


. INTRODUCTION ' ' . .

" As is known, lgpfdn deep ihe}aStid §Eatt¢figg of diﬁgfent ‘t!éxrget§ is the-siri}pléét method to
study-the nucleon and nuclei structure because all the relevant information can be obtained
from characteristics of incident and scattered leptons. ‘After the experiments on deep inelastic

scattering at SPC, CERN, and' FERMILAB, it has become clear that further studying of

“nucleon structure at ﬁx_éd targets with energies up to 2000 GeV (SPC, CERN; FERMILAB,

“UNK) together with the rise of statistics, requires a substantial decrease of systematic errors. -
* The spectromieter with a'toroidal magnet of a distributed type, used successfully by'the

'BCDMS collaborationl, is the most convenient for this purpose because of:- . %

o high (704100%) and homogeneous efficiency up to the niaximﬁnibossiblévalues of;Q";,
o; a 1c;lﬁgt:t.aﬁ'rgét‘which—gugrantées hxgh !ﬁmi_r}gs'i-t;yiof the set-/up ';nd 1a;gé bététiskt»i‘é:ébdajt‘a;

" o the possibility of simultaneous de@t:a'zéolleyctidki: with different’ targets that sufficiently
*" *decreases systematic errors of measurements:” """ R R R o
But, on the other side, the main restrictions of the toroidal yspéctrbme'tel;" thh the iron
magnet are: T
» a relatively poor resolution;
o difficulties to fulfil calibrations: ’
‘:z . The progress of the recent ,timés in the ;,t“i‘evélqp"rné‘hf' ‘and', piodiicii;ji',qf thgiéﬁﬁél('q;h- .
ducting magnetic systems, allows one to create air gap superconducting toroidal magnets.
.They are free at material along the scattered muon. trajectories,: provide quite a large value
. of the field integral and accurate calibration of the spectrometer. So, they release the main
- restrictions of the iron toroids. T T T T s
e Thcre‘is,a‘sugg'estiorvx to construct the superconducting toroidal spectrometer (STORS)[’]

for precise measuring of the structure functions. in: muon beams at the highest energies.
. A 'scheme of such a spectrometer is presented in Fig.1. The basxc element of this spectrometer
_is a.superconducting magnetic system consisting of a superconducting toroidal magnet and
subsystems: electric supply and protection, cryogenics, vacuum, ‘automatic measurements,
check;up and control. h - o o

In this paper we present the description of the magnet construction (section 1); calcula-

tion of the magnetic induction and forces influencing the elements of the magnet (section 2);

_requirements to the reliability and rigidity of the carrying elements of the magnet construc-
tion (section 3), and the calculations for strength and stiffness of the carrying ;onstrl;'cﬁion
elements of STORS (section 4). o D o et
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1. SUPERCONDUCTING MAGNETIC SYSTEM: * - "

- v

1.1. THE SCHEME OF THE SYSTEM e

:‘« The fs{;percoxidﬁétirgg magnetic system (SCMS) consists of a superconducting toroidal
magnet (SCTM) and subsystems: electric supply and protection, cryogenics, vacuum, auto-
matic mea_suring, check-up and control. ) i SR : o
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The approxrmate sizes and main parameters of the SCTM are presented in Figs.2,3 and
in Table 1.. The SCTM consists of three modules, 12 meters long, each 5:m in outsrde
diameter. "The two first modules (from the input of the primary muon beam) have the inner

.aperture of radius ~ 0 54 m, and the last one ~ 0.2 m :

Every module has erght equaled square corls connected wrth the force rod mto the unrﬁed
toroidal’ constructlon (Frg 2) The side view of .the module is shown in Fig.3A, the cross-
section of the “coil is given in Fig.3B. The conductor (1) is laid into box (2) placed in the
vacuum vessel (3). The outsrde heat flow is restricted by the multi-layer vacuum isolation or

. carbon screen (4). The corl consrsts of several tens of the conductor (1) turns and everything
‘is united with the epoxrde compound in box (2). together with Pipe (5) to.be cooled by
helium. Radial pondermotor forces pushmg the coil, are accepted by rods (6) In the third
module the parts of the coil closest to the module a}rs, are supported by the force tube. The
modules are also connected between themselves by “cold” force rods. The boxes of the coils
are hung inside the vacuum vessel, for ‘example, with the’ tangential rods placed near the
-outside.force rods. (it is not shown), there are sixteen rods at every end of the module. The
front part of the coils of the first module, 1s kept from moving in the longrtudrnal direction
with the help of eight or s1xteen longrtudrnal force Trods placed along the horrzontal part of
“the coils inside the vacuum vessel

1.2. CONDUCTOR .

The construction and para.meters of the tire, are represented in Fig.4 and Table 2. The

. transported contact arm consisting of the wires of diameter 8.5 10~4 m, is stabilized with'

highly pure aluminiun. The connection of the’ superconductors with the aluminium matrix
‘is obtained either in the | process of joint' extrision or solderrng The number of the wires
of diameter 8:5-10~* m,’is chosen’ taklng into account the maximum value of the induction
‘Braz in the coil.“The calculations given below (see part 2), . have shown that'in the first

two modules Bn,; =:3.6 T, in the third one — Bz =43 T. Here these values have

been- obtained at the condrtlon that the current is 'concentrated i in'the wires 8.5 - 10'4

in diameter, i. .. at the width of the transported tire.If the ‘cutrent is' considered to be

distributed along all the contact arm (3.08:10~? m in this cdse), then’ Bm,,, values become
“ sufficiently smaller. Then we consrder that the critical current of the contact arm- should be
* approximately’ tw1ce as hrgh as the nommal current. This provides a hrgher rellablllty of the
. magnet operation. .

