


goal of the Phase | upgradetisincreasethe luminosity up to 223d.0** cm®s™. A second
stage (Phase Il upgrade), foreseen for 2028iniedto bring the luminosityp to the10®
cm“s’level. It is expected thaR quadrupoles for the Phasenlill need to accommodate a
larger aperture antb operate at higher fieldss10 T)with increased temperature margins.
These new operational condit® will requirethe use of superconducting matesialith
improvedperformanceparametersvith respect to NbTiAt the momentNbzSn appears as
the best candidate for tithase Ilquadrupols.

The LHC Accelerator Research Program (LARP [2]) is a collatimnabetween four
U.S. DOE National Laboratories, (BNL, FNAL, LBNL, and SLAC), working with the U.S.
Department of Energy, and in close collaboration with CE&®Nthe future upgrade of the
LHC. Its Magnet Progranf3] is focused on the development of largeerture NESn
guadrupole magnegfor the Phase Il luminosity upgradgince 2004, several magnets have
been fabricated and tested with the goal of demonstrating th&nla viable option for
the next generation IR quadrupol&8e present in this pap@n overview of the LARP
Magnet Program. Design features, goals, and test redulte magnets tested so fae
describedand status and next steps of the quadrispoider development are discussed.

OVERVIEW OF THE LARP MAGNET PROGRAM

An overviewof all the magnetdeveloped by LARP since 2004 is shown in FIGURE
1, where all the crossectiors are depicted in scale and in chronological order from top to
bottom.The program has focused on the fabrication and characterization of racetrack and
cosd coils, with a length ranging from 0.3 m to 3.6 amndon the development dfvo
different types of support structures 90 mm aperture model¥he firstconcept (Collar
based, ACO i n t hsederived fflomethe stauatureooh themMQXBbTi
guadrupoles built at Fermilalof the LHC Interaction Bgiors [4], and itclamps the cod
in stainless steel collarsontainedwithin a 2-piece iron yoke andn external welded
stainless steel shellThe second conceffhell-basedi S0 i n t he s®asgmet acror
evolution of support structureevelopedat LBNL for Nb;Sn high field dipoles [%], and
it providescoil supportthroughan aluminum shell preensioned with watepressurized
bladders.In the collarbased concept, the target coil jwad, remired to minimize
conductor motion during excitation, mostly reachedat room temperature through the
collaring and sall-welding operation, and then maintained during @tmin. In the shell
based concept, the bladder operamoom temperature prodes only a fraction of the
target preoad, which is then achievedafter cooldown through the contraction of the
aluminum shellAnother difference consists in the way the axial support is provided to the
coil. In the collarbased design, two end platescontact with the coils through phleaded
bullets, are welded to the shell. In the shased design, the end plasa® compressd
againstthe coil through fourfull-length aluminum rodsapplying the major fraction the
axialload during coedown

The first magnet developed by LARP was the subscale quadrupole SQ: tested in
2004, it was the first magnet where the shaked structure was applied to a quadrupole
configuration with 300 mm long racetrack caéled a 110 mm aperturéhe goal of SQ
was b assesghe performancen operational conditionsf the conductor to be implemented
in the following TQ program, provide fedzhck on assembly and loading procedures, and
validate 3D finite element models.

Following the test of SQ, the Technology Quamies TQC and TQS were tested for
the first time in 2005. The magnets assembled 1 m longoos’s respectively in and
collar-based and sheliased structure.
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FIGURE 1. Overview of LARP magnets:rosssectiors are shown in scale and in chronologicales from
top to bottom(TQC crosssectionby |. Novitsky, FNAL).

With a target gradiendf 200 T/min a 90 mmaperturecoil aperture the TQ tests
were aimed at optimizing the fabrication and investigatirgperformance afosd coils,
at the same timeomparing the behavior of the two support structures.

