1 O,12S'105 0.35 0. 115'10-4 

Nb Ti /cu /5/ 
(0, 11 - 0.2)'105 0,33 0,083'10-40,)/0,7 

alang c1r cui t A (Pig, 1) for all four elements of the current c011s 
is almost tho SflllHt. thoref ore the pressure of magnetic f orces i s 
taken uniform und 8qunl to 7.5 MN/Pl-, which maximally exceeds t he 
ca l culated torce by 20 per cent, 

Atter a preliminArY deSign analysiS of the current coils attach­
ment it was sugguoted that the coil should be divided vertically into 
7 s ect10nn, :ltrgsuOIJ in structure elements of a coil section were 
analysed tor two croas sect10ns. A possibility to use sta1n1ess steel 
12X18H1 OT Md uluminiuDl alloy AKr5 as construction materials was 
analysed. Tho properties of those materials are given in Table 1 /4/. 
The theru~11 detormution coefficient is given for temperature changing 
by - 3000 K, 

u) GrOHO Il00 \10n of a Section 
'rho il hl).P8 ot t he cross section of a current section i s shown in 

Fig, tI . Thll IlUfTCJl t region I is a dense winding 50 DIll wide wound as 
2a eupurconduoting 3.5'2.0 mm bus, isolated by fiber glass braiding 

w1UI \11"')(3 rOlJin empregnetion, The coil is wound by two-layer wafers 
on the holuer' J I with a thin membrane III over t he whole internal 
rejJilUII Il f Lho oect ion, The externa l loop of the coil 1s cl osely em­
b.I-I\I~ II'1 by tbo band IV fastened to the holder by plates V. In the ana­

lysis we took into account cooling by 

-300~ and pondermotive forces unitorm­
ly distributed over the current coil 

_ °1 " 
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Fig. 2. Shifts of the cross section or 
the current section (the scale 1s given 
in the :Pig.), The common boundary ot 
regions I and II for materials: 

- '-'- .AKr5 • 
---- 12X18H10T, 

' . • "T,;l 
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Table II. 

Number of configuration I II III IV parame t er 

a ( mm) 30 10 10 101 
a2 (1DIIl) 30 10 20 20 

a ) ( mm) 3 3 3 4 
a4 ( mm ) 6 6 6 6 I 

and directed against the X -6%1.s. There is a cross section t hrough 

the co mmon boundar~es of r egions I-V and I-II. The cal cula t ed dimen­
sions of the construction elements are given in Table II. 

Analysis of configuration I have shown that di mensions a., and 
a~ are l arge, because deforma t i on of the band and the holder are in­

s i gnj.!icant and the main stresses in t he m do not exceed 80 MN/pf- . At 
t he same t i me at the boundary of regions I-II a 0.05 rom gap i s possi­
ble due to t ens i on of t he connecting pl a te V. Reducing a, and toa 2 
10 mm (configurati on II ) leads to the fac t that the holder, a f f e cted 
by forces, is deformed, as is shown in Fig . 2a. The use of t he alloy 
AMr 5 as a construction material results in worse deformation, and t he 
gap between the current region and the holder reaches 0.18 rum. Note 
that the band bending does not exceed 0.01 mm for the materials men­
tioned. Increasing to 20 mm leads to a significant decrease of thea 2 
band bendi ng (Fig . 2b ), and increas ing a ) to 4 mm decreases lenghten­
ing of t he plate V. As i s seen in Fig . 3b, the gap for the current 
region and the holder is 0. 0) mm for the alloy AUr5, and t here is 
prac tically no gap f or s t ainless s t eel. Since t he current coil is 
covered with epoxy r esin and g l ued to t he surrounding material , there 
is no calculated gap , but insi gnificant stresses a ppear in epoxy res in. 

XO<I 

0; 

0.3 

0 2 

!'''I' 

'b,.JL.uJ:! l i ~..' 50 -----w- io [jo----g{f" iil Ifb - i20 flo 00-

Fig. 3. Longi t udinal sec t ion of t he current section. shif ts of pOints 
of contours of the estimat ed d iviS i on int o elements. 
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Table I l l. The main stresses 01(Ml~/Mf) in the regions marked by 
figures in Fig. 2a. 

