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MULTI-TeV MUON COLLIDERS*

David Neuffer

“Los Alanms National Laboratory, Los Alamos, NM 87545,,’

ABST.Fl.bCT

The possibilitythat muons ntay he used in a fllt.~ire generation of higll-
t=nergy l~igll-ltilllillo~it,y IJ+ jt– and /1-p colliders is presented. Tl]e problem of
collecting and cooling high-intensity muon bunches is disclwsed mcl ioniza-
tion cooling is described. High-energy Ix-dIider scenarios are mtlined; muon
colliders may become mperior to electrm colliders in the multi-TeV energy
range.

INTRODUCTION

Progress in the mlderstanding of elementary particle physics has re-
qllired cent.i Iluing increases in accelerated beam energies. Chrrent Iy, the
highest energy colliders are proton-(anti ) pmtcm (p-p or p-p and e!ectlron-

fllpositron machines, and I)oth appruaclws have significant di culties in the
extension to higher energies.

Protol]s are composite objects, so only a small fraction of the total en-
ergy participates in a collision: this fraction decrea~es as energy increases.
Also, production of new I)article states is masked by a large background of
l~onresonant events; identification uf new physics l~ecomes increasingly clif-
ficult with increasing energy. Tile e+-e- collisiotw have hwI the advantage
of providing simple, sin~le-particle interactions with little Imckgrotlnd, and
e+-e- storage rings have been the principal tool in the exploration of high-
energy resonances (W, r, 2.). Ilowever, synchrotrons radiation causes energy
10ss accordil~g to

All__:. !:;.(,$)’,
turn

(1)

where E,e and m are t Ile pmticle enrrgy, charge, and mass, md R is the ring
rti ~M, and this ener y loss prevents extension of e+ -e- storage rings beycmd

fE s 100 GeV/ )ar( ic e, Linear colliders ( R -+ m) may reach hi her energies;
I :l]~lta t very Ilig 1 ent=rgies (tnany ‘t’eV), (lIey are severel,y limitfle in lunlinos-

ity ancl elwrgy resolution Iy l]eai]]stralll(~l]g~ rmliation during collisions, and
face great cl,allenges in ol)tnining n(lmlllntt’ Iulninosit at reaaond]le cost,

i“In this paper, we describe ail alt ernate qq]roac 1 that retains the high-
qlmfitly fmtllres of e ~-e colliders, Hy amderat iilg and colliding higher mass
lt’ptom sllch m411111011s,tile advatltnges of c+ e - vidliflcrs call lx,’ C.Xt@?liClt’Ll

illtlo a higlm mergy regillle ( 1 mv –+n~any l)eV), ‘1’he physical itlteractioils
of llltlOllS IUT I)t?lhd to h the SIUIMM ~h?drOllS with one difhW’llCP: ~h~
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increases linearly with energy and is ack (~uate for linacs and at E,,,,X
> 1 TeV is adequate for ra.pid-cyclin s:m-l]rotron colliders.l’a Also, the plmse-

fspace tlensit.y of IIIIIOIISis s~~lx+tnt~tiafy ]nmmsed by adiabatic dauii)iilg ill
acceleration t.o high energy a.lld cau he increa.d l~y ionization cooling3’1’4 at
soltrce energies. These daluping processes cam increase muon beam densities
to levels where high-luminosity /1+It- and ~~-p colliders may be possiblr.

MUON PRODUCTION, COLLECTION, AND COOLING

Production of large l~um})ers of mIImIS is not difficult in principle. Hadronic
interactions are cllaract)erized by the prod ucticm of large nmdJers of pions;
almost all of these pions decay il Ito a mum i~lus a neut rino. The ccdlect ion
of these muons is somewhat more difficult, because pions are produced, >ver
a broacl energy range with transverse energies of the order of the pion n Iass,
alKl rr decays produce muons over a large energy spectrum with transverse
energitis less than the pion-muon 1mass di fFerence.

l%e problem of picm prodllct,ion allci collection is similar to the current
prolllwn of f5collection; therefore, in a first approximation, a similar device
k suggeded.s A l~igh-intensit,y prottm lmm is fcmlsed onto a high-densily
target, and the target is followed }1~a collector lens system that confines
tf]e pious into a tmnspmt channel for injection into p+ collector rings. Tile
n decay in tllle transport channel or ill tile collt=rtor provides muons that can
he stored ant-l cooled, Tile difl’icttlt prol)lem of cq~timizing the II collector Ifor
maximum intensity is not addressed ill this paper: however, some guideli I:les
for solving the ptmhlem are suggestecl. A first estimate of T* proc!llction i~l
prot.on-hadron collisions may be obt ai ned using the empirical formulas of
Wang:e

daN—— =
(iPm [’ 1AP,,,X( 1– X)cxp(-BXC: - DF j —!~~fls— Iintmacting prototl ,

w(GeV/c)
(2)



