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ABSTRACf 

Over the last year-and-a-half, several 4-cm-aperture, 17.m-long dipole magnet 
prototypes were built by Brookhaven National Laboratory (BNL) wdcr contract with the 
Superconducting Super Collider (SSC) Laboratory. These prototypes are the last phase of a 
half-decade-long R&D pmgtam, carried out in collaboration with Fermi National Acceletator 
Laboratory and Ldwrencc Berkeley Laboratory. and aimed at demonstrating tJte feasibility of 
the SSC main ring dipole magnets. They also ptrparc the way for the S-cm-apemre dipole 
magnet program to be stand scat. In thii papa, we analyze the mechanical behavior of the 
BNL prototypes during midown and excitation, and we attempt m relate this behavior to the 
magnet features. The data tevcal that the mechanical behavior is sensitive to the vertical 
collar-yoke interference. and that the magnets exhibited somewhat enatic changes in coil eod- 
loading during cool-down. 

INTRODUCITON 

Tltis is the second of a series of papers reviewing the 4-cm-apetwe. 17-m-long 
Superconducting Super CoIlida (SSC) dipole magnet R&D program at Brookhaven National 
Laboratory (BNL). In the fust paper.’ we reported on the design and assembly of the five 
most recent pmtotpes. In this papa, we report on the mechanical behavior doting cool- 
down and excitation of the same five magnets. and we attempt to relate this behavior to the 
construction feanrtes. The quench pcrfotmance, and how it is affected by the mechanical 
behavior, will be desctibzd elsewhere.2 

llte five magnets discussed here were produced by BNL ‘Ilure of them (DDOO26. 
DDCXl27, and DDoo28) were cold-tested at Fetmi National Acceletator Laboratory 
(FNAL);J.d the other two (DC0201 and DC0204) wen cold-tested at BNL. These magnets 
mly on the BNL fine-to-finefir design, in which pan of the support against the radial 
component of the Lorenu force is provided by the yoke. The main varianrs in their features 

ummaGed in Table I. Magnets DDOO26 through DE0328 used round collars designed 
~pkcdy match tbe inoer boundaty of the yoke at tcom tempcramre. Magnets DO3201 and 
DC0204 used uui-ovalizcd collars designed to compensate for excess vadcal deflection of the 
collared coil after assembly. Extra shims were added to the tops and bottoms of DcD204 
coUan to prevent the loss of v&Cal contact between the collared coil and the yoke in the cold 
stare. The collar mataial was Nitmnic-iO stainless steel for all magnets except DDO026. 
which used Kawasald stainless steel. Au magnets were equipped with the standard 
hsmnnentadon of the SSC dipole magnet pmtorypcs, including voltage taps to locate the 
quench origins and two rypa of calibrated stin gauges: I) beam-type strain-gauge 
nansducas to measnt the azimttdtal pressure exerted by the coil against he cdar poles. and 
2) “boIlet” gauge assemblies to measure the fafe exerted by the coil against the end plates.5 
A detailed presentation of the design concepts and of the various magnet features can be found 
in Reference 1. 

‘Ihe mechanical data reported hete are those measured by the two types of suain 
gauges thmugbottt cool-down and excitation. The cooldown data are monitored at regular 
time intervals by a slow data logger system. lie excimtion data a~ taken doting specific 
c-t cydu cAled stmit-gauge rum. A snain-gauge t-on consists of tamping the current 
step-by-step up to a maximum value. then down to zro, reading out the strain gauges at each 
sup; the step increments are usually equally spaced in current squurd tJhe fust magnet 
cxciution after cool-down to a current of the mda of the apcradng current is always a snain- 
gauge run). In the three sections of this paper, we shall review the inner-layer stress data the 
outer. tayer stress data and the end-force data Each of the thaw sections will be divided into 
two subsections. dealing with the change during cool-down and the change during excitation. . 
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(The change during cool-down results from the differences in thermal shtinkage between the 
various magnct pans. The change during excitation results from rhc LorcnQ force on the 
conductors.) 

Table 1. Variants in Design Features of Most Recent BNL 4-cm Apcmre. 
I?-m-lone Collider Diode F’mtotv-es 

DDcQ26 DLXlO27 DDO028 DC0201 DCu2c-l 

Inner Conductor 
cop r-to-super 
con 8” uctor Raoo 

Inner Conductor 
critical c-t 
at 4.22K and 7T* 

Epoxv Content of 
Inncr~Conductot 
Fiberglass Wrap 

cOUar Mat&al 

Collar Shape 

Collar-Yoke Shim 

Yoke Design 

End Design 

1.44 

7465 A 

24% 

High 
mgan= 
Round 

None 

1.48 

7822 A 

24% 

Niuonic 40 

Round 

None 

1.52 1.52 I .29 

7893 A 7893 A 8368 A 

24% 24% 20% 

Niuonic 40 Niuonic 40 Nitmnic 40 

Round Anti- Anti- 
ovalircd ovalii 

None None 16.2 mm** 

Revised ReViwd 

“yoke” 
Kf screws 
RttWVcd 

INNER-LAYER STRESS 

Change During Cool-Down 

As we desaibed in Reference 1. the coil is assembled into the collars with an 
azimuthal compmsi~ SOWS. Howvcr. the thamal shrinkage coefficient of the coil in the 
az.imuthaI direction. integrated between mom and liquid helium &He) temperawes. was 
measuted to be 4.5 x 103, compared to 3.0 x l&s for Nitronic-40 stainless steel. and 1.7 x 
10s for Kawasaki stainless stee1.a During cool-down. the coil thus shrinks more than the 
collars, and the azimuthal compressive smss is expected to decrease. 

