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Abstract The primary difficulties are single-particle beam

dynamics problems. However, if these single-particle

A - co_IIider requires a high-intensity proton source fo|5r0blems are solved, then multiparticle problems, such as
m-production, a high-acceptanaen decay channel, - ojjective instabilities and beam-beam limits, will occur,

coo_llng _SVSte”_“* a r_apld accelerau_o_n system, an_d a h'g d these multiparticle beam dynamics problems must also
luminosity collider ring for the collision of short, intensg) . sojved to obtain high luminosity

u’-u” bunches. Significant beam-dynamics problems exist
in each of these systems. These problems and some pa

: ; e ¥ie 1: Parameter list for w-u Colliders
to solutions are discussed in this paper.

Parameter Symbol Top Demo 4TeV
Collision Energy 2E, 400 4000 GeV
1. INTRODUCTION Energy perbeam  E, 200 2000 GeV
Recently considerable interest has developed in th#ninosity L=f,nn N, 46" 5x10” 10%cm’s*
possibility of a high-energy high-luminosityu"-p Source Parameters
Collider,[1,2,3] and a multi-laboratory collaboration haBroton energy E, 10 30 GeV
been formed to study this concept. Table 1 shows soRigions/pulse N, 2x2.5¢10°  4x3x10”
possible parameters for a 4 TeV collider with a luminosif!se rate f, 15 15Hz
of L = 10®° cm??, as well as parameters of a potentid 2cceptance w/p 0.2 2
400 GeV first collider, and Fig. 1 shows a conceptual viefir" NN e 0.3 33

of the components of such a facility. The collider requirecs i Co'g,der Para”;fters " 1
a high-intensity proton source far-production, a high- olcer radius 0 00m

2 2
intensity n-production target with a high-acceptance Efﬁ:’ggr of bunches r’:' He 1'5(101 ;Xlol
decay channel, g-cooling system to cool the beams tG;orage turns 2?, 1800 1800
collider requirements, a rapid acceleration system, an@@m. emittance SNS 10* 5x10°m-rad
high-luminosity collider ring for the collision of short,;-beam emittance £zl 5.310° 2.5¢10°m-rad
intensep’-u” bunches. Each of these components pose®raction focus 3, 1 0.3cm
significant beam-dynamics problems. BeamsizeatlR o =(e)" 23 2.Jum

The critical property of muons in a collider is that the
muons decay, with a lifetime of, = 2.2 (E/m,) us. This
means thatu-beam stability is only needed for a few utu~ Collider Facility
hundred turns in the*-p collider, but it also means that

obtaining high luminosity requires compressing the muons RLA4
into ultra-high intensity bunches. The expression for
luminosity (for equal intensity round beams) is:

RLA 3 p-source

RLAZ RLA1 finac

2
L= fonsnbyuNH

4ne B

Detector

where g is the luminosity lifetime (in turns) in the

collider, n, is the number of colliding bunches in eacRigure 1 Overview of au™-w Collider facility showing p-
beam, N is the number of muons per bungh=(E./m,), source,p-Cooling, recirculating-linac acceleration (RLA) and
ey IS the normalized emittance, arﬁfi is the collider collider.

focusing parameter, with the beam size at collisions given

by o= enf*/y,. High luminosity requires maximizing N 2. PROTON SOURCE

within minimal beam sizes, and that implies significant The collider requires an intense source of protons for
beam dynamics challenges. 1In the following sections we., ,oquction. The baseline design requires intensity
will review the beam dynamics problems in each of the,n\haraple to that proposed for a KAON factory, but with
successive components of the collider system, referencmg significant difference that the beam is bunched to short

more detailed studies and suggested solutions from Aheh lengths when extracted onto targets for
collaborators and indicate what we consider the mopsrtoduction (4 bunches of 50" at ~1 ns or | =

critical unresolved problems.
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eNc/((21)¥%5,) = 1600 A peak current). This short bunciBolutions have been found in using a multiharmonic 30—

