VERY LARGE HADRON COLLIDER R&D*G. Dugan, Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853

* Work supported by the National Science FoundationAbstractThis article discusses the present state of R&D for a post-LHC very large hadron collider (VLHC). Such a machinecan be built with today�s technology; the thrust of theR&D is to reducethe cost of the machine, throughdevelopment of new ideas and utilization of newtechnologies. R&D issues in the areas of acceleratorphysics, magnets, and general accelerator technologies,will be reviewed. Finally, the outlook for future R&Dwill be presented.1 ˚ I N T R O D U C T I O N 1.1˚Description of the VLHCDuring Snowmass�96, the concept of a post-LHC hadroncollider, with a center-of mass energy of 100 TeV, and apeak luminosity of 1034 cm-1s-1, was explored [1]. Twodistinct approaches to the problem were studied.In one approach, which was first investigated in detail ata workshop [2] at Indiana in 1994, and discussed at the1995 PAC [3], the machine uses high field (>12 T)superconducting magnets, and produces considerablesynchrotron radiation. At these fields, and for beamenergies of greater than 30 TeV, the radiation dampingtime can be considerably less than the luminositylifetime; this is very beneficial for the beam dynamics.The major disadvantage of this approach is the needtoabsorb this radiation at cryogenic temperatures, whichcomplicates the design of the cryogenic and vacuumsystems.The crucial R&D issue for the high-field VLHC is thedevelopment of a high-field magnet. This magnet requiresa practical, low-cost conductor, able to operate at fields inthe 12 T range, and a robust design that can be built withthis conductor to the specifications of the collider.The other approach, developed at Fermilab [4] in 1996,proposes the use of a low-field (2 T) superconductingmagnet. The magnet is a �double-C� iron-dominateddevice with a warm vacuum chamber, driven by asuperconducting transmission line; its simplicity offersthe possibility of a very low magnet system cost per unitenergy. The principal disadvantage of this scheme is thevery large circumference requiredfor a 50 TeV per beamcollider with low field magnets.The low-field VLHC has a number of challenging R&Dissues in the accelerator physics area, such as emittancepreservation and emittance growth limitation, beamstability, and abort and beam loss handling. The needforthe development of low cost tunneling technologies, toallow an affordable large-scale ring, is also crucial.1.2˚Developments since Snowmass �96Since Snowmass �96, considerable additional R&D hasbeen carried out at several national laboratories, primarilyFermilab. In the summer of 1998, a steering committeewas created to coordinate R&D efforts for the VLHC. TheDirectors of Fermilab, Brookhaven, Lawrence BerkeleyLaboratory and Cornell�s Laboratory of Nuclear Studiesformed the committee, and its membership containsrepresentatives from those institutions.Under the sponsorship of the committee, threeworkshops have been held, on the topics of magnets,accelerator technologies, and accelerator physics. Some ofthe results from these workshops are presented in thesections below. The committee anticipates continuedsponsorship of these workshops on an annual basis infuture years. An annual meeting will also be held tosummarize progress and plan for the future.2˚CURRENT R&D ISSUES2.1˚Accelerator Physics2.1.1 Lattice design and single particled y n a m i c s To maximize the simplicity of the magnet system, thelow-field VLHC design has adopted a combined functionmagnet. The high-field VLHC is generally thought of as aseparated function machine. Nevertheless, a topic forfurther study is the possibility of achieving the correctdamping partition numbers without requiring separatedfunction magnets, such as in a non-isomagneticconfiguration [5].The major issues in the design of the lattice itself arethe phase advance per cell and the cell length [6]. The celllength is a key parameter. Longer cell lengths increasereliability and may reducecosts, as the number ofcomponents decreases. However, longer cell lengths leadto larger