CHAPTER 4

MAGNET CRYOSTAT

4.1 [General

The maznet crpetat conmAirte of foir mAjor enmponents: the vammm weesd. the liqud
nitragen conled radiation shield. the cold mass mppart Ayetem with liquid nitrogen conled
intereepta. And the helinm eooling tibe an the anbe snpport eplinder of the mpearoondneting
anil. The mpereondneting enil and anter suppart oplinder hawe been deecribed in Chapher
3, The instrumetation requieed in the creetat for apecation of the syhan is described ino
Chapter §. The ermstat is shown in Figure 4.1

4.2 Vacuum Vessel

The vammm weeed conmists of innee and auter enaxial ghells with flat annular lkheads
welded to each md. The mpercandncting buem from the el And the ermgen pipes from
the auter mppart eylinder And the radiation shidds leawe the vacunm weeeel throngh the
pervice chimner noezle welded inta the ilkhend at coe end (the ®smth™ end] of the er-
gtat. The vaounm wemed 8 fabricated of BB Alnminnm axl the majar dimensions are
linted in Thhle 4.1. The shells Are demizned according to the ASME Bailer and Presmire
Vemel Code, Sectiom VIII Diwimicn 1 so that they falfill the requirementa of the Fermilab
Envircnment/Safety fHealth Manial, Section B33 [1]. The crystat in demigned for full in-
ternal vaeunm and for an inkernal rdieving poesmire of (044 MPa (8.4 prig). The bulkhead
in mifficient 1y stiff to mippart the loads from the eold mass mippart meanbem and the loads
fram the brackets which fasten the crmsetat to the ecdeting CC of the IN? detectar.

4.3 Cold Mass Support System

The magnet eald mam  the mpermondncting el and aubter mppart cplinder  weigha 146
metric bons (200 lbm). The cold mass sppeart Aystem consists of Axia] membem which locate
the onil axirlly And mippart it Againet Axial thermal, decentering and seismic forces, And
nearly tangential membvers which locate the coll radially And pravide radial mppart againet
thermal, gravitational, seiamic, And decenfering foreem. The mppaort membem connect the
enther anppeart oplinder of the enil to the fat Anmilar bolkheads of the vaeimm mweeel. Fimires
4.3 thronghant 4.4 show details of the mppart members. Six axial membems are provided at
the prvice chimney end of the masnet. And & radial membeam at each md of the eoil.
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All eqld mam mppart members hawe thermal intercepts which apecate near 87 K and
the radinl mipperts have A thermal inhercept balaw U] K. Axial and radial contraction of the
anil mppart exlinder in Accommadated by spherical bearings on bath ends of each mppaort
membear.

Each axial member han a dedign load capadty of 18871 N (378K 1) in tenmian and AL&I0
M (708 1bf) in eompression and each radial member has & demign load capacity of 29800 N
(REM 1W) in teomion. The radial membears ave deigoed ta mppart na losd in eampression.
Theme deeign loads Accommedate & aafety factor of 4 in teoRion or eompression naing the
MK properties of the Inconel TLE from wwhich they are made.

ANSYE 2] analysis wan made of the magnet anter mippeart eplinder and eald mas mippart
AyEbem ta illumstrate the manner in which loadings from a5, Accderations of the cald mam
euring shipping, then eaaldown, and finally and m agnetic hoop stoees oo the mppeark eylinder,
change the loadings cm the snppart membem. For eaample, when the system is At coom
temperatire the Axial members mpport Ao Aeoeleraticm of 8 g in teomion, bt anly 1 g in
eompressicn (ie directed toward the chimnes end]. The radial membemrs mippert lateral
accalarationn in excem of 4 5. To eomire that the Axial membem are oot loaded eoceeriwely
In enmpreesion diring shipping temparary shipping restraints can be ntilized.