The stxss losses during the fast cooldown of the five magnets described in this 
paper are s . din Table Il.8 ‘l%ey range from 25 to 30 MPa for magnets DDO027. 
DDOO28, and DCV201. It is larger for magnet DwO26: 37 MPa This larger loss is 
consistent with the fact that magnet DDtXl26 uses KawasG steel collars. whose integrated 
thermal shrinkage cc&cient is lower than that of Nitmnic-iO steel. The smallest loss is that 
of magnet Dol204: 21 Mpa Magnet Do3204 was also the magnet in thii series with the 
lowest room-tcm prcx-c,mpssion.~ A PssIblc explanation for thii lower pn- 
compression is the iowcr epoxy rontent of the filxrl;lass wrap of the inner-layer conductor 
2m in weight for magnet Dco204. cornpa& to 24% for the wher magnets. 
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Table II. Summary of Mechanical Data of Selected BNL 4-cm-Apcmm, 17-m-long 
Collider Dipole Magnet Prototypes: a) Inner-Layer Stress Data b) Outer 
Lavn Stress Data. cl End-Force Data. 

Av. Inner Sttess Av. lnnu Suess Average Slope 
Change during after of Inner stress 
1 st Cool-Down 1st cod-Down vs. 12 

Unloading 
cutmtt 

@W WW (MpalkA2) (4 

DDO026 -37.3 15.6 0.52 6500 
Dwot7 -28.1 31.4 0.75 tmne 
DWM8 -24.7 26.4 0.73 
DC0201 -29.8 25.4 1.05 Et 
Dam4 -21.1 20.6 0.70 6nm 

Magnet 
NUISC 

DwO26 
DDOO27 
DDC028 
DC0201 
Da)204 

Av. Outer Stress Av. Outet Stress Average Slope 
Change during afta of outer sucss 
1st CooNown 1st Cool-Down “I. I2 

IMpa) CMFW (MpalkA2) 

Unloading 
curralt 

kA) 

-16.3 31.7 0.18 none 
-16.2 39.2 0.27 none 
-24.6 17.0 0.22 note 
-10.2 25.5 0.24 none 
-18.3 26.5 0.22 none 

Total End-Force Total End-Fcmx Total End-Face 
Change during after Slope 
1st Cool-Down 1st cd-Down vs. 12 

(W OCN) ON& 

DDOO26 -3.9 4.4 0.25 
DDO027 -10.2 1.0 0.30 

z -6.5 18.8 25.6 8.1 0.31 0.37 
-2.7 10.6 0.29 

As can be seen in Rcfauxc 1. the prccompressiot~~ at LHc tempaauc of magnets 
DIXlO27. DIXO28. and DC0201 BR well carclatul to the effoxive sizes of the inner layer 
package, while that of magnets DDO026 and DC0204 lie below the line. This is consistent 
with the panicukritks of these two magnets dcscdbrd above. 

Change Dwing Exciaxion 

Rgurc 1 prcscnu a typical example of the change in inner-laya stress as a function of 
current sqoamd during an excitation of mapet DCO204. TXe four traces correspond to the 
prcssurcs mcasurcd against the collar pole face of each quadraot. The armws indicate the up 
and down-tamps of the cutrent. 

It appears that at low currents the pressme exerted by dw coil against the collar pole 
dcaeases lindy vusus cumnt squad ‘Ihls is consistent W;rh what can be expected horn 
the Lacntz force. whose arimt&~al component tatds to compr,?s the ceil toward the 
midplane. As the current incxascs. however. the pressure flaucns mt utd eventoally reach- 
a ccmtant kvei. The flattening of the pressutc can in pan be cxplainctJ by the non-liicar 
pmpudcs of the co& whose Young’s modulus is known to incuasc with increasing load,’ 
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The fact that at high currents the stress does not change while the Lorcna force is still 
increasing indjcaus thaw he collar pole unloads. and that the average pressure exerted by the 
coil against the pole fw kcomes zero. t’llte non-zero values measured by the gauges must 
result from offsets inucduced by differences between the active and compensating gauge 
rcferencc rcsistancc vahxs.) In the following. we shall refer to as wtJading CWWN, the 
current at which the slqx of the inner-layer sucss vetsus fa kcomcs less than 10% of the 
initial slopr. 