The'length of the wire gettlng into SCTM " 3 modules) 8 5-107* m in dlameter, is
1.45 'thousand kllometers Taking into account technologrcal throws (fabricating contact
arm, at first’ twisted and then’ stabilized) and losses, 1t is’ necessa.ry to get approxrmately,
by 25% more, i.e. 1.8 thousand kilometers (Table 3).* E

The werght of the contact arm 48 km long, getting into the magnet is approxrrnately
19 tons, in the 55 km being ordered ~ 22 tons. Wrth 10% technologlcal storage, the necessary
weight of the a.lumrnrum will be 17 tons.+ SRR

13, SUBSYSTEMS
1.3.1. ELECTRICITY AND PROTECTION S'OURCE -

The prmcrpal scheme of the subsystem is presented in Frg 5 The parameters of the
- electric source: maximum current 12.5 kA, power 48 V.
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.- Maximum induction in. the coil -

“The construction of the electrrcrty protectron is represented with the detector (6) of ap-
pearance of the normal zone in the coil of the magnet (5), two commutators of force currents
(2) and (3) and resistivity absorbers.(4) of the storaged energy in the rnagnet Tlrrstoral 7
and vacuum swrtchers can be used as commutators s f R

1.3. 2 CRYOGENIC VACUUM SUBSYSTEMS

The prmcrpal technologlca.l scheme of the cryogenrc and vacuum systems SCMS rs pre- '
sented in Frg 6. ;
A CHS—1600/4 5 cryogenlc helium set-up of the power 1600 W is supposed to be used
Ifnecessary, addrtronal liquid hehum will be grven from the vessels of the total volume 10 m3:

1.3.3. AUTOMATIC SYSTEMS OF MEASURING, TESTING AND CONTROL ‘

‘The automatic system of control based on a PC of the IBM AT 386 type, should promote
rellabrhty in SCTM explortatron at minimum expenses

"Module length PR AR Velevdees R S
Coil maximum radius SRR : Giwid
Coil minimum radius for :. .
"module of the 1st type. .
module of the 2nd type..........00;
Layer number of the aluminium tire in the cross-sectron of the corl

Aluminium tire thickness ................ o tesennerniacaerascaosnanes : - 44 10‘3 m
Aluminium tire width ©......... .. 0.0 - 3:107%m
:Thu:kness of the superconducting layer of tire: 1.7.10"3m"

'Wrdth of the superconductmg layer of trre for

module of the st type :
“ 'module of the 2nd type . Ll

Curvity inside radius of the curved parts of the corl

Current power in the coil ......x

Distance between the modules ..

Number of the 15t type modules - G e

.Number of the 2nd type modules ... P B Fevees

=zt of the 1st type modules ..., SO,
i, - of the 2nd type modules Clesiesisies waieeeifuresenanrerinsarerises

" Length of the contact arm in the module ceeans
Length of the contact arm in the magnet .
Number of the conductors - U

in the module of the 1st type

in the module of the 2nd type 33
Length of the conductor’ - .

“in the modules of the 1st type (2 x 460 km) 920 km

“in the modules ‘of the 2nd type : £+ /530 km v
Length of the conductor in the magnet o PRI, & * 1450 km



CONDUCTOR PARAMETERS
Srzes of the contact—arm cross—sectron B LT
“without is01ation .o uueeeeeen i aiieaiane, (4><30) 10‘6
with isolation ............. USRI i iiite b (A4 % 30.4) 1070 m? -
Stabilizing aluminium ‘ . .99 995% o
‘Critical current ... . PN ’ 20 kA -
‘Conductor diameter....... paeteeninns ceene 8.5- 10‘4
‘Number of conductors . T E R
7 “in the 1st type'module ...l .ok B R FEL
~‘in-the 2nd type module .................o.oelln. IR .83
: Number of veins in the conductor P L R : e 2970 P

o TABLE3

o vas

v MAIN ASSUMPTIONS MADE WHILE CALCULATING THE QUANTITY OF THE
' CONDUCTOR OF DIAMETER 85-107*m

Critical conductor current at the maximum induction in the coil
of the 1st typemoduleat 3.6 T ..o...ooiiiiiiuiiilll Tieaa
~of the 2nd type module at 4.3 T-s.....c..ioi il s
Relatron of the critical and nominal currents in the contact arm ...
" Length of the contact arm in the'magnet ............oivvivins B
" Length of the ordered contact arm (supply. 15%) ..............
- Conductor length in the magnet ... o e FFERAN w
. Length of the ordered conductor (1450 km><1 25) .

2 CALCULATION OF MAGNETIC FIELD 'AND PONDERMOTOR
FORCES N CURRENT CARRYING CONSTRUCTIONS RIS

2 l CALCULATION METHOD

The base of evaluatron program of space magnetlc field d1str1but10n is: structure sub-
routines from program collection MAGSYSP! able to evaluate field-investment: of straight-
and curve-line bars with the rectangular cross section.: But we calculate the. field of cur-
‘rent winding as a sum of investments from each region, and every-investment is represented
analytlcally by Biot-Savart’s law. ~The curve-line region was- approx1mated by the broken
line, consists of six straight-line regrons :The MSTORS subroutine ‘calculates the summary
field of all magnet current regions.. We plan to coordinate a stranht llne d1v1s10n wrth the
necessary accuracy of ﬁeld évaluations near that curve:line bar.

2.2. MAGNETIC,FIELD,OF SPECTROMETER

Durlng the :investigations, two. variants of superconductmg 1ronless magnets ‘were
considered. - All the spectrometer machrne consrsts of these two varrous types of magnet
modules.. The characteristics of the magnets are represented in Table 1. e

TABLE?2

_'_.4‘ e s T p

'heterogenerty appeared in the regrons drrectly nea.r the current wrndrng

.Tegion by <p, due to, the wmdrng decrea.smg the worklng region.