When the syetem in coaled the axial eootraction of the enld mase increases the loads
in the radial members oppomite the chimnes e minee the axial membes teod o fix the
aald mams at the chimner end. The addition of magnetic honp stoees in the cail when it is
anergimed inereases the loade in the radial manbems af the top and bottom of the cal. Thees
lnade then decreans the Acceleraticme that may be added to the cald mam sa that when the
mnagnet A onld and eergized the limiting radial aceeleration it cAn tolerate in Sr downward;
the limiting aAxial Acoeleraticn remaing 1 g toward the chimnes md.

Crnopervative eatimates of the decentering forem of 1.4 > LI* N in the axial direction and
4.4x Uf* N in the radial direction are macde. These furem stem from generosl 7 overestima ting
the imprecirion which which the magnet will be ceofaed in the toraid sbed 20 em in the
axinl cape And 40 em in theradial case  or eqiivalently, by apmming that for A coneerva tive
decentering of e 1 em, the mtimates of the decenfering foree conrtanta ar calenlated ave
miltiplie] by & fachar of A1 and A0 for the axial And radinl capm respectively to eomice
crmeervAtiAm. These sromly owerestima ted deceantering loade correspand to (158 g Axial and
141 g radial laadings.

Finally, althengh Fearmilab in in a Clam (1 peismic zone, the mequirementa for & Clam 1
peiAmic zone, A lateral Acceleration of Alightly leen than (1.08 o, Ave impaosed for eonserya tam.
The seirmic loade are easily acoommeadated by the radial meambem, and they only elightly
awecload the axial memberm when added fo the decetering loads. Evideotly A small re-
aphimization af thededgn of the axia membwem woild ecase this glight: averload. The loading
deeizn valum Are shown in Table 4.2

The magnet aryomtat i Attached to the ceobral calorimeker by mipport bracketa which
earry the weight of the erpoetat And the tracling deviee which will be athached to it. The
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bracketn at the service chimney eoed crmetrain axial motion of the crmetat and the brackets
at the opparite end Allow axial motion.

4.4 Alipnment of the Coil

The magnet mat he installed in the detector and aligoed to the TeVatron so that afher
it in eoargized it does oot destruckively perturb the arbite of the particle beame stored in
the TeVatrem. The onld-mam mippart AyetAn must peemaews this initial Alignment throngh
mibeeqimt thermal And enargization oyele.

The milicem And sdntillator fiber tracking elementa must e installed in the magnet hore
and alizned to epecified points oo the waennm weeeel so that the fill reealution of the tracking
AyEbem in Achiewed AR demigned. Again, it is necesmary for the enil to remain stably poritioned
thranghont thermal and magnetic eyeling sa the initial arimfation of the fracking syebem
with reapect fo the magnetic field is oot degraded.

E after the magnet in conled and energized the locations of the ends of the eoll within
the cryoetat with respect to fiduciale marked oo the aaber vamnm vmed Arve specified and
maintained ta £ mm [in any radial direetion), then the angnlar uneertainty in the direction
of the field axis daes oot excee] 2 A mrad. In appendix F we ghow that this talerancs in
mifficient to preser?e neceerATy Aliznment of the magnet bath for machine requiremanta and
far tracking requirements. It in likely that the tracking sysbem may eveotnally be inoorpa-
rated imha the trizger for the dekector. This eveotiality may fiurther constrain the Alignment
precinion in arder that minimal ¢-dependence be infrodneesd into trigger thresholds. Thin
additicnal precigion. if any has not heen etimated.

Ik in inAtmictive to note that the field axis of the CD'F magnet was fonnd fo be minlizned
by 24 LE2 &+ (117 milliradiane with respect ta the axis of the fisld mapping desice [1] which
wan in turn aligned to the magoet uming fducidls marked oo the vaomm weeeel by the
mannfackurer of the enil. Thin meamired minslisnment cAn be inberpeeted Ar characterizing
the acmiracy to which the mannfacturer poedicted the final location of the eoergized ool
within the erynetat. Sinee the magnet in i mebers long . this angular mirdlignment indicates
that A radial taleranes of Appraximately &+ 4 mm war Achiewed for thin maznet.