The unloading of the coil inner layer iUustratal in Figure 1 is typical of the magnets 
discussed in this pager. The unloading currents. summarized in Table Ea. were usually 
around 6500 A, except for magnet DW027, which was excited up to 7200 A without its 
inner-layer stress teaching a plateau. Originally. this unloading w% not intended to occur, 
and it had not been obsaved in magnets prior to DD0319.s~9 A prim mason why the actual 
magnets exhibit such behavior, while the earlier prototypes did nos is that their level of inner- 
layer pm-compression at LHe temperature is much lower: 20 MPa for magnet DCO204. 
compared to 55 MPa for magnet DDOO17. Another reason is that for most of the recent 
magnets. the initial slope of the stress versus P is larger: 0.78 MPdLA2 for magnet DCQ204. 
compared to 0.56 MP&A2 for magnet DLXtO17. The level of cold pre-compression is 
detmnined by the prc+anprcssion at room tcmperan~~~. which is inelf wntrollcd by the 
thickness of the brass shims inserted during assembly between the coil and the collar po1e.r 
Magnets after. and including, DDCO19 were deliberately asscmblcd with a lower prc- 
compression to avoid overstressing the coil insulation during wllaring. Thus obtaining a 
lower level of preuxnptusion in the cold state was not surprising. On the other hand, the 
slope of the stress versus 12 was not expected to vary significantly. 

50 /““l’~“I~“‘I’/~” , 

Figure 1. Change in the a&nuthal prtssurc exerted by the coil inner layn against the collar 
pole during an excitation of RNL 4ctn-aperture. I7-m-long coIlida dipole magnet 
prototype DCQ204 (the four traces correspond to the four quadtanrs ot the coil) 
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Looking more closely at the dam prcscnud in Table Il. it appears that there are large 
variations in d-e slopes even among the five magnets desctibcd in this paper. The smallest 
slope is observed for magnet DDC026. which uses round. Kawasaki steel collarz: 032 
MPa,bi*. The largesr is that of magnet DCO201, which uses and-ovalized. Niuo”ic-40 
collars: 1.05 MPaAA*. The other mag”cls-which use either round. Nitronic-40 collars. or 
anti-ovalized. Nitronic 40 collars. widt shims at the tops and bottonupy a” 
intctmcdiatc position, with slopes between 0.7 and 0.8 MFWkA*. The dependence of the 
sk+ on the collar confipadon suggests that it may be tclatcd to the collar-yoke intictmce 
at LHe tempuature. 

Thete is no practical way to directly measure the collar-yoke inurfercncc at IAe 
ccmpermtre, but it can be esdmated. In Rcfcnmce 1, we described how the horizontal and 
vm&al diamevrs of the collamd-coil assembly were regularly mzasttred after completion of 
cdaring. Let 4 desigtute the measured vettical diameter of the collared-coil asacmbly. and 
& the inner diamcur of the yoke. Let us as~utne that the yoke midplane gap is entirely closed 
ai the end of shell welding. For a magnet wilh no shims ktween the collar and the yoke, the 
~dcal collar-yoke itwrfau-~~e at mom temp+xatutc. i,. is give” by 

1, = dc - dY (la) 

For a magnet wirh shims of thickness (I between the collats and the yoke, intetfenoa 
is given by 

i,=d,-dy+2n. (lb) 

?he interference at LHe tempctamrc. ifi, CM the” be estimated as 

I’,,,,, = i, - d,(a,-cQ (2) 

where a, is the integrated dtcrmal shrinkage cocfftcient between rwm and LHe tempcranrrn 
of the collar steel, and cq is that of the yoke steel. The integrated coefficients used in dte 
computation ate: 3.0 x 103 for Niuonic40, 1.7 x 103 for Kawasaki steel, and 2.0 x 1CG 
far low carbon steel. 

Figure 2 presents a summary plot of the initial slope of tie inner-layer surss vasus P 
as a function of dte estimated collar-yoke intcrfcrc”cc at IHc umpcranac. For each tttag”et, 
the slope is the avaage slope of the pressures nxasurui against the collar pole face of each 
quadrant. (For magttets DDC027 and DW028. which were equipped with two series of 
team-type main-gauge uansducw, we s&cud the data from dte namhscm locatal at the 
minimum coil size lccation.) The a&r-yoke intetfaence is that calculated from Eq, (2) udng 
the collar vertical deflection tneasmul aI the axial lccation of the team-type main-gauge 
nansduccrs. The five magnets appear to lie on the same line. Ihtts, there appears to be a 
correlation between these two parametax 

lime is not yet a clear tmdersranding of why rhe slope of the inner-layer stxas is so 
sensitive to the vu&al collar-yoke intcrfcrurce. One plausible explanation follows: In dtc 
body of the magnet, the Lorcna force has two componcttu-an azimuthal component. which 
tends to compress rhe coil towards the midplane. a”d a radial compotxnt. which tends to bend 
the collars outward, which is ttuximttm at the midpla”e. If the yoke is tightly fitted to dte 
collan, it pmvides an infinitely stiff support against the radial cunponent of the L4tcntz 
force. The collars do not bend and the unloading of the coilar pole nsults only tium the 
axnptessio” of the coil tmdcr the azimuthal cotnponcnt of the l.0xna force. Cht the M,rher 
handiftheyokeisnoctighdyfinedto~ecollar.thmcanbcagapbctwcenthccollarandthc 
yoke. cxtmding over a ccnain angle on both sides of the midplane. Doting cnagization, the 
collars bend and the coil deflects accordingly. with a maximttm displacement at the midplanc. 
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The arc length of the wU thus increases. resulting in a doxau of admuthal compressive 
mess. In this case. the initial unloading of the collar pole results from two factas: 1) the coil 
compression under tbc azimotbal component of the Lorcntz stress, and 2) the coil bending due 
to the dial component of the Lorena force. ‘Ibis second factor accelctatcs the initial rate of 
unloading of the collar pole. resttiring in a higher slope. 