would certainly surpass various instability thresholds ad$0 MHz rf system embedded in a 5—8T short-period

strategies to reach this intensity are being developed.[4]solenoid transport, and verified by simulations. Energy
At injection, the key limitation is transverse spacselection in thgi-decay can be used to select a relatively

charge and the beam would be injected within a lomggh polarization in the-beams (see fig. 3).[8]

bunch so that the peak current is small enough to keep

total space charge tune shift less than 0.25—0.5. T

beam then bunches as it is accelerated, and cohe M_’_'-%' AR A RS RN AR
transverse and longitudinal instabilities become a conce L. #
Longitudinal instability is avoided by placing the bear L +-
energy always “below transition”, which means using Pt

flexible-momentum compaction lattice.[5] It may also b
possible to cancel space-charge impedances by adc
inductive elements to the transport.

Compression to peak current is obtained by bunchi
at the end of the acceleration cycle or after extraction, w
possible combination of separate bunches on the targ
Simulations which include space charge and impedar
effects are being developed to test these compress
conditions. Also experiments on the BNL AGS are beir
developed in which the limits of bunch compression in ¢
existing ring are explored at parameters néau” driver
conditions.[6]

Energy (GeV)

3. n-PRODUCTION AND p-COLLECTION r

Illl|
iop . 0.0
Another key difficulty occurs in the targetry anc 0 2 6 8 10 12

collection of secondary andp beams, where we require ct (m)

collection of ~0.1u per primary proton.[7] The currentFigure 3 p-beam at end of rf rotation. + and - signs refer to +
strategy is to immerse the production target in a 20ahd- polarization. (from ref. 8)

solenoid, so that mosts are trapped. This is followed by

a 5T solenoid transport which accepts most of the low 4. u-COOLING

energyu’s (100—600 MeV/c) produced by-decay. (see After rf rotation the beam still has both a large
fig. 2 An rf system within that decay transport reducggomentum spreaddg/p = 10%) and transverse phase
the energy spread by ‘_‘rf rotation”, in which the faSteépacesTg 0.015 m-rad). The*-u Collider concept relies
particles decelerate while slower ones accelerate. _Tgﬁ. ionization cooling to compress the beam phase-space
transforms the short-bunch beam on target producing,@ume to obtain high luminosity. This cooling method
large momentum spread jds to a longeru-bunch with has peen described by Skrinsky et al[2] and by
reduceddp/p.[1] The key beam dynamics problems herQeuffer.[3] In ionization cooling, the beam loses
are in developing a high-acceptance transport foruthe transverse and longitudinal momentum while passing
beam, both for largedp/p and transverser, and in through a material medium, and regains only longitudinal

Illlllllllllll'llll

obtaining an appropriate bunch-rotation rf system. momentum in acceleration cavities.  Cooling by large
factors requires successive stages of energy loss and

Nb-Ti Capture Coils /RN Field Shaping Coils reacceleration (20 to 50 stages).[1,8] Since ionization

/\mem'ed"eavaefa'Ab““’" cooling does not directly cool the beam longitudinally,
/%;; these stages must include wedge absorbers at non-zero

—a RF Cavity dispersion to exchange longitudinal and (cooled)

transverse phase-space.
— ~—5TChannel The differential equation for rms transverse cooling is:
det 1 dE B EZ

e o e e e (1)
{_— — ds  B2E ds 2°m, c’LgE

Kmsmenom Coils \ where the first term is the frictional cooling effect and the
second is the multiple scattering heating term. Minimal