“both radius and axis z.. This is seen in Frgs 14, 15

drsposltron for three magnet modules of the spectrometer (see Fig. 18)

The ra.dlus d1str1but10n of azrmuthal magnetrc ﬁeld component is presented in Frgs 7 8 -

with dlﬂ'erent angle for the both variants of modules S S o
, It seems that the azimuthal ﬁeld heterogenerty has a s1gn1ﬁcant va.lue nea.r the conductor

‘wrth current "This crrcumsta.nce leads to drﬂicultres in experrment results processmg and

increases calculatlon time for every event. .
A srmple method to “improve azimuthal ﬁeld homogenerty is mcrea.srng the number of

,'wrndrngs If we increase the number of, wrndxngs from 8 to 12, the field drspersron will
“be 1mproved by 25—50% for the azrmuthal component (the mean va.lue remains 1nvar1able),

_and by 20-306% for the radius component (the mean va.lue is decrea.sed) Nevertheless, ‘the
“tendency to have ‘the’ maximum va.lue of acceptance a.nd mlmmum cost of magnets llrmts,
the number of w1nd1ngs

There are the most heterogeneous sections of the magnetlc field comp onents in the bound-
ary modules regions, see Figs.11-13. . These figures. correspond. to.the begmmng of workrng

According | to [2], the field cahbratron must have an accura.cy more than 3:

ylcalculatrons of the ﬁna.l ﬁeld map for experrmental processing ha.s a double. precrsron ‘As

for the complete field map. 1nclud1ng three modules 90 hours of calcula.tlon are, needed for
VAX-8350. .. : :
Frgs 16, 17 show. 1ntegral characterlstrcs for B component along 7 and z..

2.3, CALCULATION OF PONDERMOTOR FORCES AT WINDING

The calculatron of forces acting on wmdrng was made wrth deﬁnltmn of the forces sum-

of all the wrndrng tires'and by the full cross-section of wmdlng represented as a solid super- -

conducting tire..;  ».ijofoun om0 e s

.. If we define the main characterrstrcs of the magnetrc ﬁeld component drstrrbutron, this

. approach is‘also correct.:The character of the distribution of all the field. components and
;acting pondermotor forces will not’ ‘be. changed,but the real field must.be determined with
. the necessary precision to eliminate sources of systema.tlc €rrors. :

;. ‘Table 4 shows the values of pondermotor forces acting per meter in stra.lght hne axial and ;
radral regrons of wmdlng for the case where the drstance between the modules is 0.3 m.:The’,
place of force arising and the directions of these forces are shown in the scheme of mutua.l‘

R E

3 f1 fz f3 f4 - f5 f6 f-r fs

051|709 | 1.02 1| 035

0.37 -| 0332 |>0.331> | 0.35°

TABLE 4 »



As for the radial winding parts, they expose heterogeneous eﬂ'orts along all the segment
This is associated with heterogeneous distribution of the field along the rad1us of the module.
As a rule, these eﬁ'orts at 'the bound of the rad1al straight-line segments aré increasing by
40-80% in companson with the efforts at the centers of the segments Table 4 1nd1cates
averaging along the length value of the forces acting per radral segment ‘unit. ’

"Curve-line segments are more strained from the angle arlsrng pondermotor forces. The
maximum-value of these forces is 12 37 times hlgher than that of the forces at the center of
straight- -line segments For the first type of ‘the module there are the followmg values of
“field tens10n for the axis nearest'to the axial segment:: a) on the external tire surface from
axis — 1:773 T; b) on the internal tire surface — 3.129 T. :

The correspondmg tensions for the curve segment near thxs axial segment w111 be a) on
" the external surface —1.65 T; b) on the internal surface — 3.341 T.

- For’ the_ arrlal segments of the second type of module, these values w1ll be l 27 T and
3 72T .
~These valtes (maxrmum ténsion 3:72 T speclally) are needed to choose crltlcal current
: value in the superconductor. Knowing the critical current we have got'the necessary amount
“of the’ superconductor for winding. The absolute maximum value of the field component for
the inside axial part of the winding, may be estimated from Fig.19. = =%

The field of each module distorts the field of the others, d1sposed ata d1stance 0.3~ 0.7m
between ‘them. The sum’field-is decreasmg in"comparison’ wrth the ﬁeld of each module.
This leads to the repellent effect between the modules. =~ +** : s e

- If we increase the distance to 0.5 m, the effect is decreasing approximately threefold

“Besides, the sum "forces acting on'external and internal straight-line axial segments are
“directed to'the’ center These forces are equal to 3 33 MN for the ﬁrst type of the modules
and 8.63 MN for the second type.’ S

2 4 EVALUATION OF :ARISING FORCES UNDER CONSTRUCTIVE ERRORS

The azrmuthal forces actmg on w1nd1ng are equal to zero, due to the modules’ symmetry

W1nd1ng of ‘tire- layers was_assumed ‘to be“ideal. *But’if there is*a small drsplacement of

" any layer at the upper or*lower axial segment; these forces will be" present. For a dlsplace-

+'ment 0.002 m] the azimuthal forces will: be 0.0629 MN. It'is necessary ‘to emphasize’that

- nonsymmetry deviations of assembling process lead to a growth of the azimuthal forces. The

‘ “lower straight-line axial part of winding is in the most’ stralned condltlon Dependlng on the
character of dev1atlons the srtuatlons can be as follows et :

1 under the dev1atlon of the w1nd1ng plane around the. magnet ax1s4:by « — 0. l° (see
Fig.20B) the maximum deviations of the lower part of winding compared. with the

: . ideal one wxll be 1.45: 10-2 m and the arising azimuthal force will be 1.2-10~3 MN/m, »

: 2 at the curvmg of lower axial part of w1nd1ng byB=1° (see Fig. 2OC) the maximum
- deviation w1ll be 2.42-10~% m and the arising azimuthal force will be 0.8:10° MN/m;

3,' under the comblned upper deviations (see Fig. 20D) the maximum deviations of the
lower: part of winding will be 3.87 - 10~2.m and the arising azimuthal force will be
u lapproxrmately equal to the sum of forces 2.06 - 10‘3 MN/m

Any other combmatlons of dev1atlons are practlcally asum of the actlng azrmuthal forces.

oy

i ._( Lo

o 5;:;There are non—parallel upper “and lower stralght hne ax1al segments of wxndrng,

. been estlmated

“and 22.5°.