lix amplitttde of the bending moment that stretches the coil depends on the angular 
exunt of the gap between the collars and the yoke with respect to the midplane. The larger the 
angle, the larger the bending motncnt. Rather than looking at the gap on both sides of the the 
midplane. one can also look at the pcrirtutcr of contact between the collar and the yoke on 
both sides of the pole plane. The smaller the perime~r. the larger the bending morr~n~ If we 
assome that the yoke tnidplane gap is always closed the perimeter of wntact is wmpleuly 
determined by the amount of vertical inurfercnce between the collar and the yokcz the larger 
the imerfemnce. the larger the pximeter. This shows that the amplitude of the bending 
moment should be a decreasing function of the vertical collar-yoke intcrfercnce. Because the 
azimuthal component of the Lorcnn force is not expected to vary from magnet to magnet. the 
slope of tbe inner layer stress should follow the same dependena as the bending moment and 
be a decreasing function of the estimated vertical collar-yoke interference at LHc umpuatorc. 
which is in qualitative agreement with whar is observed in Figure 2. (On the other hand, as 
the cwrent increasea and the wllars bend. the pcrimetcr of contact between the collars and me 
yoke inucaus, resulting in a decreasing bending moment. llre bending moment eventttally 
bccorres nil as dte collars touch the yoke at the midplane. This decrcau of the bendittg 
mortunt is another factor conuibudng to the flattening of the inner-layer stress observed in 
Figure 1 at high cutrenu.) 

1.2 I”‘, I”“l’7”17”‘_ 

i 0 

! !i 
maaQ 8 i 

? 
k G c 0.6 - 
i., , ,( , , ,,, , , , , , ,,, ,,, :: 
: 
2 

0.4 ~~““~~~‘~~‘~‘~‘~~“~“‘~“‘~ 
-200 -100 0 100 200 300 400 400 -100 0 100 200 300 400 

Cellar-Yoka hterierancs at St.ralr~Ga~a Pack (JUII) Cellar-Yoka hterierancs at St.ralr~Ga~a Pack (JUII) 

Figure 2. Corulation bctwccn the initial slope of the average inner-layer stress verses cttrrent 
squared and dte estimaud collar-yoke interference at LHc temperature of most 
recent BNL Q-cm-apcmtrc. 17-m-long collider dipole magnet prototypes (the 
intcrfcrcncc is that calatlaud at the axial location of the main gauges). 
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If dtc above description is correct. the slope of the inner-layer sums provides an 
inti txasuremcnt of the perimeter of contact knvecn the collar and the yoke and thus of 
the collar-yoke interference at LHc tempaatum. The fact that magnet DD3026 has the 
smallest slope conforms widt our expectation that the use of Kawasaki steel should provide a 
tight fit bcnveen the collars and the yoke. The fact that magnet DC0201 has the largest slope 
conlirms our fear that the 254 tttt~ reduction of the collar vertical diameter might be excessive 
and that the coUarcd-coil assembly might be loose inside me yoke at LHe temperature. The 
fact that magnet DC3204 has a slope similar to that of magnets DDO027 and DDO028 shows 
that the shims that wcm added on DC0204 actod mechanically as they were supgoscd to; that 
is, they ittmwd the vcrdcal collar-yoke inurf~a in order IO make a magna aiginally 
designed as DC0201 behave like a round collar magnet 

We shall describe elscwher~ how the quench paformancc is al%cud by tbe bending 
of dte collars anl the unloading of the coil inner layer. One can, however, almady mention 
that the coil urdoading does not have the dtamadc irdlucttce one might think it would have. 
As we said cdrlicr, the Lcrcna force can k resolved into two components: one radial and one 
arimuthal. The radial wrnponent is maximum at the midplane, but it exists on all the turns of 
the coil. including tie pole turn. The pole turn is normally in wntact with the face of the 
collar pole: the radial component of the Lorentz fotcc thus inaoduus shear stress at me 
inurfacc oftbe two. On the other hand, the azimuthal cotttponent of the Lorrna force 
cornpres.us the coil toward the midplane. The pole turn thus tends to part from the face of the 
collar pole. atxl the frictional forces at the imcrface decrease. As the shear stress increases 
and the fricdatal forces d-, the risk of conductor stick-slip motion. eventually leading 
to quenches, increase s. AU the magnets dcsctibrd in this paper exhibited naining quenches 
dtat originated in the inner-layer pole turns, at cttrmnts of the orda of or above rhc unloading 
currents. However, dtey all reached a plateau within a few percent of the estimated short- 
sample anxnt limit, and all could be operated at low tan paaturrc-rhtts higher force 
levels-withcur major problems. This shows that although the tmkxding cannot be ruled out 
as a cause of some of the ttaining quenches. it is not a major dueat to the magnet opaation. 