Target Water Cooled Energy Absorber

—— Cryostat Vacuum Vessel
00 04 08 12 heating requires thdlt,, the betatron focusing amplitude at

meters the absorber, be small, and that the absorber radiation
Figure 2 Capture solenoid and match to transportfesy length, be large (light elements; i.e. Li or Be). The energy
decay + rf rotation (from ref. 1). loss mechanism also causes energy-loss straggling, which
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naturally sets rmsdp/p at the ~4% level, even withdynamics coupled with the ionization interactions has not

longitudinal cooling. yet been developed and simulated. Initial cooling
The beam dynamics problems jncooling include experiments verifying cooling efficiency must also be

the beam-material interactions intrinsic to the coolindeveloped.

process, the single-particle beam transport problems

associated with obtaining strong foci at the absorbers, the 5. u-ACCELERATION

chromatic effects of ~4%p/p, dispersion and transverse  acceleration must be completed befprelecay. This

matching at wedge absorbers, as well as longituding)nstraint can be written as the equation:
motion control with rf reacceleration, and the multiparticle 2

constraints imposed by space-charge and wake-fields in eV, '>> M, =016 MeV/m
the short intense bunches, where the beam intensifies as it "

is cooled. _ where eV’ is the acceleration rate, ang ls thep decay
Lattices for cooling have been developed and |8,k (660m). Relatively fast acceleration is required,
favored design includes sequences of solenoid “FOFQhy o alternatives have been developed: recirculating
cells Wi'[.h rf cavities and LiI—_| absorbers at IcﬁSv\_ioci _of linacs (RLAs) or very rapid-cycling synchrotrons
the lattice. ~ Another desirable focusing situation i&Rcs).[13] In both cases significant challenges exist in
obtained by confining the cooling beam within a highsptaining ~ acceleration without phase-space  dilution.
current Li (or Be) rod which both focuses and cools th§myiations show that longitudinal matching is relatively
beam. The transport must include arc segments Wifiaightforward, and transverse matching is possible.[14]
wedges for cooling longitudinally; obtaining larg@/p However precise matching in rapid-cycling systems may
acceptance configurations with cooling and transpaig difficult, and beam decay within the transport and
stability is nontrivial.[9] acceleration must be tolerated. Collimation for e’s from
An outline design scenario far-cooling has been \..decay will be required, particularly at the entrances of
developed, and critical sections of the cooling sectigcs.
have been simulated.[10,11] Figure 4 displays transverse acceleration of high intensity bunches is required.
phase space before and after a cooling section which cagigke fields from short, high-intensity bunches can be
transverse phase space byx2b2]  However an |arge. From TESLA 1300 MHz cavity calculations, wake
integrated design including the full complexity of theje|ds at the level of k= 10 V/pC/m may be expected;i&
beam transports, reacceleration and bunching, a@ﬁbected to vary as f/and 112 and 162 where a is the
including nonlinear beam cavity aperture) is the acceleration wavelength ands
AL S B B A L A L I the bunch length. [15,16] Calculations indicate that the
- S INITIAL wakefield would limit bunch intensities to 20" with
1300 MHz rf in a RLA scenario. The longitudinal
dynamics is microtron-like and off-crest acceleration
enables compensation of the linear part of the wakefields,
with  synchrotron-like phase stability.[14] Longer
wavelength and large aperture rf systems are favored for
maximal bunch intensities.
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Figure 4 Transverse phase space-Xp before and after a

cooling channel which reducesfrom 0.01 to 0.0004 m-rad. Figure 5 Simulation results of RLA acceleration of beam to 2

TeV with wakefields, for N = 0, 1, 2, and 4 10 (A, B, C and
D, respectively) (from ref. 14).
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6. u-COLLIDER Another critical limitation in collider rings is set by
After acceleration to full energy, thé-i” beams are the beam-beam interaction, the nonlinear interaction at the

inserted into a storage ring for multiturn collisions at fuff©!lision points. The beam-beam tune shiflgs is given

energy until u-decay. The number of storage turns befo%y:
decay is ~300B, where B is the mean ring bending field in AVas — Nyur
T, or ~2000 turns at B=6.7 T. High luminosity requires B8 4ne,

that the beams be focussed to small spots and shgyl s chosen to be ~0.05 in the parameters of Table 1.
bunches at the interaction points (IPs). It also implies higfiyulations by P. Chen[23] and by M. Furman[24] have
beam densities and that could allow multiparticlgnown some hour-glass and disruption effects but general

instabilities. _ o stability with the beam-beam interaction for théfetime.
The short-bunch requirement (~3mm) implies a neargl