Conf i guration II Configuration I V 

No Allr 5 12X18H10T AMr 5 12X18H1OT 

1. 103 100 100 99 
2. 102 98 98 96 
3. 185 185 100 105 
4. 158 155 70 75 

The maximum calculated main stresses in the construction regions 
marked by 1-4 in Fig. 2a , are given in Table III. One can see that 
the main stresses do not exceed the pe rmissible range for configura­
tion IV. 

b) Lon.gi t u.dinal Secti on of a Section 

The analys is region of the l ongitudinal section is shown in 

Fig. 3. The dashed l ine is the scaled-up configuration after cooling. 
The f igures mark the su.bregions wi th different properties of materi­
als; analogous ones are shown in Fig. 2. The construction will be ana­
lysed by the graphs of the main stress dependence on the length along 
t he f ol lowing contours: (i) the middl e line of the band; (ii ) the 
middl e line of the current coil; (iii) the middle l ine of the holder. 
Pondermotive are normal to circuit A. Fig. 4 represents distribution 
ot the main stress which oocurs under the effect of magnetic forces 
and temperature def ormat ions in configurations I and IV when stainless 

Fig. 4. Distribution of the main 

stress @' l' along lines 1,2, J tor 
configurations I -x- x- and 
I V -.-.- • The dasbed line is 
the compressing str ese for confi­
guration IV ( ff 2)' 
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Fig. 5. Tbe s ame for the alumi ­
nium alloy AIlr'5. -~-+- con­

figuration II. - '-'- configu­
rat ion IV. 



Fig. 6. The main stress in Fig. 7. The same for the 
configuration IV without allow­ aluminium alloy AMr5. 
ance for pondermotice forces. 
The dashed l ine is the compr es­
sive stress ( (j 2). 
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Alenit s ky Y.G. et al. E9-85-608 
Construc tive Elements Stress Analysis of Deuteron Cyclotron 
DC- l Magnet ic Sys tem 

Th e s tres s probl em is calculated f or structural elements of the magnetic 
system o f the four- sec tor deu t e ron cycl o tron wi t h superconducting current 
co i ls . Possibi l iti es t o use s ta in l ess stee l and a luminium alloy a s construc­
tive mate r ia l s are ana l ysed. The s i ze for bandage , yoke a nd other element s i s 
chosen on the bas i s of t he pr el imi nary develpped scheme fo r d iv i sion o f t he 
cu rrent coi l into sec tions and de sign of e ac h sect ion. The ca lcu lat ions have 
been made on the computer wh ich real izes the me t hod o f fin it e e lemen ts on the 
two-dimens iona l t r i a ngl e ne t . The prob lem o f s tress theory i s so l ved for the 
flat s tresse d stat e wi t h a l lowance fo r d i s t r ibu t ion o f ponde rmotive forces 
over the knot s o f t he ne t , and st resses occ uri nQ due t o therma l de f ormation s . 
DistributIon s o f di sp l ac emen t s and t he ma in st res ses ove r the problem r e g ion 
a re calcu la t ed f or two mu tual ly pe r pend ic ul ar cross sect ions of the curren t 
coi l section. The s iz e o f s t r uc t u ral e l ement s a r e c ho se n i n t he way t ha t 
t heir be nds do not exceed 0. 03 mm fo r a luminium a lloy an d are ins ignif icant 
for sta i nless s t eel . The ma i n s tre s ses are wi t hin the permissible li mi t ; 
hence the given magne t des ign a llows one t o use both construc tive mate ri al s . 

Some othe r r ea sons s houl d de termin e the choice o f the material. 
The investi gati on ha s been per f o rmed a t the Laboratory o f Nuclear Problems 

JIN R. Preprint of the Joint Institute for Nuclear Re.earch. Dubna 1985 

steel 12X18H1 0T is used as a construction material. The value of the 
str ess does not exceed 120 MN/~ over the whole l ength of the winding , 

and grows to 150 IlflVti only in the centra l zone. I n Fig. 5 one can 
see the anal ogous curves for the aluminium a l loy f or configura tions 
II and IV; in this case 0 1 < 120 MN/rf. The dashed lines are com­
pressing stresses ( 0 2 ) in the current regions in both cases . 