The other kinds of deviations under. the magnet’ constructron will result in changrng the

1 value of the magnetrc field in all the magnet region. It is desirable to evaluate the degree of
"changlng of magneticfield componént (17 = dB,/B,) because there are strict requirements for

the accuracy of this field. Preliminary estlmatrons have shown that most of the modxﬁcatrons

“of the magnetic field are caused by deviations connected with the lower axial part of winding.

For the first approach, the value of changes of the magnetlc ﬁeld is proportronal to the value
of dev1at10ns We represent the following cases:”

1. There is an increase of the radial size of w1nd1ng by value 2-107% m. The character of
the relative changing of the field for this case is in Fig.21, and quantxtatlve values of
these changes may be evaluated from Fxgs 22 23 o .

2. There is a dlsplacement of the lower ax1al part of wxndlng along the radlus by value
2.107% m (see Fig.20A). The power of the relative changing of the field is presented
in Fig. 24 the quantltatlve estimations of these ‘changings are in Figs.25,26; © .

3. There is & shlft of ‘the! w1nd1ng plane by an angle a = 0.135° (see Fig. 20B) “that
v corresponds to the maximal displacement of the edge of the lower.part of winding by -
“Value 2103 1 m, The character of the relative changlng of the ﬁeld is g1ven in- Frg 217,
the quantrtatwe estrmatlous are 1n Flgs 28 29 RS

4. .There is: bendmg of .the lower stralght lme segment of wxndlng near 1ts own axis by an
. angle B =:0.744° (see Fig.20C), that corresponds to:the maximal dlsplacement of the
... edge of this segment.of winding by value 2:1073 m. The picture of the arising relative
7 changes of the ﬁeld is in- Frg 3o, and quantltatlve est1matlons are in Figs.31, 32;

and
. the drsplacement between the edges is2-1073 m. ‘The ‘general p1cture of the arlsmg
‘relative changlng of the field at the med1an plane is shown in Fig.33, and quantrtatlve
; estlmatlons are glven in Figs.34, 35 :

2 5. TI-IE MAGNETIC FIELD APPROXIMATION OF. STORS

.To use a magnet it is necessary to know the value of the ﬁeld at any poxnt of the magnet-
workmg region.: The initial calculation subroutine gives us some gr1d of the field values and
the calculation time per point is 10 seconds. Due to that it is needed to ﬁnd the rapld
approximation of the magnetic field according to the discreet value grid. It was tested in the
Chebyshev interpolation and cubic spline interpolation. There are subroutlnes to. evaluate
the magnetic field at any worklng reglon Also the accuracy and the calculatlon txme have

2 5.1, GRID OF MAGNETIC FIELD

The 1n1t1al data for the approxxmatlon represented by three components of vector (B,,

By, B;) on the non-eqmdlstant gr1d of the polar coordmates are cp, z, r (1 e: angle, axis

d1splacement normal axis displacement).
* Nodes for axis z are z = 0;- 0.7 +4.9; "4.9;: U515+ 5.4; 54 545 60(m)

Nodesforaxxstpare<p—0° 025 05" 10" 15" 20"25" ‘50‘175" 125" 175"




... Nodes for axis r are varied depending on ¢ and z:
1) 0° S < 2.5° : « :

’«WI E 03m<r<10m,w:step001 m;
)it 10m<r<18m._step010m
g 18m<r<2lm,vstep005m, -
v 21m<r<25m, step.0.0lm; .
12)5° < < 22.5° '
' I 03 mv$r<l‘.‘0 m, step 002 m; o
1I 10m<r<18m,,§jep010m
III 18m<r<25m,'step002m

2.5. 2 FIELD APPROXIMATION BY CHEBYSHEV S POLYNOMS

s A usual B, magnetic field type is represented in Fig. 36.;Finding approximation:is zone
dependmg on every component..It is easy to distinguish: three peak regions in Fig. 36. If we
;approximate the whole definition region of the field by: one Chebyshev s polynom, ‘we find
the greatest error in: these regions. - Due to that, every. peak reglon is processed separately.
The field without these peaks is smoothed and thereby it is one more part for processing.
In. this way we save machinememory without: decreasing: the' accuracyicompared “with a
srmple method. of -divided regions.. Also every separated region is limited- by the value of
¢, becanse of . the large angle peak ‘decreasing.’"The B, field, component was’ processed in

analogous way. For-this case we can "distinguish two peak regions.” The B; ‘component has*

the following regions.— the peak and the plane The plane region is represented by the low
degree polynom and so we decrease the previous’ calculatron errors (zero osc1llat1ons)

.. The main dlfﬁculty to ca.lculate the necessary degree of decompos1tlons at the known
precrsron, is the processing of the Tadius dependence For various degrees of the’ decomposr-
tion for all the working region without peaks, the follow1ng result was obtained.’ For degree
20 the order of relation error is lO 1—10 -1 for degree 40 0‘2—10 -3, for degree 70 10 -4,

.2, 5 3. ACCURACY OF THE APPROXIMATION AND THE CALCULATION TIME

-To evaluate the calculation time Chebyshev s decompositions of 15 %15 x 35 degree for.

‘the ﬁrst second and th1rd axes were used The ﬁndlng t1me per every three—d1mensronal
count is°0. 35 ‘second.

