SLAC-PUB-7394January 1997Paper Presented at the 7th Workshop on Advanced Accelerator ConceptsOctober 12 - 18, 1996, Lake Tahoe, CA* Work supported by the Department of Energy, contract DE-AC03-76SF00515.Status and Future Directions for AdvancedAccelerator Research - Conventional and Non-Conventional Collider ConceptsR. H. Siemann*Stanford Linear Accelerator Center,Stanford University, Stanford, CA 94309ABSTRACT: The relationship between advanced accelerator research and futuredirections for particle physics is discussed. Comments are made about accelerator researchtrends in hadron colliders, muon colliders, and e+e- linear colliders.COLLIDERS AND HIGH ENERGY PHYSICSThe mass scale of interest to particle physics is the range of ~ 0.5 to 2 TeVwhere electroweak symmetry is broken. Experiments at colliders with highenough energy are expected to detect evidence of electroweak symmetry breakingand to shed light on the symmetry breaking mechanism. Is it the classic Higgsphenomena, supersymmetry, strong coupling, or something else? Historysuggests that discovering the origin of electroweak symmetry breaking will alsoraise questions about subjects unknown today.The Large Hadron Collider (LHC) is a technically proven and fundedproject that could reach high enough energy and luminosity for the study ofelectroweak symmetry breaking, and the NLC, JLC and TESLA, linear collidersbeing designed for center-of-mass energies ECM = 0.5 to 1.5 TeV, promise anunrivaled environment for the study of this phenomenon. The sizes and costs ofthese colliders raise questions that are at the heart of the future of particle physics1. Are the colliders and detectors needed for the study of electroweaksymmetry breaking affordable? The costs of these facilities are modest on thescale of many governmental activities, so the issue is whether our electedrepresentatives decide that high energy physics pursued at this scale is or is not inthe national interest. The SSC was started when they decided it was, but thatproject was terminated when their opinion changed. CERN and the LHC may befacing problems of the same nature with the discussion of budget cuts initiated bythe German government.International collaboration on the design, construction and operation oflarge colliders is the proposed solution to the high cost of these facilities. Thecost per country is reduced, but the involvement and commitment of each countryis reduced also. Will one or two large colliders located somewhere in the worldmeet the needs of the governments that support particle physics, the institutions that commit faculty and staff to this scholarly field, and the physicists whoperform the research? If these needs are not met, support for and interest in thefield could drop precipitously. The discussion of international collaboration hasconcentrated on the cost reductions without much consideration of these needsand the consequences of not meeting them.2. Do we have the technology and accelerator physics to move on to thenext energy scale? The colliders of today are based on a combination ofprinciples, technologies, and accomplishments that has led to many of the pastdiscoveries in particle physics and has placed the field on the verge of studyingthe Higgs phenomenon. However, these accomplishments are not enough for thefuture. We are at the limit of affordability, and an extension of present techniquesis not a way to reach the next energy scale.High energy physics based on an extrapolation of present trends will be afield posing exciting scientific questions but with few opportunities to explorethem and with high costs. Reduced opportunities and remoteness fromuniversities, laboratories and nations could reduce institutional and nationalcommitment to particle physics, and the LHC and the next generation of linearcollider could be the last major facilities constructed for this science.This demise of particle physics seems inevitable unless there is arevolutionary change in particle accelerators that reduces costs. This must be arevolution comparable to that which replaced vacuum tubes with integratedcircuits and telephone wires with fiber optics and cellular facilities. These areexamples of inventions that were so dramatic that new, previously undreamed ofideas became possible. Particle physics must have inventions of comparableimpact.COLLIDERSCharacteristicsColliders have characteristics that describe the particle physics potential:luminosity, center-of-mass energy, lepton or hadron beams, backgrounds,interactions per crossing, energy spread, collision spot size, etc. Some of thesesuch as luminosity and center-of-mass energy are the raison d’�tre, and theseshould be the goal of accelerator development.Others have major impact on experiments, and accelerator physicists try tomake those impacts as favorable as possible. Backgrounds and interactions percrossing are examples. These can be given less emphasis, perhaps even ignored,when revolutionary changes in accelerators are required. Comparable changes inexperimentation are going to be necessary also. The choice is as stark as it is forfuture colliders - work on innovations in experimentation or the survival ofparticle physics is in question.TopologyThe general topology of a collider has a particle source, accelerator,storage system, and collision system. The two examples given in Table 1 show