4.5 Coil Thermal Design and Cool Down Characteristics

Heat from the oail And ainber mppart eylinder in abaarted by 4.6 K teo-phase helinm fowing
thrangh a tnbe welded to the auter mppart oplinder. The sbeady-state heat load an the
ecil and mppart evlinder eomes fram the thermal radiation from the radiation shields, Jole
heating in the condnetor jointa in the eail, and eondnetion theemgh the enld mam mppaort
membem. Additional heat in generated by eddy murrent heating in the suppart exlinder aned
enil while charging . discharging, ar quenching the coil.
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Fignre 4.5 shown the tibing lapot on the mippeort eplinder and indieates the location of
the racial and axial mpparts. The suppert eglinder coaling fube in L mm (1.8 in)] ID with
A minirmim wall thicknems of LE mm (1088 in) and made of extmded &16L-TH alnmimm
with A maximnm allowable working presmive of 9.3 MPa (LK1 peid]. This presmire rating in
baned en an ANSI/ASME RA1.3-190 allowa ble strees of BR MPa (8 kei). The tihing is renibed
lemgitndinally an the auter suppart evlinder with 18 straight rections spaced approximabely
211 mm apart. The tnbing and mppart brackets are selded to the mppeart evlinder in arder
tn inmire gaod thermal eontaet.

The coaling fnbea are laid ot sa that ther pams oear the mppart brackets. The tibe
Apacng waA determined uaing A 2-I finite Adement madel. Caal-down And stedystate Sow
calenlatione were ueed to debarmine the tnbe diameter. The maximnm temperatiire in the
anil wan debermined with 3 D finite element modds coneeotratineg on the temperatire profiles
near theanppart brachkets. ‘The mtimated sterdystate thermal heat loads are ziven in Table
4.3; ahmie beating in the eanduetar jointa in neglig ble

Th recluce the heat load on the onil, hath the enil and the radiation shislds are coabed
with alumimim tape (e.g. A Na. 425 [1]). Experience shews that theee in nneertainty in
radiatinn heat load ealeilatioos therefore the radiation heat load to the belinm mirface Listed
in Tahle 4.3 include A fackor of U] increase from the calenlated value Binoe condnetion Along
the mppert rtrita in well nndemstond no eontingeney har e Added to the condnckion salies
in Table 4.3, The charsine ratensed for the transiat calenlation is 12 A fe (see Chapher 11].

Th lerwrer the ooil temperatiire near the radial supparts meat of the heat laad foom the
rAdial Auppertn i intercepted by crmnecting hizh purity Alnminnm sharting strape from the
end of the mipparta directly fo the nearby helinm eooling tnbe. To eomire good thermal
ermtact betwem the suppart evlinder and the aod danges of the mppart eylinder an indinm
aanbet in imarted before holting on each fange. Finite dement analyees indicates that the
maximnm cail temperatire 18 near the axial mppeart blocls [(ses Figures 4 & and 4.7). This
maximnm temperatire in 4.8 K for steady eurrent and K1 K while charging at 12 Afs. The
mheady orrent maximum onil temperatire away from the mipparts 18 withio (11 K of the
eaaling tube wall tempera e of 4.7 K.

The sheady-state ow of the helinm thrangh the eoobral dewar, servios chimney, And mag-
net erpatat has been modeled amnuming & homogenemia teo-phase fow egime ae detailed
by Barrem [R]. In the calenlations the heat fixes to the fibing are applied with contingencies
Acddes] where apprapriate Tibe lengthe, di ameters, retrictions, And elevation changea hawe
oo falen intn Accmint for pommire drop and finid Aow frictional heating efectn. Figire
4.8 phows the exit quality of the helinm as A fimmction of helinm fqw rate. The teanpecatiee
af the helinm for the fow rates shown in Figuee 4.8 is abont 4.8 K. A hdinm flow rate of &
grame per seoand is Aufficient o enmice proper enaling of all enmponents diuring steady atate
aperatinn of the salenaid.