In conclusion we can say that for ‘certain precision 10‘4 the calculation t1me will be

approxrmately 3.5 seconds’ (from the needed number.of coefﬁcrents 0+35x0+-35x0= 70) :
- The time for cub1c splme interpolation is 2.5 seconds. The data amount is nine reg10ns w1thu

sets 36x36 x7l ce

LB, CHOICE OF THE ADMITTED STRESSES AT THE POWER
RN FRAME\VORK AND WINDING

. It is proposed to. manufacture the elements of power framework (cradles and frames)
ro(;n aluminium alloy:AMg6 with a strength ‘stress oy = 560 MPa for a temperature of 42K
an w1th a y1eld stress goz = 200 MPa. In the general machlne-bulldmg the coefficients

S L N,

of strength reserve correlated for the value To. 2, n =1 561 have been obtamed Then the :
average value of the admitted stress is g, ="0o. g/n ~ 130 MPa.  The deformatlon of the "
framework creates the stréss. in winding. ‘that consists of superconducting wires, stabilizing °
tire of h1gh—pur1ty alurmnum, electrical insulation and impregnating compound.-:For. that
system the stress in w1nd1ng elements must not cover the allowed limits considered below.

31 SUPERCONDUCTOR '

The stretchlng stress in the wire w1th Nb “Ti vein and Cu matrix- decreases the crltlcal
current. But it will be noticeable under great stress. For example, the. critical current
decreases by approximately 5% for the anulti-vein wire at an induction of 4 T and a stress
of 500' MPa. The author of the work [6] beheves that the r1ght value for the maximum work »
stress for a Nb—T1 w1re, is 500 MPa S

32 MATRICES OF THE TIRE SRR

Pure alum1num (for example 99 995%) is used ‘as stabrllz1ng tire material:’ The specrﬁc 3
electrical resistance of that aluminum is p'~ 5+ 10=1*. Obm - ml, for a temperature of 4. 2 K ‘
and w1thout any deformatlons The correlatlon of the" specrﬁc resrstance is” 2 <

S

RRR p(300K)/p(4 2K)~28 10'8/5 10-11 560.

. But the value of .p depends on the power of: deformatron, and for the relatxve strarn
€= 0. 07 P will be ~ ]_2 10711 Ohm -m. For that value of(—: the stress must be g 100 MPa
It means"that. to: preserve the. power of stabrllty it is needed to increase the cross- sectron
24 times. If the 25% increase of pis. admltted then the stram of the construction must be
£ ~0.03 that corresponds to the value g 50 MPa o . s S

+The mentroned above stresses and strams are in the plastrc reglon After a great number
of cycles of the plastrc deformat1on, the y1eld stress will growls] but as eatlier it remains
rather, low And what is more, electric resistance essentially 1ncreases[71

For more pure a.lumlmum (RRR—-2000), the sharp growth of the resxstance begms even
at € = 0.003, but after multicycling (Fig. 39) el: ‘ EAARECE I R A

3. 3 ELECTRICAL INSULATION ANDK COMPOUND IMPREGNATING THE TIRE

Trad1t10nally ﬁberglass and epox1de resin are “used to perform 1mpregnatlon of the tire,
and as a result the coils of the conductor will be monolith- analogously’ to gla.sstextohte
for 1nsulat10n ‘of the wire. It seems that thé mechanical properties of that‘compositeare
analogous to those of ordinary glasstextohtes For example; the breaking s stress under static
bending perpendlcular to layers for sheets of type ST glasstextohtes w1th thlckness 0. 0i'm
and more at normal temperature along the basis of fabric; is 125°MPa’and’ ‘along ‘the weft
of fabric — 95 MPa. ‘For STEF-1.type these values are 360 and 300 MPa. The breaking
stress for the stretchmg of-the ST type are 90 and 70 MPa. The modules”of elongation
for bending .various-at: width:.range accordingly. to:the initial materials and: construction
technology, and these values for example are (15 6-32) GPa for dlfferent correlatlons of the" o«
a.mount of ﬁberglass and epoxide resmllo] B S OF o L NLRE ot et L B




3 4 DISCUSSIONS AND CONCLUSIONS

Let us ﬁnd the stress in the cradle, when the growth of electrical resistance in the alu-
minium matrix of the tire is:admitted. As was mentioned above, we suppose the allowed
relative lengthemng is € = 0.03, ‘when both the cradle and’ the winding are bent. " The
value of the normal stress under bending of the cradle varies along the section according to

the linear law. As the correlation of the cross-section heights of the cradle and the wind-
ing is 450/300=1.5, then the value along the edges of the cradle is allowed to be equal to
€= 0 03 x 1. 5 0 045. According to Hooke s law, the stress at the pomt is’

c=E. 5—80 104><0045—-36GPa,

where E is the modulus of elongatron of the alumrnrum alloy. It is obvious that the real
stress in the cradle will be less by an order, consequently, the strain of the winding will be
less by the same factor, too. Even for aluminum with a relative resistance 2000, at € = 0.003,
" the allowed value is ¢ = 360 MPa. Thus, alumrmum matr1x is not an obstacle to essentral
loadmg of the cradle.. :

The electr1cal insulation and compound 1mpregnat1ng may be a weaker llnk If we orient
ourselves to the minimal value (70 MPa) of breaking stress while stretching ST glasstextolrte
and the reserve coefficient is 1.4, then the allowed stress in the insulation of the winding will
be gin = 50 MPa. For the same power of strain of the insulation and the cradle, the stress

. in the cradle i 1s O = Oin * (EC,/E.,.) ’
i Let En' = (15.6 4+32)/2 ~'24 GPa, then o, =50 80/24 ~ 170 MPa, at’a dlstance
: “of 0. 15 m from the center of sectlon of the cradle, and a'c,. 250 MPa at the edges of the
.cradles = :
We can "conclude that choosmg the values of the allowed stréss in the power ‘framework
. we can use the pr1nc1ples of general machme-bulldmg, because whrle w1nd1ng the negatrve
phenomena appear at an essentrally greater stress S

4 CALCULATIONS FOR STRENGTH AND STIFFNESS OF CARRYING
: S CONSTRUCTION ELEMENTS OF STORS

4 1 CALCULATIONS FOR STRENGTH AND STIFFNESS OF CARRYING
D CONSTRUCTION ELEMENTS OF THE MAGNET

e All the elements of the cold part of the magnet are fabrlcated of alum1n1um alloy AMgG
The cradle ﬁxes the w1ndmg ,wrapping it from all the sides with two L:like in cross-section
parts One part of the cradle is used as a mould to cover the wmdlng (Fig. 40) To fix cradles‘
respectxng each other, 8~angle frames are used (see Fig. 41) .