lattice functions, which in turn imply largerbeam sizes and hence increased field quality requirementson the magnets.Detailed considerations on single-particle dynamicaperture, and its relation to magnet aperture and fielderrors, have yet to be undertaken. There may be animportant role for nonlinear beam dynamics experimentsat existing colliders, such as the Tevatron and RHIC. Forthe low-field magnet, beam stability considerations (seesection 2.1.4) may play the most important role indetermining the magnet aperture. New types of high-fieldmagnet designs using new conductors (see section 2.2)may also have very different field errors than conventionalcos-q NbTi magnets.CBN 99-14

2.1.2 Interaction region designMany of the problems in the interaction region design arecommon to both the high-field and low-field VLHC.However, the design of the final focus quadrupoles may bedifferent for the two versions of the VLHC. The radiationdamping present in the high-field VLHC can result in abeam which is �flat� (small dimension vertical)[7],whereas the low-field VLHC will have a conventional�round� beam. The final focus design for flat beams isless demanding than for the round beams: a quadrupoledoublet, rather than a triplet, is usually adequate. For thesame minimum beta, the peak value of the beta functionis also usually smaller in flat beam optics, than withround beams.2.1.3 Emittance controlTransverse emittance is a key parameter for any highluminosity, high-energy hadron collider. At fixedintensity, luminosity is inversely proportional toemittance. Any mechanism that causes an increase in theemittance will reduce the luminosity. Consequently, thereis a great premium on maintaining the design emittance.2.1.3.1 The injectorThe Snowmass �96 designs focused on an injection energyof 3 TeV. The most challenging requirement on theinjector is the beam emittance.Preserving the emittance of the beam has historicallybeen a crucial issue in the luminosity performance ofhigh-energy colliders. This issue will be as important forthe low-field VLHC as it is in today�s hadron colliders.For the high-field VLHC, the existence of significantradiation damping shortens the beam�s memory andrelieves much of the pressure for emittance preservation.Considerable work has been done at Fermilab on thedesign of a 3 TeV injector[8], which would use the low-field magnet technology. This machine would be ademonstration project for that technology, as well asserving as the VLHC injector.Higher injection energies than 3 TeV are also beingexamined. One possibility is to build the collider as afixed-energy (high-field) machine [9]. This could allowmuch simpler, small aperture, high field magnets, whichmight dramatically reduce their cost. A full energy injector(low field) would be required.Another variant is to use an 8-10 TeV injector in thesame tunnel as the collider. A particularly elegantimplementation of this idea is to combine the low-fieldand high-field magnets into a single four-aperture device[10]. The low field magnet is iron-dominated, with a 20mm aperture; the high field insert has a 40 mm aperture.The combination could have a dynamic range of 150.2.1.3.2. Radiation damping and beam coolingThe energy and field parameters of the high field VLHCare specifically chosen to insure that the radiation dampingtime is a fraction of the luminosity lifetime. There are anumber of benefits to this choice.Since the injected beam will damp to the equilibriumemittance, the luminosity does not depend sensitively onthe injected emittance. The quality of the magnetic field atinjection may be reduced, since some level of emittancegrowth can be tolerated. In collision, radiation dampingwill immunize the beam against some forms of long-termemittance growth.Although significant, these benefits must be carefullyweighed against the clear disadvantages that appear inmagnet, cryogenic, and vacuum systems, due to thesubstantial synchrotron radiation load.Partition number manipulation with Robinsonwigglers, a standard technique in electron machines,should be investigated for the VLHC. It may allowsignificant enhancement of