In parallel to the TQ progm, in 2006 the Long Racetrackel-type magnet LRS
was fabricated and tested. The goal of LRS was to test for the first time long (3.69m) Nb
racetrack coils, and to appthe shelbladder concept to long magnets. The development of
the LRS and TQ magnets paved the way towardsi¢hrelopmenof the 3.7 m long cos2
guadrupole magnetLQS and LQC, currently under constructidrhe structurewill be
basically an extensioof the TQ structure with additional features to facilitate assembly
and preloading, and to provide alignment of the structural compon&msilarly to TQ,
the LQ goal is to reach a target gradient of 200 T/m in a 90 mm aperture, thus
demongratingtha NbsSn is a mature technology for long accelerator magnstfslt test
is expected by the end of 2009.

Finally, in 2008 LARP has started the fabrication of the 1 m long higla f
quadrupole HQ. HQ will increasthe conductor peak field towards th T level, thus
exploring the limits of NgSn cosP coils and providing a performance reference for the
Phase Il upgrade magnets. Tdimiceof an 120 mm aperturéghesame as the Nb'Rhase |
guadrupols, will allow a full qualification of HQ based on tliequirements of the Phase |
luminosity upgrade. The support structure design combines a-tgarclamping system
to provide coil alignment with an aluminum shell peasioned with bladders. Thiest test
is expected in 2010.



FIGURE 2. LARP strand msssections: 0.7 mm OST MJR strand with 54/61 stack (left), 0.7 mm OST RRP
strand with 54/61 stack (center), and 0.7 mm OST RRP strand with 108/127 stack (right).

TABLE 1. Conductor and cable parameters for the LARP magnets.

Unit SQ TQO1 LRS TQO2/LQ  TQO3 HQ
Strand d. mm 0.7 0.7 0.7 0.7 0.7 0.8
Process MJR MJR RRP RRP RRP RRP
Stack 54/61 54/61 54/61 54/61 108/127 54/61
No. strands 20 27 20 27 27 35
Cu/Sc 0.89 0.89 0.86 0.89 1.17 0.87
Cable width (bare) mm 7.793 10.050 7.828 10.050 10.050 15.19

Cable inner thick. (bare mm 1.276 1.172 1.276 1.172 1.172 1.338
Cable outer thick. (bare mm 1.276 1.348 1.276 1.348 1.348 1.536
Insulation thick. mm 0.092 0.125 0.092 0.125 0.125 0.100

CONDUCTOR AND CABLE PARAMETERS

In TABLE | we provide the pameters of the strands and cables adofiiedhe
LARP magnets. TheSQ02 and the TQO1 serieased Oxford Superconducting
Technologieq OST) strands fabricated with the Mibied Jelly Roll (MJR) process (see
FIGURE 2, left). The strands where composed byNB4Sn subelementsin a 61 stack
billet (54/61). The heat treatment was optimized to obtalnimthe superconductor at 4.2
K and 12 T ofat least 180 A/mnf, at the same time maximizing the strand stability at low
field [7]. Forthesecond series of rgaets (LRS, TQO02, LQ), a strand with the same design
(see FIGURE 2, center) but fabricated through the Restacked Rod Process (RRP) was
implemented, with mincrease ofl. to about 2800 A/mM[8]. A third strand design, with
108 NBSn subelements in a 12%tack billet (see FIGURE 2ight) will be tested in the
TQO3 magnet serieCable parameters like packing factor and keystone angle were
optimized to provide mechanical stabilityith minimal critical current degradation][9

SUBSCALE QUADRUPOLE MAGNET (SQ)

In order to gain an early fedshck on conductor performance and mechanical
behavior of a support structure similar to the one designed for the TQS quadrupole magnet,
the Subscale Quadrupole (SQ) was fabricated and fd€td®]. SQconsists of 4acetrack
coils, 0.3 m longand based on the design of the coils for the LBBlibscale Mgnet
program [L3], placedaround a aluminum bore with a clear aperture of 110 mm (see SQ
crosssection in FIGURE 1)The coils were wound with the same MJR conductad a
underwent similar operational conditions as in the TQO1 series.
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FIGURE 3. SQ assembly (left) andaining performancéright) of SQ02 (two thermal cycles at 4.3 K) and
SQO02b (at 4.5 K and 1.8 K). The dasheddimethe graph represetiie expeted current limits based on