OUER-LAYERSTRESS 

Clrnngc During Cool-Down 

Fa the same masons as those invoked for the inner-layer prc-compmssion. the outcr- 
layer pre-comprcasion is expected to decrease during cooldown The cc=~l-cbwn data for the 
five magnets described in this paper arc summarized in Table ILb. lhe changes during cool- 
down appear tnae matic than for the inner layer, and they do not follow the same tnagnet-to- 
magnet paman. Also. as can be seen in Reference 1. thax is no clear correlation bctwcen the 
pre-wmprrssions at He tcmpmme and the cffwrive sizes of the outer-layer package. 7%~ 
same lack of cormlation was a.kady obscwcd at room-tempentlac; thus it is not surprising 
that it did not improve during cooldown. Two masons canbcfotmdtoexplainthismore 
erratic bcbavim and lack of correlation witlt the outer-layer siz 1) the mounting of the omcr- 
layer nansduars may be less reliable than that of the inner-layer tmttsducm and 2) the 
corqmsiat of the outer layer by the coUars may be infhtcnczd by the inner layer. 

Let us first discuss the reliability of the nrcs.5 mcas ltrcmw. Thcsucssdata 
prcscntcd in Tables l7.a and I7.b are average values over the four coil quadtanu. However. 
for most of the magnets, the standard deviation of the four outer-layer pressures is much 
larger than that of the inner-layer prcssurrs. Cite most dram& case is magnet DDO027. 
with a standatd deviation of 11.7 MPa for the outer-layer pmssums after wldown. 
compared to 2.3 MPa for the inner-layer prcssurcr) lltis difference can possibly arise ftom 
the mounting of the suaitt-gauge beams. In the case of the innet layer, the whole pole part of 
the collar laminations supporting the beams is cut in order to host a solid and accutatcfy 
EDMU stainless-steel basc.s In the case of the outer layer, the beams arc also mounted 
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against a solid and accurately EDM’d backing plate. but the backing plate its&rests against a 
hminaud surface. The roughness of this surface does not allow a perfect aligumcnt of the 
beam. eventually leading to aSymmctiies between the four quadrants. Of course. this larger 
spread of rhc outer stress data raises questions about the reliability of the mean values given in 
Table 1I.b. 

The question of the influence of the inner layer on the outer-layer pre-compression is 
more subtle. As the collars are mounted around the coil. they compress the two layers 
simultaneously. The two layers can thercfarc bc consideted as two parallel springs. The 
balance of forces in me collaredcoil assembly then depends on the respective values of the 
two spring rates. Lf the inner-layer spring is stiffer, it dominates the outer-layer spring and 
determines the vertical deflection of the collars.. and thus the arimudtal compressive stresses. 
On the other hand. both the inner layer and the collars apply a radial pressure on the outer 
layer. Because of Poisson’s ratio. the arc length of the outer layer tends to in-. rcsubing 
in an increase of azimuthal stress. Both of these mechanisms result in variations of the outcr- 
layer presompression which are not related IO the outer-layer package size and which could 
account for the poor correlation that is observed. (Also. to bc thorough, we would have to 
consider the frictional effects bctwan the inner and outer layers. and ktwcen the coil and the 
collars. At this time. however, WC do not have a clear picture of how these frictional effects 
influence the azimuthal pm-compressions.) 

Change Dwing .Etciration 

Figure 3 presents a typical example of the change in outer-layer stmss as a function of 
current squared during an excitation of magnet DCtl204. The four n-aces correspond to the 
pressures measured against the collar pole face of each quadtanr The arrows indicate the up 
and down-ramps of the current. These data are from the same attain-gauge run as that of 
Pigum 1. Despite the fact that they arc widely spread, the four tmces appear to be roughly 
parallel. This indicates that although one can have some doubt about the absolute values of 
the gauge readouts. their dynamic responses are consistent. They show that in a manner 
similar to that of the inner layer. the outer layer has a tendency to unload from the pole, but 
the amplitude of this unloading is reladveiy small. The main reason for this smaller unloading 
is that the integtal of the azimuthal component of the Lomna force over the outer layer is 
much smaller than for the inner layer. 