damping times.Bunched beam stochastic cooling schemes have beenattempted for hadron colliders, with limited success [11].Also under study is optical stochastic cooling [12], whichhas great potential because of the enormous availablebandwidth.2.1.3.3 Emittance growthEmittance growth that occurs in the collider results in adirect reduction in the luminosity lifetime, which can leadto poor integrated luminosity performance.There are many possible mechanisms for emittancegrowth. All have the general feature that they drive thebeam at one of its resonant frequencies. Phase spacefilamentation then results in effective emittance growth.Possible sources of the driving terms are power supplyripple (coupled to the beam through the dipoles) andground vibrations (coupled to the beam through thequadrupoles).Because of its large circumference, the beam in theVLHC will have a lower resonant frequency than beams intoday�s hadron colliders. This is particularly true for thelow-field VLHC. Usually, sources of vibration and ripplehave power spectra that increase as the frequency decreases[13]. As a result, emittance growth from these sourceswill be more of an issue than in current machines.2.1.4 Multiparticle dynamicsBecause of the relatively low beam intensities, collectiveeffects are not expected to play a limiting role in the high-field VLHC. The usual care will be required to keep theimpedance of the machine low, but no special problemsare anticipated. Radiation damping in the longitudinalplane will result in a rather high longitudinal density,considerably higher than required for design luminosityperformance. This high density will, in fact, be aproblem, resulting in severe intrabeam scattering.Consequently, it will be necessary to artificially maintaina reduced longitudinal density.The situation is quite different for the low-field VLHC.With its larger circumference, the machine requires a muchlarger number of bunches than the high-field machine. Inaddition, the warm vacuum chamber in the combinedfunction magnets constitutes a very large resistive wallimpedance. At low frequencies, this impedance drives astrong coupled-bunch instability, with a rise time of afraction of a turn. At the high frequencies characteristic ofthe bunch, despite the decrease of the resistive wallimpedance as w-1/2, the impedance is still large enoughthat the threshold for the transverse mode couplinginstability can be approached with intensities a few timeslarger than nominal.Although making the diameter of the vacuum chamberlarger can reduce the resistive wall impedance, this increases the cost and complexity of the magnets.Consequently, other remedies for the stability problem areunder investigation. A distributed damping system hasbeen proposed to solve the coupled bunch problem [14].The long-wavelength collective motion is sampled atseveral points around the ring, and feedback is applied todamp the motion.The transverse mode coupling instability is a moredifficult problem. Schemes to raise the instabilitythreshold using radio-frequency quadrupoles (similar toBNS damping), and asymmetric vacuum chambers, areunder consideration [15].2.2˚Magnet SystemThis is the most important accelerator system for theVLHC. For the high field variant, the principal issues areobtaining a low-cost superconductor that can carry a highcurrent density, at as high a temperature as possible, whilesatisfying the demanding mechanical and magneticrequirements; and designing a magnet which can sustainthe large electromagnetic forces.2.2.1 Field qualityThe question of the required harmonic purity of the VLHCmagnets is a crucial ingredient for any magnet design.Contrary to expectations prior to the SSC, both theprototype SSC magnets, and the full production magnetsmade for RHIC, show that, with current manufacturingprocesses, systematic errors dominate over random errors.Mature design techniques, improved tooling, excellentcable and coil size control, better measurement techniques,and a flexible, experimental approach mean that even earlyprototypes can now be made with the desired (geometric)field errors. This applies to both