extracted strand measurements

The colil pack is surrounded by 4 stainless steel padspiacé iron yoke and an
aluminum shellThe structure is prbaded by 4 bladders, inserted in between the pads and
the yoke, whichgeneate the force needed to spread the yoke appply tensionto the
shell and preeompress the coepads shassembly.Once thepreload is locked by
interferencekeys, the bladderaredeflated andemoved.The longitudinal support system
is composed of for pretensionedaluminum rods and two end plaisgee FIGURE 3, left)

In the first two test$SQ02 and SQO02lihe magnet reachexdcurrent 00.6 kA at 4.3
K, corresponding t®7% of the expectedmaximumcurrentlss ( is hor t
based on stinds extracted from cables and assuming no strain degradatidrgf 10.6 kA
(98% of Ly at 1.8 K,with a conductor peak field of 11.7 T. The results confirttined the
conductor performance wamonsistent withexpectations and the support structure was
capable of providing the required coil suppdl. the training quenches occurred in the
pole turn,asreproduced by a 3D finite element analysis, which predicted separation and
sliding of the coil with respect to the winding pol&he magnet was usedsalto
investigate the effect of axial support on quench performgirein a third test (SQ02c),
the removal of the axial suppadaused 5 to 10%reduction of maximunguench current

TECHNOLOGY QUADRUPOL E MAGNETS (TQ)

sampl eo

In 2004, LARP startedevelopng the quadupole magnets TQSince the beginning

of t he

TQ

progr am,

a

tot al of 33

cos2d coi

The first generation of coils, implemented in the TQO1 series, used 54/61 MJR conductor
wound around a segmented winding pole made of aluminonebr Gaps were introduced

in between the pole segments to prevent excessive strain on the conductor during reaction.
Analysis of the TQSO01 test results indicated that quench origins concentrated around the
pole gaps, which, according to a finite elemendel of the magnet, tended to open under

the action of electronagnetic forces. In the second generation of coils, implemented in the
TQO2 series and wound with 54/61 RRP conductor, the winding pole material was changed
to titanium alloy (Ti6Al4V), which because of its low thermal contraction, resulted in
closed gaps during all magnet operationke coils were assembled in two structures,
called TQC and TQS. In the TQC des|dB] the coil preload is provided by the combined
action of stainless steel tais, a 2piece iron yoke and a welded stainless steel shell.
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FIGURE 4. TQC (left) andTQS (right)training performancethe percentage of expected maximum current,
based on strand measurements, is plotted as function afitfifeen of training quercataraanp r at e O50

The collar design was modified with respect to the MQX by removing the inner poles
(round collarconfiguratior). Stress adjustmeig obtainel by optimizingthe dimension of
shims placed at the coil mglanes and between thelleos and the yokes. In addition,
aluminum spacerkmit the shell and yok contraction during coalown and preventover
compressiorof the coil pack After yoking, axial load is applied to each coil end through
instrumented bolts attached to 50 mm thécid platesStarting from the TQCO1b test, the
welded shell was replaced by a bolted shelbtolitate preload adjustmentA summary of
the TQ test results is given FIGURE 4 (left) and TABLE 2atotal of 6 TQC tests were
performed, with6 assembland loading operatia{16-18]. The target gradient of 200 T/m
was reacheth the TQCOla, TQCO1b, and TQCO2E te$tse TQSdesign [1921] applies
the bladder and kegoncept o0 c os 2 d c-seections in FIGERE 1)cThepsesence
of iron padsin close contact with the coilletermins, for the same currenan 8% higher
gradient than TQCAs shown in FIGURE 4 (right) and TABLE 2,tatal of 7 TQS tests
were performed, with 6 assembly and loading operations andohdmg operatiorj22-
25]. The targeigradient of 200 T/m wasonsistency reached in the TQS02 testth a
maximum gradient of 231 T/ifand a peak field of 11.8 Dptained in TQS02c.