In the case of the inner layer, we saw that the initial slope of the stress versus J1 was 
very sensitive to dte vertical collar-yoke intaferencc. One is curious to lcam whether the 
outer layer exhibits the same ccmlation. Figure 4 presents a summary plot of rhe initial slope 
of the outer-layer stmss versus P as a function of the estimati collar-yoke interference at 
LHe tanpcmure. For each magnet, tbe slope is the average slope of the pressures mcasumd 
against the collar pole face of each quadrant The collar-yoke intaference is that calculated 
from Eq. (2) using the collar vertical deflection mcasutul at the axial location of the bmm-type 
strain-gauge uansducm. For this plot, WC &li!xtately chose the same X- and Y-scale range 
as for the plot in Figure 2. With this scaling. the slope of the outer-layer sums appears to be 
roughly constant In the tccdel developed above, this would indicate that the outer layer is 
much less sensitive to the bending moment restthing from the radial component of the Lorcntz 
force, and that its rate of utthxding is only determined by the azimuthal component of the 
Lorcntz force. which does not change magnet to tttagnet Thii lower sensitivity to the 
bending mottxnt could possibly be cxplaincd by the fact that when the coil deflects to match 
the midplane bending of the wilars caused by the radial cotnponent of dte L.otmttz force, the 
arc length of the outa layer does not increase as much as that of the inner layer, resulting in a 
smaller mu of loss of azbnuthal compressive stmss. One could also argue that as the current 
increases, the radial pr~ssttrc exerted by the inner layer on the outer layer incrca.scs, resulting 
in an increase of the outer-layer am length because of Poisson’s ratio, partially compensating 
the loss of azimuthal compressive stress due to the other effects. 
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Figure 3. Change in the azimuthal pressure exerted by the coil outer layer against the collar 
pole during an excitation of BNL 4-cm-apamre. 17-m-long coUida dipole magna 
pmtorype DC0204 (the four naces correspond to the four quadrants of the coil). 
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END FORCE 

Change Dun’ng Cool-Down 

Predicdng the change in end-force during cool-down is not as stmightfoward as it is 
for the azimuthal compressive stress. As we described in Reference 1. the coil is loaded 
axially by means of screws that M set through the end-plate. The end-plate i~xlfis anchored 
to a stainless-steel cylinder, called the banner. which is welded to the shell: during cool- 
down, the end-plate thus foUows the shrinkage of the outer shell. If die prewncc of the yoke 
can be ignotul, the change in end-force dtning ccoLdown is determined by the difference in 
thermal shrinkage coefficients in the axial direction bxween the coil and the outer shell. The 
inugra,ud coefficient bewan room umperaturc and LI-Ie rempcmture of the coil in the axial 
direction was measured at 2.5 x 10-3. compared to 2.9 x 10-s for the outer shell stee1.s From 
these data. the end-force is thus expected IO increase during cool-down. On the other hand, 
the yoke Iaminadons of the five magnets desctitcd in this paper wnc compactly stacked so 
that the yoke would behave mechanically as a monolidr. As the outer shell is welded around 
the yoke, it is put into tension, and it applies a radial prcssur~ on the yoke. This radial 
pressure results in a high friction at the interface between the yoke and the shell. During cool- 
down, the shell tries to shrink more than the roonoIithic yoke. whose integrated thermal 
shrinkage coefficient bctwczn room tcmpaatttre and LHe tempctatttrc is only 2.0 x 10s. 
However, the high friction at the interface prevents the shell from doing so. The shell thus 
effectively stretches to match the thermal shrinkage of the yoke. In this situation, the change 
of end-force during cool-down is thus detumincd by the difference in thermal shrinkage 
coefficients in the axial direction between the coil and the yoke. From the aforementioned 
data, the end-force is thus expected to decrease during cooldown. In reality, the yoke is not 
purely monolithic. and part of the differential dtcrrml shrinkage between the yoke and the 
shell is ttscd to close gaps between the yoke laminations. The change in end-force during 
cooldown is thus expected to vary from magnet to magnet. depending on the amount of 
friction knvem the yoke and the shell. and on the compaction factor of the yoke. 

The change in end-force during the ftrst cool-down of the five magnets presented here 
is reported in Table UC. For ail but one magner the end-force decreased during cool-down. 
The magnet with increasing end-force was magnet DCU201, which used anti-ovalimd, 
Nitronic 4.0 colIars with no shims between the colIar and the yoke. Magnet DC0201 was the 
magnet with the loww mtical it~urfermce tenvan the collar and the yoke. Also. it was the 
only magnet of me s&a whose yoke midplane gap was ttxasumd to be closed at the end of 
the yoke stacking. prior to the shell wekiingt Therefore. me band clamps used to hold tbc 
IWO shell halves in place around the yoke in preparation for welding required less tension than 
on other magnets, resulting in a lower radial pressure on the yoke. (lhc band clamps ate 
tightened until the gap between the two shell halves co each side of the magnet is I.5 mm) 
‘Ilmc two facts arc consistent with low frictional f- at the inmfm between the yoke and 
the shell, which could cvmrually accouot for dtc incw6c in end-force during cooldown. For 
all other magnets, flu yoke midplane gap was mcasmod to be opm at the end of the yoke 
stacking. To achieve the same gap between the sheU halves, the band clamps thaefac 
needed more tension, rcsubing in a higher radial ptwsurc on the yoke, and thus higher 
fricdotd forces at the interface between the yoke and dtc shell. This is consistent with the 
observed d- of end-force during ccoldown. AIso, one would expect the amplitude of 
his decrease to be somewhat related to the width of the yoke midplane gap: the larger the gap, 
the more dial pressure is needed to close is and thus me higher the fricdon between the yoke 
and the shell. On the other hand, if the friction is higher, the shell is prcvetud fmm fully 
conttacdng to tmt~ match the shrinkage of the yoke. restthing in a Iarger d- of end 
force. Among the magnets prescnud in TabIe Uc, DDO027 was the me one with the largest 
yoke midplane gap; it also exhibited dtr. largest decmasc of end-force during co&down. 