The enal down time for the eald masein illuatrated in Figuee 4 8. To abtain this eonl down
enrve the snleonid in enaled in two stages. Dhuring the firet stage helinm from the refrigerator
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eampressar i enaled in A belinm ta liquid nitrogen beat mcchanger (pee Chapher LA) and
pent to the eoaling el en the solmoid. The rate of conldown is regulated by contralling
the temperatire And mam fow rate of the gan. The desired maximum coaldown rate is
# K/br with a4 maximnum temperatire difference hetween the cail and ineoming helinm af
UK. Coal-down constraints are debermined by analyzing the tharmal streme in the cold
mann canse] by differentinl confraction of the mppart evlinder and the ooil.

When the cnil reaches QK the second stage of eoaling begins. Liguid heiimm from the
atarage dewar of the refrigeratar in pameed thremgh the eoaling tube. Dhiring this shage of
eonldown there are no tAmperatire constrainta imposed.

Dhiring A quench the temperatiure of the eoil will increase (ses Chapter 11] which will
reenilt in rapid preemirization of the helinm in the eooling tube. The remilting peak presmire
in the mpereritical helinm in the tnbing in bared oo the maximnm quench heating rate and
en the plaicement: of relief ¥alvee which are provided cn both the supply And reburn farthing
in the emmtrol dewar. The maximum queech beating rate in that corresponding to A faek
dircharge nming the pratection remistor which senerate maximmm heating in the mppaort
aylinder. Far A conpervative eetimate of the peal presmire the helinm in the tnbing on the
mipparh oflinder in maoddesd to e the snme tempecatire an the snppart oylinder. Table 4.4
aiven Aome of the reemilte of thin calenlation.

Chiench recovery in accamplinhed As in atage two of the cool down. The recovery ime
in limited by the presmire drop throngh the mppart eflinder fubing. The fime requuired tao
eonl down the enld mam to ite aperating temperatinre in 38 minutes (pee Figure 4. 1) ; this
aaaldawn will require abant 5830 liters from the liquid helinm atarage deecar.

4.8 Loss of Vacuum

If there in A lome of ¥acnm in the crpoatat the presmice in the helinm coaling fihe will riee
e to the increaned heat load eaneed by the foeeeing of air on the enld masrs. A heat thix of
12 W/em? em the eaaling fube will canee A peak presure in the fiube of ahot LN of the
MAWP of the tubing. ANSI B3 allows LAY MAVP for Aingle aoourrences of less than
U] hemre duration and moiltiple acoirrences of lesn than LN hemm per vear total diration.
Calenlationg indicate that the finite thermal diffusivity of the enld mam =ill lead ta a slower
reepanee of the mppart eylinder and onil to the heat fhix than thrangh the hdinm tinbe.
Thin meann that the helinm in the conling fibe will presmirize And reliews hafore mignificant
heat: in transferred from the mippart oplinder to the enaling tube. This heat will arrive at
the enaling tube after the most of the helinm inwentary of the fibe i vented.

Fizire 8.3 of NP8 Manograph 111 [f] indicates that the maximmm heat flux far air
ermedenaation cn A bare wemel in B8 W/em®. Thun a complete failure of the saoumm jacket
will nat lead ta ripfure of the helinm eoaling fizhe.

k can be nobed that if the eotire eold mas mrfaoe in allowed to participate in beating
the helinm in the conling tiube (b Asmiming ingkantanecns heat transfer from the entive cold

1k



mann ta the helinm fube] then the freming of BN g /s of air will praduee a beat lasd of 380
kW in the fibe, mfficient to raise the helinm preemire to LN% MAWP of the tihing. For
this sererdy non-phyeical Apprvximaticm, An arifice with A diameter of A9 mm in the sacmm
weeel wrdld e mifficiently large to prowide this amonnt of air. Snch A peoetration seonld
come from A wery Rerare Aonident to say the least.