TABLE 2. TQ test result summarQuench data are obtainedaatamp rate of 20 A/sinless specified

Training at 4.4 K Training at 1.9 K Highest quench
Gstart Gmax Gma)JGss Gstart Gmax Gma)JGss Gmax Gman uenCh
(T/m) (T/m) (%) (T/m) (T/m) (%) (T/m) conditions.
TQCOla 134 158 72 153 196 86 200 1.9K, 100 A/s
TQCO01b 144 178 86 179 200 90 200 19K
TQCOZE 178 201 86 198 198 78 201 44K
TQCO02a 127 158 67 147 165 64 170 1.9K, 50 Als
TQCO02b 145 175 84 161 175 78 177 3.6 K, 50 Als
TQSO01a 181 194 90 n/a n/a n/a 200 3.2K
TQS01b 169 183 85 n/a n/a n/a 183 4.4 K
TQS01c 160 178 82 177 192 82 192 19K
TQD2a 182 220 91 215 223 85 224 22K
TQS02b 191 207 85 197 200 76 207 44K
TQS02c 216 222 91 205 209 79 231 27K
TQS02d 208 216 89 206 206 78 227 27K
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FIGURE 5. LRS assembly (left) andaining performancéright) of LRSOland LRSO02at 4.5 K. Thedashed
linesin the graph represetiie expected current limits based on strand measurements

All the TQ02 magnets showed a degraded performance at 1.9 K with respect to 4.5 K.
Possible causes, lilknductor damage during fabrication coupled sil-field effects in
magnetethermal instabilities of N§Bn strands [26], are under investigation. Field quality
measurements were taken during both TQC and TQS magne{2égtslthough field
guality was not among the goals of the TQ programintbasuredomogeneity of the field
along the axisvascomparable to thstandards values observed inTilmagnets [28].

LONG RACTERACK SHELL -TYPE MAGNET (LRS)

In order to demonstratidat NiySn coils and shelbased support tctures can be
extended to 3.6 m, theRS magnet was built and testéd 2007 The design of LRS
[29,30], shown in FIGURE 1s based on the lagut of theLBNL Subgale Magnets13].
Two doublelayer racetrack coil modules, 3.7 m loraye contained in a shdlhsed
structure composed by allfdength aluminum shell (see FIGURE: left). The first magnet
of the seried RS01[31,32], reached®1% of Iss (see FIGURES, right), corresponding to a
current of 9.6 kAanda computedconductormpeak field of 11.0 TA mechanicabnalysis of
the supporstructure, performed through a 3D finite element modelcamdirmed bystrain
gauge data, showed that the contact friction with the yroke induced an increasing
tensional strain in the shell from the ends towardsriagnetcenter, resulting in variatn
of coil prestress along the length. Inder to reduce the axial strain aingprovecoil stress
uniformity, the shell was segmented in 4 parts 0.9 m fon@ second testLRS02[33]).
The newmagnet achieved 96% aof With aconductompeak field 0f11.50 T (see FIGURE
5, left), confirming that magnets made with 48in racetrack coils and support structures
with segmented aluminum shells can perform sssfully when extended in length
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FIGURE 6. LQ coil after winding (leff, in thereacton tooling (center)and after impregnation (right).
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LONG QUADRUPOLE MAGNET (LQ)

By extending the TQ magnets from 1 m to 3.7 LARP is currently progressing
towardsa length scaleup demonstratiorfor cos®d magnets[34]. These magnets, called
LQS or LQC depending on support structure desigaT@-stylecosd coils with a length
of 3.4 m[35,36]. Smilarly to TQ, thetarget gradienis 200 T/m.The LQ coil fabrication
process(see FIGURE 6)follows the one appliedo the TQ coils with the following
modificatiors: 1) in order to reduce asymmetries, coil are ggeed in singleavity
reaction and impregnation fixtures (the TQ fixture contained two cd)spaps are re
introduced in the Ti afly winding pole partdo minimize axial strainin the conductor
resulting from winding and heat treatment; 3) a layemafa is used to reduce friction
between the coils and the reaction fixtu@eil instrumentatiorand protection heateare
provided by flexible circug called tracs, based on a kapton sheet an@l @25 mmfoil of
stainless steeipregnated with the clsi[37]. Strain gauges are mounted on the coil after
impregnation. At the time of theibmission of thipaper 9 coils have been fabricated