Table 1. General Collider Topology and Two ExamplesGeneral TopologySLCTevatron

Particle SourcePolarized Gun, DampingRingsIon Source, p Cooler andAccumulator

AcceleratorSLAC S-Band LinacBooster, Main Ring,TevatronStorage System------TevatronCollision SystemFinal FocusHigh b Quadrupoles andInteraction Region

that i) the SLC has three of four of these systems and ii) the functions arecombined or closely connected in the Tevatron.A collider must have most of these systems, and they must work together,complement each other, and the properties of one system can strongly influenceother systems. Two examples of that the dominant role of

p

production andcooling in all of the other Tevatron systems, and need for flat beams at thecollision point of a linear collider determining many of the parameters of thedamping rings and accelerator. While much of this is obvious, it is often ignoredin the advanced accelerator community which can become fascinated with anaspect of performance without considering possible functioning as a collider.OLD AND NEW INVENTIONSThe accelerators and colliders of today are based on:1)Great principles of accelerator physics: phase stability, strong focusing, andcolliding beam storage rings;2)Dominant technologies: superconducting magnets, high power RFproduction, and normal and superconducting RF acceleration;3)Many other substantial accomplishments in accelerator physics andtechnology: non-linear dynamics, collective effects, beam diagnostics, etc.;4)Years of experience with operating colliders. This is closely related to theprevious element. Overcoming performance limits has often requireddevelopment of sophisticated theories, experiments, or instrumentation.A change in the future of high energy physics will require inventions andnew ideas of comparable importance to the great principles and dominanttechnologies. These must encompass both accelerator physics and technology tohave the needed impact .Particle physics is only a small part of science, and these critical ideas mayarise in other contexts and have other driving forces including market forces. Theaccelerator community needs to be aware of developments throughout science andtechnology and constantly be considering the application of new developments toparticle physics. High peak power lasers are a clear example. These devices arebeing developed for a wide range of scientific and commercial applications, andin the process devices with enormous potential for producing high accelerationgradients are becoming available.

Table 2. Comparison of Superconductors (Ref. 2)PropertyNbTiNb3SnBSCCO-2223YBCO

Upper Critical Magnetic Field (T)1525~ 100~ 100

Critical Temperature (K)9.51811092Critical Current Density* (kA/mm2)2 - 2.31 - 2.4< 0.9< 2.4Superconductor Volume Fraction(%)40 - 5035 - 4035 - 40~4Conductor Typemultifila-ment wiremultifila-ment wiremultifila-ment tapemicro-bridgeMechanical PropertyDuctileBrittleBrittleBrittleLongest Piece Made ~ 10 km> 1 km~ 1 km~ 10 mm