1

a1, CRADLE AT

i -To check the constructron for strength and stlﬂ'ness it is necessary to know the value of
€ maximum stress atising at the cross-section of the cradle, the value of the deflections

?f wmdmg at the stralght line segments and the strain of the bar of the magnet connecting
Tames." ; : . '
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: As seen from Fig.42, the maximum value of the distributed loading at the mternal,'
strarght line part. of the first type module winding, is 510 'kN/m, for the second type
1020 kN/m; for the external part of the both types of modules 190, kN/m, a.nd for the
radial part 370 kN/m. ’ :
To protect the construction from damage, the cradles are placed on 11 supports at an
interval of 1 m from each other for the ﬁrst type modules and on 14 supports at 0. 8 m for
the second type modules. -, . :
The cradle cross-section F = 2 26 10'2 n?, (Flg 40)
Centroldal moment of 1nert1a
J. =W 12 Zbh?12, J, = 3. 2810~ m
Section modulés: .
o We=2J [k, W,=16- 1073 m
In Fig. 43° the equlvalent scheme of ‘the load1 g of the rnternal and ‘external stralght- ]
llne parts of w1nd1ng is represented :These | parts are consrdered as multlspan grrders “with
drstrrbuted loadmg q. Whrle calculatmg strength’ and stlﬂ'ness of these glrders, the bendmg
moments, the reactlon at the support and the ﬂexures of c one-prece glrders with equal spans’|
‘_long, were found accordmg to the formulae from work 1 l] with coefficients from Table 1301,
: When calculatmg, we consxder the edgmg spans to be on the moblle supports but all the
mtermedlate spans are rlgrdly ﬁxed at the ends oD
o Frrst type modules o V e
g =510 kN/m, glrd is kept w1th 1 supports I= 1 m
. The bendmg moments are:. o
1., E M1 10-= 0 08(]12 Ml 10 = 420 103 MN m Mz 9 = 0 025ql M2+
- The max1mum stresses are ‘
Omar = M/W,, Oimazy 0 = 26.6 MPa, a',.,,,“, =84 MPa TIPS
The max1mum deflections are:. B
v ‘;fl w =-0. 0068ql‘/EJ,, f] 10 = 1 5 l.o.4 m, f2_9 = 0 0005ql4/EJ,, fg-g = l. 10— m,
'where E— ““Young's modulus, for AMgG E= 7 10‘ MPa : “L E 5y
Second type modules: B R
.q =:1020 kN /m, gird'is kept wrth 14 supports l = 0 8 m.
; The beriding moments are: o e
M1 13— 0. 08(112 M1 13 — 550 MN m, Mz 12 0 025(112 Mz 12 = 170 MN -Im.
" The maximum stresses are: : ‘
o, Tmazygs = = 35.7 MPa, Omazyy, = 10 9 MPa ‘
" The maximum deflections are: . = - o S
fl 13 = 0. 0068ql‘/EJ,, fl 13 = l. 10 m, fz 12 = 0 0005ql‘/EJ,, f2 12 = 8 10_6
. The external segment part of modules of any type with loadlng g9= 190 kN/ m and restmg
“on 11 supports, I'=1 m. o
The bending moments are: ’ ' o S e
M1 10 = 0. 08ql M1 10 = 150 MN m, Mz_gy = 0 0254112, Mz-g =50 MN-m:
. The maximum stresses are: T SRR et
- Omazyzo = 9-8 MPa, Opmaryye = 2.6 MPa.
.The maximum deflections are: o )
f1,10 = 0.0068¢1*/EJ., firo= 41075 m, f2:0 = 0. 0005ql‘/EJ,, fz 19 = 3. 10‘6
.. The radial parts of magnet winding have length of straight-line part I'= 1.2'm- wrth
. dlstrrbuted loading = 370 kN/m. The equrvalence scheme of loadmg is represented in Flg 44,
where the ends of gxrders are rlgldly fixed. .

= 130-10° MN-m.
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- The bendmg moment is
Mo q12/8 M =760 MNm
o The ma.xlmum stress is: :
" Oz = 49 MPa. - ,
: The maximum deflection is: e -
L f=5ql4/384EJ,, f=3-10*m [12 p.53, Table 10).
" *From calculation for strength and stiffness we see that the maxrmum va.lue of stress in
the winding cradle o == 49 MPa arises-at'radial parts of the wmdmg :
The eléments of the cold magnet part are made of material that can have ret1cent defects,
technological errors and other factors influencing the construction strength Due to that it
* is needed to set the reserving strength coefficient n J
..Selection of n, showing how many times the admltted stress 0, is lower than the danger
stress, depends on the’ condltlon ‘of the material (fragxle, plastlc), character of load actlng
(static,’ dynamrc cychca.l) Also, the selectlon depends on material heterogenelty, errors of
the external load1ngs bemg deterrmned, proxmuty of calculation schemes and formulae. The
danger stress for plastlc materrals under static loading is .equated to yield stress’of material
002 and ng is assumed noa =1. 4—1 6. Sometxmes the admltted stress for plastic materials
is defined by strength”stress o, = oy fnp. As go2 = (0.5 0. 7)0'1,, then np = 2.4 2, 6 "The

