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Absimci - A supcrconducthg transmission linc magnet tctt 
facilIty WRS bullt and coinmissioncd Fcrmilnb. Thc test facility 
is cnpnblc of gcncrnting a 100 W curreut in a 17-trictcr lcngth 
short-ulrcuIted supcrconducting loop, ms wclI as driving 15m 
long tcrt magncts. Thc current is excited by H room 
tcmpcraturc primsry willding and Iron yokc opcratcd as a 
cirrrcnt tranrfuriner. This approach rvolds tlic cxpcnvc find 
dllficulty of lOOkA current leads, and alIuws thc facility to b r  
Dcwrr-barcd, The loop has n rcploccable supcrcunduclar 
wctlon 4m long for testing various typca o f  YLHC 
transmlxrlon line cabIcr. The syrlcm dssign, 3D mugnctlc flcld 
analysis, magiietic force distribution n i d  test rcsults arc 
discusrcd. 

1. INTR~MXIC‘I’I~~N 
The Trsliisrnission Linc Magiict [1,2] is a wmn-iron 

single-turn 2-in-I double-C mngiict biiilt around an 80- 
lOOkA supcrconducliiig transiiiission line. It is bcirig 
devdopcd at Fcnuililb as a cost-cffectivc approach to tlic 
Vcry Largc Hadron Collidcr (VLHC). To iniriiriiize costs 
atid sinlplify cryogenics thc Imismission line iises NbTi 
condiictor opcratcd at G.5-7K immiiiiuin temperature. Othcr 
conductors iticluding NbAl 131 will ztko be tested. The 
syslcin dcscribcd here was built to tcst superconducting 
lratisitiission hie  smiples as well as to drive short - 1 5 1 ~  
prololypc magacts. 

A nipcrconductor test facility (Fig. 1) has becii buiIt and 
corniriissioricd which is capable of generating a 100 kA 
current in 17-111 length short-circuitcd loop. This is a scale- 
up of R smller  protolypc[4] wliich altaiticd 43kA. A 
coiiveiitioiial rooni temperalurc mngiict with largc iroti core 
was used os ciirrcrit imnsforiner. The currciit Imtisforiiicc 
has a watcr-cooled copper priinary wiiidiilg of 96 tunis of 
2.4kA aiid a short-circuited single turn supcrcoiiducting 
secondary. The pririitlry coils and yoke werc obtairicd by 
corivcrting ai1 existing BM-109 beam line ~~iagrict froin an 
“H-magnet” coilfiguration to a toroidal configmtion. This 
Tcst Facility was constructed dirring 1998-9 arid lcstcd at 
sliglitly above the design cimciit. of 100kA. Thc Tcst 
Facilily passed two siiccessfiil Icsl niiis and tlic resrilts of 
tlicse tests are discussed below. 

11,. PRINCIPLE OF OPERATION 
The supcrcanductiIig currcnt trmsforriier pririciple 011 

which the tcst loop operates is that the toid flux connected 
with the superconducting windng is pemnionsntly,fiozen in 
nt the time fhot the loop bccoincs superconducting. Siiicc 
h c  iron yokc which liiiks both 11ie primary and secondary 

wiiidings is relatively easy to iiiagncrixc, any cIiaiiges in the 
amp-turns of the pririmy inust bc compensated by eqiial 
nrld opposite change in the amp-tunis of thc sccondnry. In 
an idcal case the total current (mpcrc-turns) in primary 
shonld generate the sane airrcnt in the sccondary 
(stipercoiiductiiig) loop. The 96: 1 prirnmysecondary torns 
wtio allows a current step-up from 1.5kA to over 100kA. 
Since no flux c m  escape froin the supcrconducting 
secondary, the, system is DC coupled atid rhc secondday 
current can be Iiuliiitained indefinitely. 
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Fig. 1, lOOkA ‘Superconductor Tcst Facility 

Thc mnximmn vahc of sccorrdaty airrent dcpcnds on the 
flux rrozcrl into tho short-circuitcd loop, Tlicrc arc inany 
possibk variations or llic inilisl condilions aiid 
correspondingly in llic values of priinaq and seconday 
ciirreiits. Tile system is excited from an external beam line 
power sirpply through a reversal switch. Tlus allows HS to 
prepare tlic iron cow in a slate of reverse saturation prior to 
tiic point wlicn thc secondary bccorncs stipcrconduclitig, 
thereby riiaxiriiizing tlie flux swing and ilie efficiency of tlie 
transformer. 