The mptiring of & nitrogen line in the vacunm space likewise dom oot threaten the
helinm eoaling tiube. To zenerate 360 LW heating in helinm eoaling tube A fow rabe of more
than LARI gfn of liguid nitrogen in required. A complete mpiire of & nitrogen line caonek
prewide more than abent & g /s flowrate given the length of the nitresen lines from the
mpply dewar and the maximnm operating presmire of the dewar.

4.7 Liquid Nitropen Cooled Shields and Intercepts

Fignure4.11 shown the nittogen conling finbe layat. The beat load from the radiation shields
and enld mam mppart intereepts in Abaorbed by twro-phase nifrogen fowing throneh fibes
wolded] tn the radiation shields and intercepts. There are e indepmdently confoalled
ecaling tibwe cirenita. One circnit 18 1ueed ta eaal the shields and the ather the cald mams
mippart inberoepta. Flow conditions in the nitromen cirenita were modeled neing the Locdchart-
Martineli correlation for ten-phase Sow.

The radiation rhidds are fabricated from 16 mm (1083 in) thick 1 1N Alnminnm and are
mipparhed off the saom jackets. The end shield heat: loads are picked up by direct: comtact
ta the outer shield fubing. The steady-state heat load in the mm of the thermal radiation
heating from the waeunm jacket and the eonduetion heating through the fasbenem which
eemnect the shield to the saeinm jacket. Ta redues the thermal radiation fom the saeunm
jacket, mmltilager inmilatien (MLI] 18 mm (1.71 in] thick at & density of U] lagemsfem (25
layem fin) in placed hetween the shield and vaennm jacket. At each eold mas mppert & thin
sheat; of Alnmimm shields the higher temperatire of the mppaort from radiating o the eail
package.

I arder to prewent eddy oirrent heating in the shields each in split longitidinally and
rejnined by a G100 plate which provides A cnrrent break in the shield. The heat loads ta the
nitrngen Aystem Are linked in Table 4.3. The radiation heat loads listed hawe heen inflated
by a factor of B aver what 18 enorentionally meamired for the apparent thermal condnetion
of multilarer immlation o accammadate imperfentioos in ingtallation, ehe.

The coaling tibe for the shield is 8.8 mm (1375 in] OD with & minimnm wall thickness
of 12K mm (444 in], and in made of extrided SIBL-TH alnminnm sa that the maximim
allcwable working presnire in 14.4 MPa (2100 prid]. This rating in hased cn an ANSIASME
BALA-1960 allewable streen of BE MPa (8 lxi) for R08L-TH. The tubing in renbed longitiedi-
nally an the shield with 12 equally spaced straight seetions and welded to it to eomire good
thermal eqntact.

The calenlated maximnm shidd temperatire is 84 K. Thermal contractiom of the ghield is
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ancommecdated by eolarming the mppart holes where it in fasteed to the aemm shells aned
Allowing the longitudinal eddy current break gap to widen. The Cz-10 plate that isn need to
bridze the zap in pinoed to both riden of the gap with slatbed holea to Allow reatise motion;
ita presence Alen prevents thermal radiation from penetrating the gap.

The cald mam mppart intereept conling tibe in waded ta the eonel enld mamm mppaort
membem therefore it in macde of ML stainless steel with A maximnm allowable working
preamnire of 2400 MPa (3480 peid). Thin presnire rating in based an an ANSI/ASME BA1.3-
1941 aAllcwable niveen of %2 MPa (L35 kai) for WAL (welded]. The calenlabed maximmm
temperatire At the intercepts in 87 K.