NEROS

. yreld pornt of AMg6 is g9 =160 MPa, the’ strength stress i 1s oy = 320 MPa. Let ny =2 5,"
then o, will be 130 MPa and the maximum stress arrsrng 1n the wmdmg cradle is 49 MPa

which will be 2.6 times less than o5
The. value of the reservmg strength coeficient ny = 320/49 = 6 5 exceeds the necessary

) value n,, = 2.5. At'a more detailed studymg, ‘the sizes of the cradle walls could be optmuzed

4. l 2. INTERNAL FRAME

" The frame for the first type modules is an octagonal ﬁgure (see Flg 41) Each srde of this
figure is a bar w1th radius r and length [ = 0.35 m. The force P, = P/2sin a.acts on the
bar; where P =519 kN and a = 22. 5°, and we have P =683 kN There is.an equlvalence
~“scheme of loading in Fig.45. . S =

‘In this case, the length of the bar is decreased by

Al= P,/EF. T (')
Let us'suppose the value of displacement to be Al=12: 107 m. We get from formula 1)
the cross-section of the bar: .F' = 1.7.-10~2 m?, and r will be 0. 08 m.
.+ The maximum stress is 0',,,,,, =P /F, a',,.,,, = 34 MPa. =~ T
For -the sécond type of module the frame has the bars of length 1 = 0.09 m. The
force’ P, = 1383 kN acts on the bar. The length decrement is Al = 1-10~* m, and s0
F=1.82-1072m? r = 0. 76 m and the maximum value amuv = 79'MPa.
“+The second varlant The internal frame is a ring (Fig.46) with middle radius R = 0 11 m,
cross-sectlon b=0.1m, - =0.08mand F =0. 0085 m.
The moment of the ring 1nert1a is:
=bh%/12, J=5.12-10~% m
; The section modules: _
) —bh’/ﬁ W =1.2-10" m
The forces of the magnet wmdlng are transferred to the rlng, each force berng 1020 kN.

12

The bendmg moment lS, AR
= q12/8 M=135 MN m
The maximum stress is: :
7 a,,.,, = 112 MPa .»

St o A ¥

. 41.3. EXTERNAL FRAME .
This frame is also an Joctagonal figure (see Fig. 41) conslstrng of bars w1th radius r and"
1= 1.9 m. The force P acting on bar is P; = P/2sin a, where a = 22.5°, P = 245 kN: The

equivalence scheme of loading is in Fig.45.
Let us consider AI =4-107%'m, then the cross- sectlon is

Y . ... F= Pal/EAlF_l710" ,r—007m

The maximum stress is : Opmez = 14 9 MPa

+.{ From the estimated calculations we can conclude that' thi constructlon wxll have invari-
able form of winding and relative position. : R :
The common weight of the cold part of the module 1s :

Qcommou = 8Q1 + 12Q2 + 12Q3 + 8Q4, where -

Q) is weight of w1nd1ng cradle 1. 72 kN ‘

. Q3 —weight of intérnal frame 1. 56 kN Ly
Q3 — weight of external frame 6.7 kN, . :
Q4 — werght of w1nd1ng wrth a coollng tube 6. 8 kN

Qeommom=32kN.

414 VACUUM ENCLOSURE OF 5C MAGNET ) Lo ey

,,,,,

The vacuum enclosure consists of a duct envelopmg the module wmdrng round the perr-
phery and of connecting tubes:placed where supports are attached to.the cradle (Frg 47).

To get llquld helium temperature, it-is necessary to create the rarefaction 1.3 . 1072 Pa.
At the vacuum enclosure the loading distributed for all the surface will be ¢ = 0. 1 MPa.

Here we find the thickness k of the walls. . :

The equivalence scheme of loading is grven in Fig.48.  Here we consider a plate freely
supported on each of 4 srdes with sizes @ = 0.5 m,-b =:12 m. The value of the flexure can
be derlved from w= I(wqa‘/ ER3, ‘where E is the modulus of elongatlon ‘for. the alloyed steel
E =2.1.10° MPa, K, is the coefficient from the table, K =0. 1422[“l From this formula
we can ﬁnd h. If we know. the value of the ﬂexure w = 0.005 m, then R=0. 009 m e
» Let us take the wall thickness of vacuum enclosure equal to, h= 0 01 m ’
. The maxrmum Stress is Omes = K., qa?/ ? am, = 190 MPa. ’




420 COMPUTER MODELING OF ARISING STRESSES AND DISPLACEMENTS AT
STORS CONSTRUCTION - '

'FSTORS subroutine was used for computer modeling. This program allows one to deﬁne
the stress and displacement of pondermotor forces under action,
On solving the system of equatrons

[K]{V} = {f},

where [K]—matrlx of . strength of constructlon,{V}—vector of node dlsplacement"

{f} — vector of arising forces!*4), the subroutine > gives {V} both as an array of numbers and
as a graphical image of construction after the corresponding forces were involved.
.The both modules were calculated separately The data for calculation were accepted
from Table 1 and Fig.40. -~ .
' _For the ﬁrst type module the followmg results have been obta.med

L the maximum deflection of the internal straight- lrne segment of the cradle is 1.3- 10'
7. "and the maximum stress is 25 MPa;’

2..the maximum deflection of the external strarght llne segment of the cradle is 3- 10'
and the maxlmum stress is 2 MPa; :

*3. the maximum deﬂectron of ‘the curve-lme segment of the cradle is 2 10=* m and the
maximum stress is 60 MPa. : e :

- For the second type module, other results have been ob'tained"" a

1. the maximum deflection of the internal stralght line segment of the cradleis 1- 10-4m
and the maximum stress is 36 MPa; :

SV FEEI

2. the maximum deflection of the external stralght lme segment of the cradle is 3 10 Sm
. and the maximum stress is 2 MPa,