In reality because of imperfect couplirig betweeri the 
prirnary and sccondary coils, and tlic largc fringing flux 
generated by superconducting loop, the secondary current is 
lower t l w  a total ampere-tums of primmy. Tlie fringing 
flux sppixirs as ii load inductance on the sccondq,  Load 
inductance wilI limit thc lcngth of tmsmission line inngtict 
which c m  bc powcrcd from this facility to approxirnntcly 
IOiiietecs. 
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n1. ~ A C I L I T Y  DESIGN 
The Supcrconductor Test Facility consists of lhc followilig 
coinponeiits: 

A current trmsforinec with R r a m  tcmpcratilrc 

0 Supercondiictiiig 17m Iciigth loop. 
Magnetic scrceiis. 

0 Power supply with inaxiinurii currelit of -2kA. 
+ Cryogenic system &He pump, lieat cxcl~ngcr, 

4 DAQ system. 
Below we discuss only the rnngnct systcin design nlrd the 

test of its components. 

pritmry winding. 

dewars, etc.) 

A. Current Tmn$wrer 
Tlie cirrreiit lmnsfonner is a coiivcritiotinl BM109 nmgtiet 

with a window fmtne iron core aiid two water-cooled coils. 
The coils have beeti reconfigured to drive the flux womld 
the periirieter of the iroii yoke iiistcad of ilcross.thc wiirdow 
framc gap, Both coils arc coruiected in series niid genemte 
thc circulating inaggtictic flux in the irori core. 

tiiaxiinuin current 2400 A 
tnexiinuin voltam l l 0 V  

Tlie current trnasfortiier Ius the followitlg pammcters: 

resi sta lice 0.0458l2 
nimibcr of tums in both coils 
watcr tcmpcrsllrirc rise 32 "C 

watcr prcssiw drop 140 psi 
water flow 40.8 gpin 
weight 36 tons 

96 

12 nutnber of parallel water circuits 

Yokc Diincnsions - widlli 2.057 i n  

- hcighr 1.3 in 
- Icngth 1.83 ni 
-air gap ror cryostat 0.177 iii 

Tlic secoridary winding of tlic currenl tmmformer is 11 
superconductiiig loop. Tlie magnetic ficld cticrgy at total 
current in primary 150 kA is 153 kJ. The ttiflgriet 
indiictaiice is 0.13 H and titlie constant is 2.8 SCC. Bath tlic 
time constant mid inductance will bc significantly akctcd 
by iroii saturation effects and eddy currents it1 Ihc solid 
Frrouiagmlic core. _I L 

I 
Fig.2. 3D TOSCA Magnet Systein View 
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B. Superconducting Loop 
The superconducting loop is a transmission line cable 

designed to carry liigli currcnts. It coiisists of 18 SSC itiner 
cables wound moiuid n perforated copper tube, All cablcs 
strapped to thc copper tube by several laycrs of copper tape. 
Conductor prestress and mechanical stability arc providcd 
by outer stainless stccl jacket which is clamsliell-weldcd 
around tlie conductor to form the cable in conduit structure. 
Dimensions of tlic loop arc S ~ O W I I  in Fig.2. 

The SSC cable has the following pmmeters: 
superconducting inaterial NbTi 
coppcr / sripcroonductor ratio 1.3 
nuiiibcr of s k u d s  30 
width 12.5 mtn 
thickness 1-15 min 
Superconducting loop at maximum current : 

maximurn cumtit IO0 kA 
perinleter 17 in 
cross-scciion area 18.5 i u 2  

copper cross-section 463 inin' 

NbTi cross-scclion 235 min2 
stainless stecl cross-seclion 114 mm2 
self inductmcc 1.6 10 -5 H 
Inaenctic iicld cncrgv 80 kJ I 
(without ciureiit bansformer) 
magnetic flux 1.6 Wb 
msxiitiam flux density on llic conductor 
1 64k M 

rcsistancc at 20" C 
time constant at 20" C 

1.0 Tesla 

(two parallcl conductors with distance 3.14 m) 
0.74 inn 
22 msec 

TIiesc parameters are correct when the currctit transformer 
is not excited and the loop parameters arc dcfincd by a scIf- 
i1iduct"m. 

C. Magrietic Field Calculrrtions 
Frotn Ihc point of view magnetic field calculations the 

geometry shown on Pig. 1 is imavoidably thee-dimensional. 
Tlic nuin diflicultics of thc calculations were to define the 
currcnts iii priinary and seconday by the analysis of tlie 
iiingietic flux babice. The current lransrormer core is 
circuited mrld vcry quickly salam(cs. The entirc syslctn 
gciicmtcs high fringing fields, wliich also should be 
cnlcdatcd. Tliese fields cause rather large forces into 
superconducting cable. OPERA 2D mid TOSCA codes 
wcre used for the 3D ficld calculatioiis. 