As we have seen, the changes in end-force mportal in Table ILc can be quaIitadvcly 
explained However. one can ttoda that the IHe-umpctatttm values arc mom scattered than 
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what could be explained by these changes. This is because the mom- tarrpcnarre values were 
already scanercd. As we described in Refawtce 1. the end-force is set during rrwmbly to a 
nominal value of 4 kN. As me magnet is mottnted on the test stand. bellows are weldal at me 
pcriphq of the boanet. connecting the magnet cold-mass to the He disuibudott. This 
wel,ding induces a distcrdott of the bonnet. rcsuhirtg in an increase of end-face that gmady 
vanes from magnet tu mgner Aside horn the fact that it is not tepmducible. this incream is 
nor thought to be a problem, since it goes in the dirccdon of better axial larding. On the odtet 
hand. the fact that the cud-force cau decrease during cooldown and tbt fact that the sigtt and 
the amplitude of the change depend on a friction coefficient arc more wnismna for it is 
difficttlt if not impossible to predict the md-fotce level at LHe utnpctamrc and to msttrc that 
his level will be suflicim~ In dtc case of magnet DWO27, for instance, the end-force at LHC 
temperature ended up king very StnaU. perhaps haadittg to poor quench paformancc. S~dies 
are now undaway to dctcrmine the quantitadve relations that detcrtniue the change iu end- 
force during cool-down and to devise a process w control them. 

Change During Ercirodon 

Figtm 5 presma a typical example of end-force as a function of current squared 
during an mcrgizadon of magnet DC0204. The four traces correspond to the fottr”buUet” 
gauge assanbiies at the twurn end of the magnet (the rettan end is the magnet end opposite 
that where tbc current leads are connected). The arrows indicate the up- and down-ramps of 
the currm~ These data were taken during the same stmin-gauge nut at for F?gttres 1 and 3. 

As expected. the end-force increases linearly as a ti~nction of cutrent sqttamd, 
indicating that the coUatui-coU assembly tends to expand inside the yoke. FIX dtc suaitt- 
gauge run presenrcd in Figure 5. which was petfotmed aticr magnet DC9204 had already 
ban quenched sevetal times, there is little variation in me slope of the end-fotu versus P 
from zero w du maximum current However, for mosr of the first strain-gauge runs after 
cool-down, the end-force exhibits a cuwatttte at low cutrcttrs, and the final slope is largtrr 
than the inidai one. TypicaIly. the DD series magnets exhibited a slope incmase ofthcotda 
of 40% during their tim excitation to high current the incream was about 20% for magttct 
DCO201, while there ws tto noticeable change for magnet DCO204. Such slope increase 
reveals that the coil end-pans stiffened during the t%st excitation, which can be intcrpracd as 
a sign that they wem nc4 properly loaded to begin with. la most cases. however, this 
problem goes away ou subsequent excitations, and the amount of hysteresis between the up 
and down-tamps is &tively small. 

As wyc suggested. the collatedcoU assembly tends to expand inside the yoke while 
energized. The nu of this expattsiat should be determined by the arwunt of friction benvecn 
thCCOllarUlddlC*ASIJUfl-iCtiOtlill-. morcoftkeettdforcecmbeshamdbythc 
yak. dccmasing dw Uklihccd that the coUaredcoU -bly will cxtxsnd, As for the itttrer- 
laya mess. w arc thudore expecting to find a mrrdadon knvao the slope of the end fmce 
versus p and the estimated collar-yoke intafaenoe at L.He tcmpmte. Figm 6 prcsenu a 
summary plot of the slope as a titnctiott of the interfcrettce for the five magnets discussed in 
this paper. Because the slope changes as a function of current for sane. of the tnagncts, WC 
selwud the maxim um-amcnt slope. which we believe is mom rcprcsetttative of the coi~-atd 
behavior. Ott the other hand. the cstirnated collar-yoke inmtfautce is dtat calculated frart 
Eq. (2). using the avenge vahte of 4 over the magnet length. 

IS~6shoarsacomIarionsimikrtothatofR~Zalfhoughthedanarcmorc 
scattered Magnet DWa26 had the srnaUest end-force slope, 0.25 khVkA*. It was My 
du magnet with the 5mIlest inner-layer stress sloje. and it is cmsistmf with OUT cxpccrad~a 
of a tight collar-yoke fib resttldng from the use of Kawasaki steel collars h4agnu Dco201 
had the highest dope. 037 kNM2, which is consinent with our expectation of a loose 
collar-yoke fit. rwtltittg 6om the use of and-ovaUzcd collars. The other magnuc have slopes 
tanging from 0.29 to 0.31 kN/kA2. As we already noticed on the inner-layer stress slope, the 
end-force slope shows that dte shims that wem added on the tops attd bottoms ofDCO204 
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collars acted mechanically as they were supposed to do; that is. they increased the amount of 
collar-yoke inurfcrencc in order to make a magnet originally designed like DC0201 behave 
like DDCKl27 or DDCH328. (DC0204 end-force slope. however. is slightly off the line defined 
by the other magnets, revealing that the collar-yoke ituaferencc at LHe umpcraturc may be 
larger ban esdmaud. This ertor could come from the fact that in calculating the thickness of 
the shims to be used in Eq. (1 b), we neglected th=e double adhesive tape that secures them on 
the tops and bottoms of the wUG..) 