. . X ) omewhat largeAvgg can be tolerated; figure 6 shows
isochronous ring to avoid bunch-lengthening and thatg geRves g

. . - . ' ditmulation results withhvgg=0.05, 0.10 and 0.15 and only
obtained by using a flexible momentum compaction Iattl(fﬁe largest value shows luminosity loss

for .the CoI.I|der arcs. In these arcs the dispersion Stupakov and Chen[25] and Skrinsky[26] have
oscillates with an average value near zero, so that the

momentum compaction (the variation of path length Wit%uggested that even largtvss could be tolerated if the

_ _ . collision points were immersed in a plasma or in solid Li,
mosmentlér_n)ocp = h’ _.(SC/ C)IBPIP) is near zerouf ~ which would neutralize the beam-beam force. The
10°—10"in recent designs). ;

. material interaction rates and multiple scattering in the
The small focus at the 18€2u, B=0.003m) with the . bie -1ing }
. . ; . plasma or Li are tolerably small within thelifetime;
geometric and chromatic acceptance requirements |$Ia )
L : : oyvever, detector backgrounds may increase.
significant design challenge. A design has been develope
which uses final focusing triplets of 10 T quads (10 cr
radius), whereéB,.x = 100km, and chromaticity correction 1 P O ,
inserts of ~300m (containing quads, dipoles ar T coa i Soohating moutdtase SEFect and mion nstability) |

adequate dynamic apertures &f/p ~ +0.15% with &

T ] i T T T ! !

i;; 10 Nxs'ml 7

beam amplitudes. £, N e

The peak currents associated with 3mm bunches % et W\ ‘ ]
2x10" 11 (13000A) pose the possibility of coherent inste » ° WMM

bilities. Fora, = 10°, there is no longitudinal motion 4 R

within the u lifetime and the beam motion islmac-like, 2 waot i B

with the linac length given by the decay length, with
instability modes such as the possibility of head-tail bee

breakup, and with possible solutions such as BN. _ .
damping.[19] Figure 6 Simulation results of strong-strong beam-beam

For o = 10° there are ~10 synchrotron OSCi”atiOI’]interaCtionS with u-decay atAv,, = 0.05, 0.10, and 0.15.
I - ’ . o uminosity is lost only at\v_, = 0.15.[24
/u-lifetime. The usual synchrotron stability criteria for y Y 88V [24]

longitudinal and transverse impedances, Z, may be 7. THE FIRST (LOW-ENERGY) u-COLLIDER

: i ? WM peaa]
00 100 200 300 400 500 600 700 800 900 1000
turn number

applied:
The first u*-u collider would be a lower-energy
E 2 4 ®,C : : :
e < Fﬁ(ﬁj ; | < LBBAV . machine (possibly at 18200 to 206200 GeV), designed
n B lpeak E el peak both to test the basic concepts as well as to provide
obtaining Z/n < ~0.022), but these are moderated by the finitgignificant physics at the Higgs or Top mass, and may be
wlifetime. [20] at somewhat lower intensity. Palmer has extrapolated