high field and low fieldmagnets. Systematic persistent current errors, andsaturation effects, will thus be the principal sources oferror fields.In this event, relatively simple analytic estimates [16]of the tune shifts caused by systematic errors can providesome guidance for magnet designers. A key issue is themagnitude of the tune shift that the beam can tolerate[17].2.2.2 ConductorThe conductors that are being studied for use in high-fieldVLHC magnets are of two general classes. The first classis A15-compound low temperature superconductors:Nb3Sn and Nb3Al. These conductors would be operated at4.5oK. The second class includes copper-oxide hightemperature superconductors (HTS), such as BSCCO-2212, BSCCO-2223, and YBCO-123 [18]; theseconductors could be operated from 4.5oK to 20-30oK, withsome reduction in critical current at the highertemperatures.Although Nb3Sn has a high critical field, this materialhas several disadvantages. Small filament diameters andhigh current density are difficult to achieve simultaneouslyin Nb3Sn, since high-density filaments tend to growtogether after reaction. Nb3Sn is also much less straintolerant than NbTi.Target specifications for conductor which would beuseful in high-field VLHC magnets correspond to acritical current density of about 2000-3000 A/mm2 at 12T, 4.2oK, with a filament diameter <20 mm. Currentlyavailable material has a critical current density in the 950-1100 A/mm2 range, with an effective filament diameter of7-14 mm.Rapid-quench Nb3Al has less strain sensitivity thanNb3Sn, with comparable current density performance.However, the rapid-quench method has yet to be developedinto a viable industrial process. Nb3Al is being consideredas the conductor for the low-field transmission linemagnet [19]; this conductor would allow a higheroperating temperature than NbTi.The high temperature superconductor BSSCO-2223 isthe only form of HTS commercially available in largequantities at this time. This material is made in the formof oxide-powder-in-tube tapes. Small samples can havesuperconductor current densities (at 1 mV/cm) in excess of700 A/mm2 at 10 T, 4.2oK. Long (400 m) tapes have anengineering current density of about 100 A/mm2. Thesematerials, being basically ceramics, do not have a greatdeal of stress tolerance; in this regard, they are similar tothe A15 compounds.Another high temperature superconductor, BSCCO-2212, has been fabricated in the form of round multi-filamentary strands. Cables made from this material haveoperated above 600 A/mm2 at 10 T, 4oK. As is typical ofthe high temperature superconductors, there is littledegradation with fields up to at least 30 T.The most promising (but least developed) of the copper-oxide superconductors is YBCO-123. Thin (1-5 mm) filmsof this material, up to 1 m in length, have been made inthe form of a copper, superconductor and buffer layersandwich. In this form, superconductor current densities of10,000 A/mm2 have been observed at 20 T, 4oK. The processes by which the buffer layer and thesuperconductor are deposited onto the copper are complex,typically requiring the use of ion beams. Groups atORNL, LANL, and BNL are working to simplify theseprocesses. The most challenging task appears to bedeposition of the buffer layer, which is needed to obtainthe alignment of the YBCO crystals required for highcurrent density.2.2.3 Magnet design and prototypingThere are four major high-field magnet R&D programsunderway. BNL, LBL, and Texas A&M (TAMU) arefocusing on block designs; Fermilab is studying aconventional cos-q design. The Fermilab, LBL, andTAMU programs are concentrating on Nb3Sn conductor.BNL is looking at BSCCO and YBCO.2.2.3.1 Fermilab program: High field magnetsFermilab�s goal is a magnet in the 11 T range. Incollaboration with KEK and LBL, they are designing a 50-mm bore, Nb3Sn two-shell cos-q dipole [20]. Thisapproach is motivated by recent progress in Nb3Snconductor performance, and utilizes the well-understoodcos-q technology developed for the SSC and LHC.Facilities to react and study Nb3Sn are being installed atFermilab. Component tests will be done in a 15 Tsolenoid, at 