The most inuresting conclusion from Ftgurcs 2 and 6 is that the inner-layer sucss 
slope and the end-force slope exhibit a similar dcpendencc on the estimated verdcal collar- 
yoke imerfcrena at LHe umperatum. This sensitivity of magnet mechanical behavior to 
collar-yoke intcrfercnce raises a number of co-s, the most serious of which is that collars 
and yoke arc both laminated. Their contact surface is thus very rough, creating a risk of stick- 
slip motions of the collats inside the yoke during cool-down and subsequently during 
excitation, These sudden motions of collars during excitation can eventually lead to quenches 
in the outer layer of the coil. (Unlike the yoke, the collan are not monolithic. and gaps 
subsist bctwecn the collar packs where bending can occur.) This is certainly a clue for dtc 
predominance of outer-layer quenches that wrre obxrvcd during the quench-testing of these 

0 1111’1111’11’1”“1’111~‘~11~ 
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Yqnet current* (A’ 10-y 
Figure 5. Change in the axial force exerted by the coil against the end-plate loading scmws 

during an excitation of BNL 4-cm-aperture, 17-m-long collider dipole magnet 
~~~wtypc DCOm (the four traces cormspond to the four loading screws). 
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cakulaud in avaage over the magna Ien@). 

CONCLUSION 

In this paper, we reviewed the mechanical data during woldom and excitation of tbe five 
most rwxtu BNL 4-cm-apantrc, 17-m-long SSC dipole magnet prototypes. We sttccessivcly 
analyzed the changes in azimuthal compressive mess in he coil ~NIM and outu layers, and 
the changes in axial compressive load at the coil mds. We saw that for most of the magnets, 
the azimuthaI prcssm cxaud by dtc coil inner layer against the collar pole dareas& to zero 
during magi2arion. mvcaling a possible unloading of the pole. We found that the rate of 
decrease of the inner-layer stress and the rate of in- of the end-force during cncrgization 
WMe cuuIataI to the csimaud VMdcaI imMfautc4! benvan the coum and tbc yoke at LHe 
umpaaturc. These cmrdations are similar in trend: the tighter the clamping of the wUatu% 
coil arsembly by the y&c, the smaller the rate of change. We also saw that for most of the 
magnets, the end-fmu decreased during cooldown. and the amplitude of this dcuease was 
somewhat antic, varying grcatIy from magna to magnet The next sup is to analyze how 
these va.tiadons in rocchanical behavior infhtmce the quench pafcumance and CvmmaIIy to 
dctuminc which arc prcfcrable for the magnet operadon. ‘IXs discussion win be the subject 
of a future paper.2 

13 



REFERENCES 

1. A. Dewed. T. Bush, et al.. “Status of 4-cm-Apctwe. 17-m-long SSC Dipole Magnet 
R&D Program at BNL. Part I: Magnet Assembly.” to appear in the pmceedings of the 
3rd Annual International Industrial Symposium on the Super Colkier. Atlanta. GA, 
USA, March 13.15. 1991. 

2. A. Devred. T. Bush, et al.. “Status of 4-cm-Aperrurc. 17.m-long SSC Dipole Magnet 
R&D Program at BNL. Part ID: Quench Performance.” to be published. 

3. T. J. Peterson and P. 0. Mazur, “A Cryogenic Test Stand for Full Length SSC Magnets 
with Superfluid Capabili~.“SupcrcoiIider I, M. McAshan. cd, 1989. pp. 551.559. 

4. I. Strait, M. Bleadon. et al.. “Fermilab R&D Test Facility for SSC Magnets,” 
Supercollider 1, M. McAsha”, cd.. 1989. pp. 561-572. 

5, C. L. Gccdaeit, M. D. Anerella. et al.. “Measurement of Lxcmal Forces in 
Superconducting Accelerator Magnets with Suai” Gauge Transducers.” IEEE Tranr. 
Magn.,25,No.2. 1989. pp. 1463-1468. 

6. C. L. Gocdaei~ private communication. 

7. 7. Ogitsu, K. Machata. et al.. “Mechanical Hysteresis of Superconducting Coils.” to be 
published. 

8. J. Tompkins. M. Chapman. et al.. “Pcrfotmancc of full-length SSC model dipoles: 
rcsu11~ from 1988 tests,” Supcrcolkfer I, M. McAsban, cd.. 1989. pp. 33-49. 

9. C. Good& P. Wanderer, et al.. “Status Report on SSC Dipole R&D.” to appear in the 
Proceedings of the 10th Workshop on the INFN Eloisatron Project-New Techniques 
for Funue Accelerators, High Energy Jntensity Storage Rings, Status and Rospccu 

for Superconducting Magnets. Erice. Italy. October 1624. 1989. 

14 