* The magnetic fields and temperatures for the critical current densities are: NbTi - 7 T &4.2 K or 10 T & 1.8 K; Nb3Sn - 10 T & 4.2 K; BSCCO - 20 T & 20 K; YBCO - 20 T & 77K.HADRON COLLIDERSThis is the first of three sections that deal with the colliders that couldhave a role in the future and with issues related to them.High energy hadron colliders are a proven way to reach the energy scalesof interest to high energy physics. Unfortunately the costs of today’s technologyare prohibitive for thinking about future extrapolations, and the focus of hadroncollider development has to be cost reduction.1 The SSC can be used tounderstand costs and to identify areas with potentially significant savings. TheAppendix shows that the superconducting magnets of the collider ring werealmost half of the SSC cost. This is the area where there must be significantsavings.There is extensive experience at the Tevatron, HERA, RHIC, SSC, andLHC with 4 - 8 T cosq magnets. This is the technology determining the presentenergy frontier. However, since this type of magnet is well developed, it isunlikely to be the basis for the qualitative changes needed in the future.Directions that hold promise for such changes are low-field, superferric magnetsand high temperature superconductors.The low-field superferric magnet3 addresses many of the costly aspects ofhigher field magnets. The geometry is simple with a single conductor placed in alow magnetic field region. The principle disadvantage is that the field is low, B £2T, because iron is used to shape it. As a result the collider must be large, severalhundred km in circumference, and that has consequences for beam stability,stored beam energy, etc.2 Magnet development together with further work on theconsequences of low field should indicate whether this is a viable and costeffective idea.Table 2 is a comparison of superconductors which shows the high criticalmagnetic fields and critical temperatures of the high Tc superconductors BSCCOand YBCO. These intrinsic properties make the materials attractive, but thesuperconductor volume fraction, the mechanical properties, and the production ofmaterial must be improved. There will be help from outside high energy physicsbecause of potential commercial applications. In addition to improving the materials, there need to be ideas about how high Tc superconductors might beused in an accelerator magnet. High field magnets are not attractive at the presenttime, and the superferric magnet appears to be the only possibility.MUON COLLIDERSThere are two premises leading to the interest in muon colliders for ultra-high energies. The first is that lepton-lepton collisions are necessary because theradiation damage to detectors at hadron colliders will be unacceptable, and thesecond is that beam-beam effects are a critical flaw of linear e+e- colliders. Theseare strong criticisms of hadron and linear e+e- colliders, and they deserve beingaddressed. Possible answers could include i) novel experimental techniques, ii)changes to the linear collider paradigm, and iii) the muon collider.The muon collider consists of a high intensity proton synchrotron, a muonproduction system, ionization cooling stages, accelerators capable of bringing thebeams to collision energy rapidly, and a collider ring.4 A system approach hasbeen taken to the design of a muon collider with all of the elements of the generaltopology of Table 1 being considered at the same time. Since each of the majorcomponent systems has significant technological and/or beam dynamics issues,t h i s a p p r o a c h o p t i m i z e s t h e c o l l i d e r c o n c e p t a n d f o c u s e s r e s e a r c h o n c r i t i c a l issues.S o m e p e o p l e b e l i e v e t h a t s i n c e a c o m p l e t e c o l l i d e r c o n c e p t i s b e i n g discussed, the muon collider has moved from the realm of advanced acceleratorr e s e a r c h t o t h a t o f p r o j e c t o r i e n t e d r e s e a r c h . T h i s i s n o t t h e c a s e . T h e m u o n c o l l i d e r p o s e s r e s e a r c h q u e s t i o n s i n m a n y f u n d a m e n t a l a r e a s o f a c c e l e r a t o r p h y s i c s a n d t e c h n o l o g y . B e a m c u r r e n t l i m i t s i n p r o t o n s y n c h r o t r o n s a n d ionization cooling are two examples. The muon collider provides a context forthe study of this accelerator physics just as an e+e- linear collider and a hadronc o l l i d e r p r o v i d e o n e s f o r r e s e a r c h i n h i g h g r a d i e n t a c c e l e r a t i o n a n d h i g h T csuperconductors, respectively.ELECTRON-POSITRON LINEAR COLLIDERSThere is no complete concept for a 5 - 10 TeV e+e- linear collider, butthere are several issues of clear importance.Limitations of the Beam-Beam InteractionThe expressions for luminosity, L, beam power, PB, and the number ofbeamstrahlung photons per incident particle, ng, can be combined to give

L ≈ 18πα re PBnγEσ y .