4oK. The first prototype magnet is expected in the summer of 2000. The program will also study Nb3Al,and common-coil block designs.2.2.3.2 LBL programHigh-field magnet development, using Nb3Sn, has beenongoing at LBL for many years. The most recent successhas been the 13 T D20 dipole [21]. The conductorperformed well in this magnet: an assembly flaw limitedthe magnet performance. The success of this magnetshows that brittle materials can be used in high-fieldmagnets.LBL�s future plans for high-field dipoles areconcentrated on common-coil [22] block magnet designsusing Nb3Sn. Such designs have a number of attractivefeatures. They are simple, robust, and compact; theLorentz forces are easier to contain than for a cos-q dipole.They use flat racetrack coils, which are quite easy tofabricate. The geometry is very friendly to brittlematerials, such as Nb3Sn or the copper oxides. The designcan be fully modular, with modules independentlypreloaded. In the development phase, the modular designallows different conductors to be tested in the inner high-field regions. Because of the simplicity of the design,tooling and labor costs tend to be moderate, and arelatively low-cost magnet may be expected.A 1-m long prototype Nb3Sn dipole of this form hasbeen built, using ITER conductor [23]. It reached 6 T(short sample) with no training. Subsequent magnets willuse improved conductor, with an ultimate field target of15 T.2.2.3.3 BNL programBNL is also focusing their R&D efforts on a modularcommon-coil block dipole [24]. They plan to use themagnet as a test vehicle for BSCCO at 20-30oK, andeventually YBCO. It will be a 1m long, 4-cm bore hybridmagnet, with NbTi background field coils and HTS (orNb3Sn) inserts. The goals of the program are to gainexperience with HTS tape conductors and the common-coil design, and to develop techniques for magneticmeasurements, quench protection, splices, and joints. Thiswill lead eventually to an all HTS magnet.2.2.3.4 TAMU programThe high field magnet program at TAMU [25] is focusedon a 16 T dipole, which will use Nb3Sn. The dipole has ascaleable-aperture segmented block coil design (withapertures from 1-5 cm) and emphasizes stress managementtechniques. Laminar inconel springs are used to interceptstress, preventing it from being applied to the conductor.Shear release is accomplished through the use of micasheets, which prevent stick/slip friction at the coil-ribinterface.2.2.3.5 Low field magnetsFermilab�s development of the combined functiontransmission-line dipole for the low-field VLHC is muchfurther advanced than the high-field magnets. A short (1m) prototype has been built and tested with a drive currentof 43 kA [26]. The latest design has a 20 mm gap, NbTiconductor with a drive current of 75 kA, a peak field of 2T, and a good field region of 18 mm at 10-4. Crenellatedlaminations (material missing in every 10th lamination)will be used to get to 2 T without saturation [27]. Thisshould fully suppress the saturation quadrupole andsextupole fields. Proposed transmission line magnets forthe 3 TeV injector use SSC cable [28]. A long prototypemagnet and string is planned for this year or the next.A cold iron, low field magnet is being considered atJINR. It is a 2.2 T, 1-turn, dual bore combined functionmagnet, with a 34 kA drive current, having a windowframe conductor arrangement. The cold bore has a beamscreen capable of handling up to 1.5 W/m. JINR isplanning to make a prototype.2.2.4 Magnet cost issuesFor the VLHC magnet system to be affordable, it must bemuch more cost-effective than those of past or currentlarge hadron colliders. A systematic attack on thisproblem starts with an analysis of the cost drivers and thecost tradeoffs in the scalable parameters: conductor, bore,field, length, etc.For previous superconducting magnet systems, laborhas been the major part of the cost, followed by the costof the conductor. A cost analysis [29] for intermediatefield (3-10 T) magnets has been carried out, based onRHIC dipole costs. The dipole costs have been scaled to18 m dipoles with a single 40 mm aperture, appropriatefor the VLHC. This scaling gives a dipole cost of$1400/T-m.High-field VLHC magnets would need fields above 10T, where either an A15 compound or a copper oxidematerial would be used. These materials are currentlyconsiderably more expensive than NbTi. For example,Nb3Sn conductor now costs about $10/kA-m at 12 T, vs.