Both a shelbased (LQS) and a coldmased (LQC)support structuresre being
developedThe LQS structurgseecrosssection in FIGURE 1)s ascaleup of the TQS
structure [38], where long trapezoidal platescalled master keysprovide alignment
between yoke and pads and facilitate paitk insertion Keys and pins araddedto
provide alignment amongll the stucture componentsyith the exception of the coiln
addition, the load keys have been moved towards the-piade to improve coil stress
distribution. Similarly to LRS02 a segmentedhell was adopted:his choicerequired the
implementation of a new ssmbly procedure wheffeur yokeshell sections 0.85 m long
are pre-assembled individually and then combined togetiéh tie rods.In order to
validate the assembly procedure, qualify the mechanical behavior of the structure, and
practice shipping and sertion in the vertical cryostat, LQS has been assembled with
aluminum dummy coils at LBNL (see FIGURE left) and sent to FAL for a cooldown
test to 77 KThe aluminum shell and the dummy coil were equipped with respectively 20
and 12 strain gauges: ahown in FIGURE 8 (right) the strain measurements were
consistent witithe predictionof a 3D finite element modelhe LQC structure will be a
3.7 long version of the TQC structurdiet only modification currently under investigation
involves the geomet of the collars.TQC used quadrupolée collars and the collaring
procedure was performed by partially inserting keys in individual 40 mm long collar packs,
complete the operation for the entire length and repeating the process up to the target load.



FIGURE 8. First practice coil after curing (left) and exploded view of the HQ design (right).

The LQC mayimplement dipoldike collars, which would allow a collaring operation
carried outn afull-lengthpressin a single pass, eliminating degradatrisk and reducing
construction timeThe firstLQ testis expected by the end of 2008ing the LQS structure
Additional testswith both structureare expected in 2012011.

HIGH FIELD QUADRUPOL E MAGNET (HQ)

In 2008,LARP hasstartedthe developrant of theHigh Field Quadrupole HQTlhe
magnetwill feature the same 120 mm aperture of the Phaserad@a@nd will explore the
field and stress limits for NlBn coils[45-48]. HQ (seecrosssection in FIGURE Lutilizes
1 m longdoublelayer cosP coils wound with a 15 mm wide cabl€he support structure
combines an LQ%ype design (aluminum shell, yoke, pads, and masters) with aluminum
bolted collars included to provide alignmenbbetween the coil and the structufeee
FIGURE 8, right). The maximum »xpected gradienis 219 T/m at 1.9 Kat a current of
19.5 kA andwith a conductor peak field of 15.1 Toil and iron designs havieeen
optimized tominimize conductor stressdsgep allowed harmonics below 0.5 units at 120
T/m at a R of 40 mm andlimit the variation of pfrom 0 to 19.5 kA within 1 unit.
Assuming a coil prdoad for a 219180) T/m gradient, the computed peak stress on the
conductor reaches 18050) MPa. At the time of the submission of this paper, the first
practice coil has beemound and cure@see FIGURES, left), and it is ready for reaction.
The plan is to assemble the magnet by the end of the 2009 aimd2@%0.

CONCLUSIONS

The LARP MagnetProgramis developing NgSn magnets for the Phase Il LHC
luminosity upgradeln the last four yea, the program has successfully fabricated and
tested the magneBQ, LRS, and TQWith a length ranging from 0.3 m to 3.6 these
magnetshave proven the coil fabrication process and tieechanicalbehavior of the
containment structuseLARP is now focusedon the next milestorse the developmenof
the 3.7 m long cosPquadrupole LQs andf the 1 m long cog2quadrupoleHQ, aimed at
demonstratinghat NlySn is a mature technolodgr long acceleratequality magnets.
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