Tlic gcomctry arid bllicc for calculations arc shown on 
Fig.2. Thc bounday conditions on thc cenlral vcrlicid planc 
of thc sysfcin hclpcd to rcducc twicc thc nuinbcr of non- 
linear equations. Therc wcrc 65520 elements and 70596 
nodes in tlic lalticc. OPERA 2D code was u5cd [or the 
checking 3D field calculation results. As mentiwcd abovc, 
the relationship between priiiiary and secondary ciirrcnts 
depends 011 the value of tlie trapped flirx in thc 
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sripcrconducting loop. Table I shows the calcdatcd 
currciifs niid ciicrgics for various valucs of flux iiiitially 
f r o m  inlo fhc secondary winding. 

alues of frozcn flux, 
Eiiergy I 
In:-. I Initial 

Coilditions * 
Zero initial 
currents nnd 
fields. Zero 
flux tllruugh 
loop wen at 

primary 
currcnt .& non. 
superconducli 
ng secondw I (nor-scs) 

1 I I Nonduper- 
I conducting 

Tlie flux dcnsity coinpoiieat By distribution i n  % of 
magnet. system arcn is shown 011 Fig.3. 

The cumctrt Lmnsrooririer core is sntiimted (2.53T) iu spite of 
negative lOOkA demagnitizetion current of the loop, The 
integrated flux cormected with the loop is close to zero arid 
it iiica~is tlmt current ~raisforiiicr capable of gcnerntitrg ~ h c  
specificd current lOOkA iri the siipercoiiducririg loop. 

IV. MAGNET SYSTEM CQNSTKIWION 
Tlie magnet system was built oil the buse of ii 

conveiitioiid magnet ]wing  a lwge cross sectiori of irori 
core to gencmtc the in,u;imum flux coiiiiected with 
supercotiducting loop. Both coils of this window frarne 
dipole iiiagiiel were reinslalled and reconnected in such a 
way to grodiicc a circiiitcd in iron core inagtietic flox. The 
trairsiiiissiori line niperconclacting loop goes through the 

tnagnct air gap and is short-circuited outside the mgmt .  
TI ie supecconductiag loop is attachcd to an alumimuii 
sapport frame. Inside thc loop ferroinagnctic screens wcrc 
installed to reduce iiiagtieiic forms applied to the 
superconducting cable. Three-ditncnsiond calculations 
showed that without thcsc screens the force might be more 
th" 200kg/m, especially in tlie arcas of the magtlet cnds. 
An optirnal position of screeiis was cnlculated to tniiiimix 
thcsc forces. Because superconducting cable shrinks during 
cooling, tlic outer vacuum lubc was made flexible at thc 
corners. Two dial iridicators coiinected through thc bellows 
monitored the position of lhc superconducting cable. 
Another two indicators inoiutored tlic motion of outer 
vacuum tube. The superconducting cablc is supported 
inside vacuiiin tiih by 36 G-11 spiders llnving special 
configuratioii to reduce a heat leak, 

The liquid He circulation is provided by He pump. The 
LHc flows through the loop, passes IBrougli a heat 
cxchmgcr illld rctiuns in B ptimp dewar. Thc most 
coiiiplicated place in tlic loop i s  the T-piece, where LHc 
iritet and outlet connect with tlic inner LHe chamel. This 
part of loop sliould pass 1hc supcrconducting current but 
have low longilutlinaJ thcrnwl conductivity to lower tlic 
lieiit of Be inlet from tlic oullct. Another coilstraid is that 
h i s  part slioiild have eimgli thermnal mass io  absorb beat 
during a quctidi, Thcsc constraints were satisfied by a 
sImc(are OF copper discs soldered to tlic supcrconduclirig 
cable, with GtO spacers separating tIicsc discs. 

Tlircc Hall probcs were instdled around the 
superconducting cablc for current incnsuremenl. Inside the 
Cilblc iiuier pipc 10 vollngc taps were mounted. Tliese 
quench detectioii Icfids wcrc nm iiisidc the superconducting 
pipc so t lut  they developed no inductivc voltagc as the 
mnaiet mmped, auld 110 biicking circuit WRS required. One 
set of' leads circuimwigating the circnmfcrcncc of lhc loop 
measured the total rcsistivc voltage driring quenches, again 
without need of a bucking circuit. The qoeticli initiation 
system iiicludes two heaters arid a capacitor with 
clitlrgddisclmrge systciti. Qmnches wcre recorded by R 
LnbVicw bascd DAQ systein which also performed lhc 
syslciii Iiiooitoring fiinctions. 

v. LOW TEMPERA'rUKLTESTS 

Thc Superconducior Tcst Facility was tested in August 
1999. There wcrc two nms to coiiiiiiission the cryogenic 
system. Hcrc wc disciiss only Ihc rcsdts of thc Iast wliole 
system ruti, when the nominal cirrrent lOOkA was achieved. 
System cool down plus S iudiiccd qucnchcs uscd a total of 
abotit 1000 liters of LHc. At varioris points tlie current 
fransformcr was cilhcr initially demagnetized, or driven into 
iicgntivc saturation to avoid hysteresis effects. TIic power 
supply reversal switch was iiscd to stay at tlic inaiii BH 
curvc of material. The test results are shown io Table I. 