(1)The beam energy is denoted by E, and the vertical beam size, sy , is assumedm u c h s m a l l e r t h a n t h e h o r i z o n t a l b e a m s i z e , sx . T h e o t h e r q u a n t i t i e s i n t h e equation are: a = fine structure constant; and re = electron classical radius. Thisequation shows the well-known trade-offs between beam power, vertical spot sizeand beamstrahlung. The factor ng i n t h e n u m e r a t o r i s t a k e n a s a m e a s u r e o f

backgrounds produced by the beam-beam interaction. Increasing the collisionpoint electromagnetic fields increases beamstrahlung and luminosity. If there is alimit on beamstrahlung from detector backgrounds, there is a limit on luminosity.This expression is valid when the collision point electromagnetic fields aremuch less than the critical magnetic field, BC = 4.4·1013 G. When the fields arec o m p a r a b l e t o B C, phenomena such as coherent pair production increasebackgrounds dramatically.5 The parameter U,

Υ = γBBC ≈ re2γN ασ z(σ x +σ y)

(2)(g = E/mc2; B = collision point magnetic field; N = number of particles per bunch;s z = b u n c h l e n g t h ) , i s u s u a l l y k e p t U < 0.3 in linear collider designs. Thisbecomes increasingly difficult at high energies because of i) the directproportionality to g, ii) high gradient structures have short wavelengths and thebunch length must be a small fraction of the wavelength, and iii) the need forsmall sy together with limits on sx/sy from beam optics.6 If U < 0.3 is necessary,this could be the critical flaw of e+e- l i n e a r c o l l i d e r s m e n t i o n e d e a r l i e r i n t h e muon collider section. However, there are several possible ways to deal with thelimitations of the beam-beam interaction within the linear collider concept.The first is to ignore it. This may be wishful thinking, but perhaps it isn’t.High field Quantum Electrodynamics with U ~ 1 has been studied experimentallyin laser - electron beam interactions,8 but there is no experience with beam-beamrelated backgrounds in a linear collider. Real life will be different than the MonteCarlos studied to date which have considered backgrounds in an extrapolation oftoday’s high energy collider detectors. A compelling multi-TeV linear colliderconcept will spark creativity in the experimental physics community, andinnovative approaches to experimentation could emerge.The second approach to the limitations of the beam-beam interaction are toavoid them with a different collision paradigm. One possibility is photon-photonrather than e+e- collisions.9 There are no issues of beamstrahlung or coherent pairp r o d u c t i o n i n a p h o t o n - p h o t o n c o l l i d e r , a n d t h e d o m i n a n t p r o b l e m i s t h e configuration near the collision point. Accelerated electrons have to be convertedto photons by Compton scattering with an intense laser, and this conversion pointmust be close to the collision point for high luminosity.The other possibility of a different collision paradigm is plasma10 or beamcompensation where fields at the collision point are reduced by neutralization.There would be substantial backgrounds from interactions in a plasma if one wereused to neutralize the collision. The creativity of experimentalists would berequired to deal with them. Compensation with beams would require overlappingelectron and positron beams. Efficient generation and control of such beamstogether with the stability of the compensated configuration are all problems to besolved. There are ideas for this.11Harnessing the Potential of the LaserHigh peak power lasers are a breakthrough technology, and exploitingtheir enormous potential for particle acceleration is one of the major challenges