$1/kA-m at 5 T for NbTi. Copper oxide superconductorsare even more expensive. Costs of YBCO cannot beestimated, as no material is commercially available yet.For BSCCO materials at 4oK and zero field, the costsrange from about $50/kA-m (2212) to close to $1000/kA-m (2223).Because of its simplicity and advanced state ofdevelopment, a relatively reliable cost estimate can bemade for the Fermilab low-field transmission-line magnets[30]. Two-thirds of the cost is in the iron yoke. InFY97$, the total cost for a 13 m magnet is about$14,000. At 2 T, this corresponds to $540/T-m.2.3˚Accelerator TechnologiesA general survey of the challenging issues in the broadrange of technologies needed for the VLHC were reviewedin a recent workshop [31]. The workshop covered thetopics of instrumentation, alignment, cryogenics,vacuum, rf and feedback.The cost vs. operating temperature tradeoffs for thehigh-field VLHC cryogenic systems were studied for theSnowmass �96 workshop [32]. For the low field VLHCtransmission-line magnet, which uses NbTi conductor, thelow current density and low field allow operation attemperatures above 4oK. A higher operating temperature(6.5-7.5oK) results in a much simpler cryogenic system.Both the high field and low field VLHC havechallenging vacuum systems [33]. The large synchrotronradiation load in the high field requires a beam screenintercept operating in the 10-20oK region. The screenmust be integrated with a cryosorber, which pumps the desorbed gases released by the synchrotron radiation. Thewarm-bore vacuum system for the low field machine ismuch like that of a low-energy electron machine. Adistributed pumping system, using an antechamber,together with frequent localized lumped pumps, will berequired.2.4 Civil constructionBoth variants of the VLHC would benefit from theminimum possible tunnel costs, but this is particularlyimportant for the low-field VLHC. Considerable work wasdone on this topic at Snowmass [34], and studies havecontinued at Fermilab. For tunnels excavated with present-day technology tunnel boring machines (TBM), theminimum cost tunnel has a bore diameter in the range of8-10 ft.The overall SSC main tunnel costs were estimated in1991 at about $5500/m. Recently, a cost estimate [35]gave $4000/m for a TBM-style tunnel for a 3 TeV low-field injector to the VLHC, sited at Fermilab. This costmay be reduced with continued R&D and tunnelingtechnology improvements in the future.3˚CONCLUSION AND OUTLOOKA post-LHC very large hadron collider, with a center-of-mass energy of 100 TeV and a luminosity of 1034 cm-1s-1,can be built with today�s technology, but would beunaffordable.The principal thrust of the R&D is to reduce the cost.The R&D on magnet systems, which is the most critical,has received the most attention to date. The low-fieldVLHC uses a simple low-cost magnet. In the next severalyears, one may hope that a good low-cost candidate alsoemerges for the high-field VLHC magnet. During thissame period, many of the other issues mentioned above,related to the accelerator physics and the technologies ofthe accelerator systems, will receive more detailed study. With this information in hand, a sound and affordablebaseline design, and a detailed cost estimate, could beundertaken. If this can be completed by the time thatphysics results from the LHC begin to become available,the high-energy physics community would then be in aposition to decide if and when it makes sense to embarkon this project.4 REFERENCES[1] G. Dugan, P. Limon and M. Syphers, �Really Large HadronCollider Working Group Summary�, 1997 DPF/DPB Summer Study onNew Directions for High Energy Physics, 251, (Snowmass, 1996)[2] Proceedings of the Workshop on Future Hadron Facilities in theUS, Fermilab TM-1907 (1994)[3] M. J. Syphers et. al., �Beyond the LHC: A Conceptual Approach toa Future High Energy Hadron Collider�, PAC-95, 431(Dallas, 1995)[4] G. W. Foster, E. Malamud, �Low Cost Hadron Colliders atFermilab�, Fermilab TM-1976 (1996)[5] A. Hoffman, B. Zotter, �Combined Function Electron StorageRings�, IEEE Trans. On Nucl. Sci., NS-24, 1875 (1977)[6] S. Peggs et. al., �Lattices for a High Field 30 TeV HadronCollider�, 1997 DPF/DPB Summer Study on New Directions for HighEnergy Physics , 354 (Snowmass, 1996)