Cheng et al. [21,22] have analyzed potentiérlom the high-energy case to set low-energy collider
longitudinal and transverse instabilities in a tracking codi@rameters.[27] Assuming equitgs, equal-aperture IP
that includes linear and non-lineas, wakefields 9uads and equal 6-D emittances, it is found ehgt* and
(including resistve-wall, rf cavities and broad-bangr Should vary as £ Instability constraints are relaxed
resonators), ang-decay. They find acceptable dynamic8Y @lmost an order of magnitude,[21] and the lower energy
at Z/n = 0.12 with o, = -10°, 5p/p =0.15%, and 1GV of makes strong focusmg (to a largér) somewhat easier.
3000MHz rf. (Synchrotron dynamics with negatiug Pmax at the IP quads is reduced by an order of magnitude
was preferable to isochronous motion.) The simulatiof< 10km; which makes the chromaticity correction easier
did not include advanced stabilization methods such @d @ special insertion may not be needed. Proton driver
BNS damping, multiharmonic rf, alternating chromaticity2"d beam-cooling requirements would be somewhat

etc., although these may added in the future. similar for lower and high energy machines, except that
the transverse cooling may be reduced by a factor of 2—

4. The beam dynamics of lower-energy machines is
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overall somewhat easier but still quite difficult, and a low4] J. Norem et al., paper 4W.25, this PAC proceedings (1997)
energy machine would be suitable as an initial reseafch S: Y. Leé. K. Y. Ng, and D. Trbojevic, Phys. Rev. E48, 3040

p (1993).
machine. [6] J. Norem et al. “Bunch Shortening Experiments in the Fermilab

Booster and the AGS”, 4W.24, this PAC 1997 proceedings.
8. DISCUSSION [71 N. V. Mokhov, R. J. Noble, and A. Van Ginneken, Proc. Montauk

. . Workshop, AIP Conf. Proc. 372, 61 (1996).
We have discussed some of the beam dynamics problegiSr.paimer, A. Tollestrup, A. Sessler, to appear in Proc. 1996

associated with the challenge ofud-u~ Collider, and Workshop on the future of High Energy Physics, Snowmass.
outlined some of the recent research toward solving thel$é. R. Fernow J. C. Gallardo, and R. Palmer, paper 4W.26, this PAC
In this review we have not included discussion of other  Proceedings (1997).

( bl detect bl ti d radi t10 A. Van Ginneken, Nucl. Inst. and Meth. A362, 213 (1995).
problems - detecior pro ems,_ cost Issues and radialiofy b Neuffer and A. Van Ginneken, Fermilab Pub-96-451, to be
control, etc. These are discussed by Palmer.[27]) published in Nucl. Inst. and Meth. A (1997).

However the beam dynamics problems are not )ée] D. Neuffer and A. Van Ginneken, paper 4W.31, these PAC 1997
completely defined, and complete solutions are not yet Proceedings.

obtained. Much research and invention is needed towayg D Summers etal, paper 3C.04, this PAC 1997 proceedings.
L . . D. Neuffer, Nucl. Inst. and Meth. A384, 263 (1997).
obtaining complete and optimal solutions, and we hope g A  mosnier and O. Napoly, Proc. #8nt Conf. On High Energy

present discussion will assist in stimulating that Accelerators, ed. J. Rossbach, p 963 (1992).
research.[28] [16] A. Novokhatski and A. Mosnier, these PAC 1997 proceedings.
[17] A. Garren et al., Nucl. Phys. B (Proc. Suppl.) 51A, 148 (1997).

. . 18] A. Garren, C. Johnstone and K. Ng, “Recent Progress on a Lattice
We acknowledge the assistance of the many contrlbutbré for a 2-TeV Muon Collider”, 4W.34, this PAC 1997 proceedings.

to the u"-u collider studies, based at BNL, Fermilabpig) k.-y. Ng, “Beam Stability Issues in a Quasi-Isochronous Muon

LBL, and other universities and laboratories, including R.  Collider”, Proc. Montauk Workshop, AIP Conf. Proc. 372, 224

Palmer, R. Noble, A. Tollestrup, A. Sessler, J. C. (1996).

Gallardo, and many others. [20] W.-H. Cheng, A. M. Sessler, and J. S. Wurtele, “Studies of
Collective Instabilities in Muon Collider Rings”, AIP Conf. Proc.
372, 206 (1996).
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