for accelerator physics research. They have found use already for the generationof low emittance beams in laser driven RF guns, and they could have a role ingeneration of power at high frequencies.12 However, the primary interest has tobe with the high gradients possible in a laser driven accelerator.Different laser driven accelerators have been studied both theoretically andexperimentally. Far field accelerators (of which the Inverse Free Electron Laser(IFEL) is the most prominent) couple to the transverse electric field of the laser byg i v i n g p a r t i c l e s a t r a n s v e r s e c o m p o n e n t o f m o t i o n . T h i s m o t i o n g e n e r a t e s synchrotron radiation which limits the beam energy. Far field accelerators couldf i n d a p p l i c a t i o n a s i n j e c t o r s o r b u n c h e r s , b u t t h e e n e r g y l i m i t m a k e s t h e m relatively uninteresting for high energy physics.There have been many ideas for direct acceleration of a beam with a laserby using structures to give a longitudinal component to the laser field. Structureswith features comparable to the laser wavelength are similar to RF driven linacs.Lithographic techniques could be used for fabrication, but there will be stringentlimitations on accelerated charge from wakefields. These limitations are so severethat interest in this type of structure has dropped substantially. Current interest isfocused on structures with the features in at least one dimension large comparedto the laser wavelength. Crossed laser beams13 and a structure similar to the openoptical waveguide are being considered.14 Both promise gradients ~ 1 GeV/mwith substantially lower wakefields than optical renditions of RF linacs.The highest acceleration gradients achieved to date have been with laserdriven plasma accelerators. Plasma waves can be excited resonantly in the laserbeatwave accelerator or by the excitation of a wakefield with a short, highintensity laser. The laser pulse is self-modulated when the pulse is long comparedto the plasma wavelength. Gradients of ~ 100 GeV/m have been observed in thelatter configuration.15 This type of result has attracted widespread interest, andthe field of laser driven plasma accelerators is moving on to achieving thisacceleration over long distances, staging of multiple accelerators, and beamquality and stability. When these have been successfully addressed the plasmaaccelerator will attract the interest of the mainstream accelerator community.Short Wavelength & High Gradient Limits of Metallic StructuresThe SLC has an RF wavelength of 10.5 cm and an accelerating gradient ofG ~ 20 MeV/m. While there is a variety of RF technologies being considered fora next generation of linear collider, the tendency is towards shorter wavelengthsand higher gradients. A 5 - 10 TeV collider could be possible by going evenfurther in this direction to mm wavelengths and GeV/m gradients.The arguments for this include energy efficiency, which for a fixedgradient and number of particles is proportional to l-2 , and the dependence ofgradient on wavelength. The dominant phenomena limiting gradient at 1 - 10 cmwavelengths are i) capture and acceleration of dark current and ii) RF breakdown.Dark current capture depends on wavelength as 1/l.16 Loew and Wang17 havemeasured RF breakdown at a fixed pulse length of 1 ms and different frequencies.They find that the breakdown gradient is proportional to l-1/2 . Correcting forreduced pulse length at shorter wavelengths, Wilson estimates that the gradient limit from RF breakdown is proportional to l7/8.16 These are empirical results,a n d , w h i l e f u r t h e r r e s e a r c h i s n e e d e d t o c l a r i f y u n d e r l y i n g m e c h a n i s m s , t h e y argue for short wavelengths.There are several disadvantages of short wavelengths. Longitudinal andtransverse wakefields scale as 1/l and 1/l3, respectively. New ideas for aligningand stabilizing accelerating structures and beams are needed. Recent work onstructure alignment based on detecting RF induced in deflecting modes mayprovide a basis.18 There is a possible gradient limitation from pulsed heating.This is thought to scale as 1/l1/8,11 but the experimental information about pulsedheating in RF systems is contradictory. An experiment studying pulsed heating inRF systems is planned.19 Structures and filling times get shorter with shorterwavelength, and the peak power per meter depends on gradient and wavelength asG2l1/3.16 T h e c o n s e q u e n c e s a r e t h a t n e w R F p o w e r s o u r c e s a n d p u l s e compression techniques are sure to be required. These problems must be solvedfor short wavelength, high gradient RF to be viable.CONCLUDING REMARK: ACCELERATOR IR&DThe future of high energy physics and successful accelerator Invention,Research and Development (IR&D) are one and the same. The last threesections have discussed and commented on some of the current directions foradvanced accelerator research in hadron, muon, and linear colliders for futuregenerations of high energy physics colliders. Most of the ideas are not therevolutionary ones that are needed. However, my hope is that the combination ofmotivated, intelligent people and a supportive atmosphere will produce the criticalinsight that is so badly needed.REFERENCES1.Much of the current thinking about high energy hadron colliders can be foundin ref. 2.2.G. Dugan, P. Limon and M. Syphers, "Really Large Hadron ColliderWorking Group Summary",