[7] S. Peggs et. al., �Flat Beams in a 50 TeV Hadron Collider�, PAC-97, 95 (Vancouver, 1997)[8] C. S. Mishra, �Lattice Design of the 3 TeV Low Field Injector forthe VLHC�, PAC-99, paper TUP39 (New York, 1999)[9] G. Dugan, M. Syphers, �50 TeV High-field VLHC with a Low-field Full Energy Injector, PAC-99, paper THA9 (New York, 1999)[10] R. Gupta, Field Quality in a Common Coil Design MagnetSystem�, PAC-99, paper THP120 (New York, 1999)[11] R. Pasquinelli, �Bunched Beam Cooling for the FermilabTevatron�, PAC-95, 2379 (Dallas, 1995)[12] M. Zolotorev, A. Zholents, Phys. Rev. E, 50N4, 3087 (1994)[13] B. Bakalov et. al., �Ground Motion Measurements for FermilabFuture Collider Projects�, PAC-99, paper TUA133 (New York, 1999)[14] J. Marriner, �Transverse Instabilities and Dampers for theVLHC�, in Accelerator Physics Issues for Future Hadron Colliders,Mini-Symposium at 1998 APS Meeting (Columbus, OH, 1998)[15] V. Danilov, et. al., �Beam Instabilities in Very Large HadronColliders�, PAC-99, paper FRBR5 (New York, 1999)[16] S. Peggs, F. Dell, �Tolerable Systematic Errors in Really LargeHadron Colliders�, 1997 DPF/DPB Summer Study on New Directionsfor High Energy Physics, 329 (Snowmass, 1996)[17] M. Harrison et. al. �Sustainable Tune Shifts during Collisions in aHigh Field Hadron Collider�, PAC-99, paper TUP92 (New York, 1999)[18] P. Lee, D. Larbalestier, �Prospects for Use of HTS in High FieldAccelerator Magnets�, PAC-99, paper TUBR4 (New York, 1999)[19] E. Barzi et. al., �Nb3Al Conductor Development for the Low-Field VLHC Magnet�, PAC-99, paper THP155 (New York, 1999)[20] T. Arcan et. al., �Conceptual Design of the Fermilab Nb3Sn HighField Dipole Model�, PAC-99, paper TUBR3 (New York, 1999)[21] A. McInturff et. al., �Operational Characteristics, Parameters,and History of a 13 T Nb3Sn Dipole�, PAC-99, paper THP118 (NewYork, 1999)[22] R. Gupta, �A Common Coil Design for High Field 2-in-1Accelerator Magnets�, PAC-97, 3344, (Vancouver, 1997)[23] K. Chow et. al., �Fabrication and Test Results of a Prototype,Nb3Sn Superconducting Dipole Magnet�, PAC-99, paper TUBR2 (NewYork, 1999)[24] A. K. Ghosh et. al., �A Common-coil Magnet for Testing HighField Superconductors�, in PAC-99, paper THP117 (New York, 19999)[25] C. Battle et. al., �Block-coil Dipole for Future Hadron Colliders�,PAC-99, paper THA149 (New York, 1999)[26] G. W. Foster et. al., �Design and Operation of an Experimental�Double-C� Transmission-line Magnet�, PAC-95, 3392 (Dallas, 1995)[27] G. W. Foster et. al., �Measurements of a Crenellated Iron PoleTipfor the VLHC Transmission Line Magnet�, PAC-99, paper THP154(New York, 1999)[28] G. W. Foster et. al., �Tests of a Rutherford-Cable-in-ConduitTransmission Line Magnet Conductor Based on Leftover SSC Cable�,PAC-99, paper TUBR5 (New York, 1999)[29] E. Willen, �Superconducting Magnets�, in Hadron Colliders at theHighest Energy and Luminosity, 141 (Erice, 1996)[30] W. Fowler, �Cost Studies for Low-Field Magnets�, in Workshopon Magnets for a Very Large Hadron Collider (Pt. Jefferson, NY, 1998)[31] J. Marriner, V. Shiltsev, �Accelerator Technology for theVLHC�, PAC-99, paper THA11 (New York, 1999)[32] M. MacAshan, P. Mazur, �Cryogenic Systems for the High FieldRLHC Study Cases�, 1997 DPF/DPB Summer Study on New Directionsfor High Energy Physics, 316, (Snowmass, 1996)[33] W. Turner, �Beam Tube Vacuum in Low Field and High FieldVery Large Hadron Colliders, 1997 DPF/DPB Summer Study on NewDirections for High Energy Physics, 341, (Snowmass, 1996)[34] J. E. Friat et. al., �Pipetron Tunnel Construction Issues�, 1997DPF/DPB Summer Study on New Directions for High Energy Physics,286, (Snowmass, 1996)[35] J. Lach et. al., �Cost Model for a 3 TeV VLHC Booster Tunnel�,Fermilab TM-2048 (1998)