4.8 HRadial Clearances and Tolerances

Fignre4 .12 shewn the warm radial dimensions of the arpoatat. The radial clearanoes hetwreen
the nitragen And heliim eoaled mirfaces are mich that thes provide adequate clearances when
the eqald mam is cold an well As when it in warm. Theee cearances inelhide Allowances for
the womt-case biild up of tolerances, axd always eaceed 7 mm ({128 in), sinee the thermal
meticn af the cold mas generated by the canldown of the mippart membem s etimated to
e lees than (1.3 mm.

The radial tolerances cm all shells must nat caceed abont (.84, Far the anter saennm
ghell, the taleranee 8 talen fo e 40 mm/-3.18 mm ((1.128 in] an the radine. Far the inner
wacinm rhel; the taleranes in talien to be 4318 mm ({1125 in) /-0 mm on the radine. Theees
exprewions eomire that the finishes] veeeel does oot eoeraach oo the space alloweed for the
tracking syeteme that Are to e moinbed immide and afride the vaenm weeeel. The radial
talarancs cn the cold mame is alea talen to e .55

4.8 Assembling the Coil and Cryostat

After the eooling tubing i welded to the radiation shields and the eddy current breaks are
ingkalles]. MLI hlankats are applied tn the sacnnm shell mde of each shidd Then the shields
are attached to the vaomm shels with fartanem dedizned for this purpose.

The finikhes] onil Angd mippart orlinder is placed with ite Axin vertical and cirment hses
npright: and the axial mpparta are attached to ift. The iooer and anter vRemm shells Ave
then elid down awer the cail sn that the npper end of the coil is expesed. The radial mippart
membem At the service chimney endd are athachesd to the coil mippart eflindsr and the end
rAdiatinn shield and MLI are inrtalled The auter bulkhead in paf in place and the eryogen
linea ane enrrent bisea ave ronted throgh the pervics chimney norele. The warm ends of the
eqld mam mppart membem are attached to the lkbead. Meamirements are made of the
eald mam and bullkhead locationsaa the mirsey markems which characherize the geametry ancd
parition of the onld masm can be transferred] fin the onteide of the crmostat. Theno the inner
angd emter waennm rhells are lifted vertically into place and welded to the bilkhead. The
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ansembly i then lifted and the radial mpport members and end radiation ghield installed oo
the lower end. Instmmentation leads are connectes] to connectom in the auter end dkhead
and the hulkhead in welded to the vacunm shells After maling the necmAry meamirAments

tn transfer the sureey marks on the cnld mam to the antde of the allkhead.
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TAHLE 4.1: Dimensiom of the Magnet Cryostat

Length
(b Hadinog
Inner Badine

Thickness of (hiter Shell
Thicknees of Inner Shell
Thicknesn of End Pulkheads

274 em (74K in)
7.4 mm (2785 in)
K498 mm (2098 in)
T4 mm (11411 in)
.35 mm (0250 in)
] mm ((1.74 in)

TAHLE 4.2: Loading the Cold Mam Support System
Conditiom | Hadial Loading Axinl Londing
Acceleration Aroaleration
Shipping 1z Ao
Coll at 47 K i Lo

TABLE 4.3: Steady State Thermal Loade

Campanent: N K to B K (Watta) | 81 K tn 4 K [Watts)
Hadiatinn L 7.1
Condnetion:

Shield Standaiis 14

i Axial Supparts A8 iL.h

12 Hacdial Supperts LR.T ar
Eddy Currentr [(Charging] i ]
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TARLE 4.4: Quench Temperature and Pressure

Max Tamp after Quech 42 K (47 K amitting helinm)
Peal: Preemire during Chiench:

Two Way Helieving A6 MPa (K30 peda)

(oe Way Heliering L7 MPa (350] peia)
Reqquired Tuhe Thiclmess:

(Joe Way Helievring (.58 mm (1021 in)

Twa Way Helieving (134 mm (101 in)
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Figure 4.6 Vempecative poolile mear wn osind sumpon.
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Figure 4.12 CUrosg sect:ong of the eryostat showing
radial dimensichng and clearances. All dimentiong a-=
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