3. the maximum deflection of the curve-lrne segment of the cradle is 3.2+ 10" m and the
maxrmum stress is 160 MPa. ‘

~The pictures of the cradle deformatron for.the first and, second types of modules, ac-

cordingly, are shown in Figs. 49 50 (dotted lme grves a non-deformed cradle, deﬂectrons are

s represented ‘without " scale). ‘ :
We see that the obtamed results conﬁrm the concluslons from Part 4. l

5. CONCLUSIONS

o A sketch desrgn ‘of STORS machine SCMS has been carried out whereby the main para-
meters of wrndrngs and elements of the magnet construction ‘were chosen. The algorrthm
of the program to caléulate the magnetrc field induction'for the whole region of the spec-
trometer, has been created. This ‘algorithm takes’ into account mutual influence of the magnet
modules. Besides, variations of the field under construction deviations in the lifnit range of
the sizes of winding, have been obtained. Control evaluations of strength and stiffness of
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constructions for constructrve carrying elements have been done. Crrtlcal tensions in the
winding elements were found. It has been shown that these tensions are large enough to.
select a greater tension in‘the power framework. -

From this work we may conclude that there is a posslblllty to create a superconductor,,

- .toroidal magnet with selected conﬁguratron ‘and sizes..In the process of working design it is

necessary to find the final optimal parameters and sizes of the magnet.

Calculations have shown that it is necessa.ry to measure and control the magnetic field :
at many points, especially near the 1nternal wrndlng part where the influence of w1nd1ng
size errors of calculations i is large - ;

HALO

LLo-

HODO TAR?“ ) e
P : MUSS

FORV T OMUSL
tom . TORS.!. ° :

3
}

HODO — hodoscope scrntrllatron planes,
HALO — hodoscope scmtrllatron plane to protect from beam halo,
TARG — targets (solid and hqurd), -

FORV — forward spectrometer, o

TORS — toroidal magnet spectrometer,

MUSL MUSS — muon 1dent1ﬁcators

15



: RV Fig.'4..'1“h’§;t1re cross-section, - -7 . .
1 — the superconducting wire with diameter 8,5 - 10~*'m,; 2 — stabilizing aluminium tire,
S ! 3 — electric insulator = e Ty

LT ; : ;
Fig.2. The start module of the superconducting magnet in the STORS construction. :
1'-—'vthe winding i'n’ﬂthe; vacuum en<-:losure§,’ S e v ) S
"2 — the'strength bars S : ‘ , ’ v SN .
Fig.3A.Thi view of the module from the side.
3= v&cuuxﬁ encl:{)sure,:‘G — the strength bars
in the yqpq’t@n}‘gh'él(}?urqs, R, and R; — internal
and external winding radii’ o
X
o . . Fig.5.The principal electricity and ptqf@;ction s:burce
. Ll : . ~+scheme of the superconducting magnet modt:le.
s _ T T L e S 1 — supply source, 2 — force commutator(closed normally}), 3 — danger commutator
.+ Fig.3B.The cross-section of thé ‘magnet (place A, Fig.3A). "% - : * (open normally), 4 — resistivity absorber, 5 — superconducting winding, 6 — normal zone
1 — winding, 2 — box, 3 — vacuum enclosure, 4 — vacuum isolation; 5 — liquid helium appearance detector, 7 —— measurement resistor
) pipe, 6 — the strength bars in + the vacuum enclosures, - * = 7 R R A A R -
: ‘a'— width, b — height of the winding D B 5 T e R ;
- 16
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1. % 13 12
Fig.6. The principal technological scheme of the cryogenic-and vacuum sys-
tems SCMS: -

1 — cryogenic helium construction CHS-1600/4.5, 2 — compressor, 3 —
- liquid helium-and nitrogen ways, 4 — liquid helium pipe in module, 5 —
-supply source, 6 — winding SCM, 7 — "hot” ways, 8 — preserve switches,
.9, 10 — forvacuum pumps, 11 — diffusional . pump, 12— leak detector,
13 — nitrogen tank, 14 — liquid helium vessel, 15 — tubular electric insu-
latof el L e P o~ H L B

Fig.7.The radial distribution :<1)f a.zxmutha.l x‘na.gné‘ticvﬁ‘éld comﬁoﬁént for 1 type module
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‘Fig.10, The space distribution of radial magnetic field component in midplane ' *
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Fig.14.The axial distribution
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Fig.19.The space distribution of azimuthal magnetic field component in the current region
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Fié.21.Thé character of the relative changing of the magnetic field while changing the

radial size of winding by value 6b » .
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Fig.22.The relative changing dependgné:é'of-ﬁiiagnetic field on radius for the case shown in
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Fig.23.The relative chariging dependence of magnetic field on azimuth for the case shown
' in Fig.21
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Fig.25. The relative changing dependence of magnetic field on radius for the case shown'in

Fig.24 .
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Fig.27 The 1'e‘lavtivef changing character of the magnetic ﬁeld in case of the angle °
o o displacement of :winding plane by value a = 0.135°
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~ Fig.28.The relative ch;ngxng :i;pexlxdén(‘:‘e‘c‘)f magnetic field on radius for the case shown in
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Fig.29. The relative changing dependence of magnetic.field on azimuth for the case shown
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Fig.33.The relative changing character of magnetic field in case of r!onfparallelism 9? , ‘
e " winding a;(ial segments by value §R © v
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o ( Fig.34.The relétivelé}{ahgipgg dépénjdéﬁcﬂeﬁ c'gf‘maglile’i;;if ﬁeld on ra;digis” _
" 77 for the case shown in Fig.33 -
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Fig.39 The electric resistance after 1000 cycles of loading depending on value of high pure
aluminium relative strain. Initial RRR of aluminium is equal to 2000%!
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Fig.45.The etiuiva.lent scheme of the magnet
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Fig.47. The vacuum enclosure of winding
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Fig.50. The cradle deformation of the 2 type module
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