Proc. of 1996 Snowmass Workshop..3.G. W. Foster and E. Malamud, "Low-Cost Hadron Colliders at Fermilab",Fermilab TM-1976 (1996).4.R. B. Palmer, A. Tollestrup and A. Sessler, "Status Report of a HighLuminosity Muon Collider and Future Research and Development Plans",

Proc. of 1996 Snowmass Workshop.5.P. Chen, AIP Conf Proc 184, 633(1989).6.These general statements are supported with more detail in ref. 7.7.S. Chattopadhyay, D. Whittum, and J. Wurtele, "Advanced AcceleratorTechnologies A Snowmass ’96 Subgroup Summary",

Proc. of 1996

Snowmass Workshop.8.C. Bula et al, PRL 76, 3116 (1996).9.S. Chattopadhyay and A. Sessler editors, NIM A355, 1 (1995).10.A. M. Sessler and D. Whittum, AIP Conf Proc 279, 939 (1993).11.D. Whittum presentation at 1996 Snowmass Workshop. See ref. 7.

Table A-1. SSC Site Specific Conceptual Design Costs* 21CategorySCDR Costs FY90$

Construction

1.0Technical Systems2,986,400,0002.0Conventional Systems1,051,500,0003.0Project Management48,700,000Contingency753,000,000Construction Subtotal (TEC)4,839,600,000Other Program Costs4.0R&D, Pre-Operations, Administrative andTechnical Support975,900,0005.0Experimental Systems752,100,000Other Subtotal1,728,000,000Total Project Cost (TPC)6,567,600,000

* These numbers correspond to a proposed actual year cost of $7,836,600,000 whichwas increased to $8,249,000,000 after reviews by the Department of Energy.12.W. Budiarto et al, "High Intensity THz Pulses at 1 kHz Repetition Rate",submitted to JQE (1996).13.Y.-C. Huang presentation at 1996 Snowmass Workshop. See ref. 7.14.R. Pantell, presentation at the 1996 Free Electron Laser Conference.15.A. Modena et al, IEEE Trans Plasma Sci 24, 289 (1996).16.P. Wilson, SLAC-PUB-7256(1996).17.G. A. Loew and J. W. Wang, SLAC-PUB-5320 (1990).18.M. Seidel et al, to be submitted to PRL.19.D. Pritzkau et al, private communication.20.T. Elioff, "A Chronicle of Costs", SSCL-SR-1242 (April, 1994).21.Table 6-2 of ref. 20.22.Tables 6-3 and 6-4 of ref. 20.APPENDIX: SSC COST ANALYSISWhile a detailed SSC cost analysis is complicated because projectevolution and schedule changes had large impacts the cost,20 the "Site SpecificConceptual Design" can be used to show relative costs. From Tables A-1 and A-2one sees that 52% of the Total Project Cost (TPC) was in the accelerator systemwith the collider accounting for 42% of the TPC. When it is assumed that projectmanagement, contingency, R&D, and administrative and technical support shouldbe apportioned according to system costs rather than appearing as separate itemsin the budget these percentages become 75% and 61%.The accelerator systems (not including the magnets), superconductingmagnets, and conventional systems of the collider are 17%, 44% and 10% of theTPC, respectively. Almost one-half of the cost is associated with the collider ringsuperconducting magnets.

Table A-2. SSC Accelerator Technical and Conventional Systems22 (1)SystemAcceleratorSystems (2)ConventionalSystemsSystem Cost (3)% of TPC (3)

Linac37340(58)0.6(0.9)

LEB42547(68)0.7(1.0)MEB11335147(212)2.2(3.2)HEB32674400(576)6.1(8.8)Injector518117635(915)9.7(13.9)Collider2,3044642,768(3987)42.1(60.7)Accelerators2,8225813,403(4901)51.8(74.6)

Notes:1. Costs in FY90 M$. 2. Including superconducting magnets which are$1,668M$ of the collider cost. 3. The numbers in ()’s indicate costs and percentageswith project management, contingency, R&D etc. allocated in proportion; (cost) = cost ·[1 + (48.7+753.0+975.9)/(2986.4 + 1051.5)].