Fig. 6,7 show dis t ribut i ons of the main stresses produced by 
temperature deforma tions i n conf iguration I V for 12X18H1OT and AMr5 
respectively. Concentrat i on of stress es ocoures in the central z one; 
however, t hey do n ot exceed the permis sibl e r ange. 

It fo l l ows f rom the analysis that t he section of the coil must 
be made a c cording to dimensi ons in Fig. 2b; both sta inless steel and 
the alloy AMf 5 may be us ed. 
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AneH~UK~H ~ . r . ~ AP. E9-85-608 
np04HOCTHOH paC4e T KOHC TPYKT~BH~X 3neMeHTOB MarHHTHOH C~CTeMW 
AeH TpoHHoro U~KnOTpOHa nU-l 

np~BOARTCR pe3 ynbTa Tw paC4eTa 3aAa4~ ynpyrocT~ AnR 3neMeHToe KO HCTPYKUHH 
MarH~THoH C~CTCMW 4eT~pexceKTopHoro AeHTPoHHoro UHKnOTpoHa co CBepxnpOBOAR­
~~M~ TOKOB WMH 06MoTKaMH. AHan~3~pyoTCR B03MO~HOCT~ Mcnonb30BaHHR B Ka4eCTBe 
KOHCT PYKU HOH HWX MaTe p~an08 He p~aBeo~eH CTan~ M anOMMHHeBoro cnnaBa. B~6paH~ 

pa3Me pw 6oHAa~a H OGOHMW ~ APyr~x 3neMeHTOB HCXOAR ~3 npeABapHTenbHO pa 3pa­
60 TaHHoH cxeMW pa3fi~eHM R TOKOBOH 06MOTK~ Ha ceKuH~ H KOHCTPYKU~M Ka~AoH ceK­
U~~ . P ac 4eT~ npoBoAMnHcb no npor pa MMe Ha 36 M, peanH3y~eH MeTOA KOHe4H~X 
3neHeHTOB Hd A8YMCPHOH rpeyronbHoH ceTKe . Pewae TcR 3aAa4a TeopM~ ynpy r oc TM AnR 
nnOC Kor o HanpR~eHHoro COCTORH~R C Y4erOM pacnpeAeneHHR nOHAe poMOTOPH~ c~n 
no Y3na M ceTKH M Han pR~eH~H , B03HMKa~MX B pe3ynbTaTe TenflOBWX Ae$OpMau~H. 

AnR ABYX B3aHMHO nepne HAHK ynR pHwx ce4eH~H ceKUHM TOKOBOH KaTYWKH paCC4HTaHW 
pacn peAeneHHR ne pCMe~eH~H H rnaBH~X HanpR~cH~H no 06nacTH 3aAa4H . Pa3Mepw 
3neMeHTOB KOHCT PY KUMM Bw6paHw TaKMM o6pa30M,4TO M3 rH6~ MX He npeBwwa~T O, 03MM 
AnR anoHMHM~Boro cnna Ba H He 3Ha4HTe nbHW AnR Hep~aBe~eH CTanM. npM 3TOM 
rnaBH~e HanpA*eHHR He n peB~a~T AonycT~MWX, cneAOBaTenbHO, B paMKax AaHHOH 
KOH CTPYKUHM Ma r HHTd B03MO~HO ~cnon b 30BaTb 06a YKa3aHHWX KOHCTPYKU~OHH~X Ma­
Tep~ana H KOHKpeT HwH B~Gop H~o6xOA~MO Ae na Tb ~CXOAR ~3 APyr ~x co06pa*eH~H. 

Pa60Ta B~nonHeHa a naGopaTo p~~ RAepH~X npo6neM OHRH . 

npenPHKT 061.eAKlleltKor o MKC11ITYTa " AepHlolX KccneAo BalOfA . ,UytlKa 1985 
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