As c m  be xen froiii the Table I, thc fmtisforiiicr 
coefficient was nither stable at 91.25 +/- 2.25%. Thc idcal 
cocfficicnt equals 96 (tlic niuiiber of turns on the primary 
winding). Tlie Iowa observcd value is prcsuiilnbly due lo 
load inductance, iron hysteresis, and iinperkct coupting. 
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'I'iinc 131,mil D2 NI, G 11, 
mil A 

12, Ktr 
KA 

I1 - primary currcnt. 
12 - sccondaly ctlmilt. 
Q - qlic1Ich. 
D1, D2 - dial indicators of SC cablc displacctncnt. 
136 
Ktr = I2/11 - cnrrent traiisforiiier coefficient, 

- Bfi ficld component i t )  horizonla1 plane. 

hnglc, gmd. 
R 115.6 iniii 

l l=100A I I =450 A 11=1080 A 
I2=9 kA I2=41 kA IZ=lOl  kA 

1.053 I 1.04 I 1.02 I 
Thcse measorenicn(s sliowcd a ratlux large field B+ 

fluctiinlion aroiutd aii average value. At IOW airraits this 
fluchiation is 5.3% atid decreases to 2% a( iiiasiiiiiiiii 
airrent. Possible cmses includc B non-hotiiogeneous 
current distributioii belwcen 18 pnmllcl SC cables, 
ioaccunicies iii tlie inccbnnical positioning of the Hall 
probcs with rcspccl io tlic cold iiiass. or stray ficlds. 
Nonhomogeneitics ii i  Ihc ciirciil dislribution is cspccted to 
luve 21 small iiflucmc 011 thc Iicld quality of the 
traisniission line iiislgiict sincc ilic ficld is sliapcd riiairlly by 
iron polcs. Any cffects wili be averagcd out by thc spiml 
wrapping of tlic sopcrconducting cables in tlie cotidoctor. 

Mcasiireiucnts of a 1 OOkA qiicrdi arc show 011 Fig. 4. 
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Fig.4, Qecncli voltagc, current, resistive power, energy 
deposition and prcssure ovcr a 3 sec time period. 

As follows froin these measuremetits the maximum 
powcr was 15OkW, pressure lOOpsi and dissipted cncrgy 
100kJ. These are in good agreement with cdculation of the 
stored energy froni the 3D codcs, which indicarc l h t  77kJ 
of air spacc ciicrgy and 23kJ from the icon core wcrc 
dissipated in lhc loop during qiiench. (see Tab. I) 
Tlic pressiirc risc during quench was also in good 

agrccmcnt with calcnlations based on the time stnicturc of  
flic abscrvcd ciicrgy rclcasc, During 4 hcatcr-induced 
queiiclics and a final lOOkA qucnch iiiduccd by gradual 
temperature rise to 7.5-8K, the presmirc stayed below 
140psi arid tlic pressure risc time bcforc rclief valve 
opcning was in adequate agreement with tlie safety prcssiirc 
relief c~~lculatioiis. 

--1 1 w.0 r-- 1 -~ --.- I f - -  r --.- 
% 

;f, 
: I  

W. CONCLUSION 

Thc 17tn Supcrcoiidiictor Test Facilily works well at its 
dcsign ciirreiit of 100kA, aid is ready for testing 41n 
supcrcoodacting cable sainples slid loin tcst mngnets. 

REFERENCES 
1. 'The Pipchon n Low-Ficld Approach lo n Very Lirgc IIndroii Collider", 

2. 0.W.Postcr. V.S.Knsldkhin. LNovitski, "Design of2 Tesla 
Snowtilass '96. sec also WWW.VLlIC.ORG 

'IAusinission Line Mngnet for tho VIHC", (Presented 011 MT16 
Coofermcc). 

3. E. Mnlnnud ct. al. PAC '99 
4. "Dtsign atid 0 p " i o i i  of nn Experinientnl Douhle-C Trmsiuisrrion line 
Mngnet, C;. W. b s t c r ,  1'. Mazur, '1'. Pctcrson. C. Sylvcsror, P. Schlabacti. 
PAC '91. 

http://WWW.VLlIC.ORG