Also, v collection from u dmay presents significant dmign challen es. A so-
flutiou may include nmltiturn mdecay in a straight section of a cd ector ring

in which only the decay product muons are in circulating orl]its (stochastic
injection),6

As the principles of mIIon moling have ken described elsewhere,l” -4
we sl Imnmrize some of the basic concepts. The process is similar to radiw
tion damping in electron storage riIIgS with energy loss in material absorbers
replacing 3ynchrotron rmliat.ion, ‘1’he basic nwclml]isrn of p cooling is clis-
pla~erl in Fig. 1. The muoII beam passes through a material medium, in
WIIICIIit loses energy, followed by an accekd.i ng cavity, where it regains the
average longitudinal energy loss. Energy cooling occurs following

where AEMis the muon energy deviation from the central value, A is the
energ-y loss, and n is the Coyde nllmher. rTransverse cooling occurs mcause
energy loss is pmallel to the particle trajectory and has a transverse com-
ponent, Imt ●nergy regain is pureiy Iongitucli]mlm Expressing this in emit-
tances, we ol>tain

dcL AU
x=–~eL

for both transverse degrees of freedom.

(3)

(4)

AND ORPENDS ON INDEPCNORNT

MUON RNIR~V Or MUON RNmnQV

Fig. 1.Slmtrh of “ionizationcooling” principle,

I,mlgitldimd cooling depends m
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Fig. 2.Useofwedgeabsorl>erto enhance energy dependence of energy loss,

Muon cooling is limited by beating caused by statistical fluctuations in
the number and energy of muon-atom interactions. !l’he resulting equation
for energy cooling is

d 8AP

iii
< (AE)2 >2 –2 ~ -==(LW2 > +fipl ,

P
total

(5)

where I is the inean energy exchange (-102 eV). ‘Uw equation for transverse
cooling is

(6)

where a is a correction factor for efIhanmvl monlentliln rocding and @m,, is
the meal] scattering angle in the a,lxmrber. This equation l~laces a premittm
011low fll (strong focusing) at the absorl~er, ‘I%is constraint may imply that
an optimtlm absorber wo~~ld be MI active focusing element (Li lens), w!lich
also lms relativelov snlall scattering.

MIIon coding Inay be used in eit]wr storage rings or limes. A sample
cooling ring is clispla~ecl in Fig, 3, slmwing foclwing sections for absorbers
and acceleration sectmns. Several stages JIIay be used to obtain ol)timum
cooling. Reference 1 outlines a two-stage system that red{tces transverse
emittances of 1 (leV muons ‘Jy a factor of 1(Mlto <2 mm-mrad, acconlpa-
diecl h,y sin]ilm decreases in kmgitlldinal phase space.

The important constrai]lt is t!lat. cooling be completed within a muon
Iifet.il]le, whit]] CNI1be expressed as --300 II T) t.(lrlls in a storage ring, where
E is tl~e IIImm bending field, or ~s a length L = 660 N~,/nlM meters of path
length in n linac. ‘1’his ccn]straint is not ills(l~l]lo(tlltlal~le,

APPLICATIONS OF COOLED MUONS
IN HIGH-ENERGY ACCELERATORS
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The JL+-v- Rapid-Cycling Collider

Most collicler al>APlicatiol~swillre~lllirea lligl~-il~tel~sit. yx~l~lonso~lrce
operating at a frequency f greater than t l)e il]verse of the nllton lifetime. At
1$, >1 TeV, r’, z 0.02s, so a rapid-cyc~illg synchrotrons operatil]g at f <60
Hz is adequately matched to that. lifetiule.

III Fig. 4, we display the !najor components of a l-TeV Ii collider: a
rapid-cycling proton synchrot. rorl with a target to produce rr’s, a decay clmn-
nel (or stochastic injections into a collector ring) for n ~ pv decay, a stora e-

‘?ring/litmc system for ~~cooling, and a II Iinac for injection into a rapid-eye ing
syncl]rotron with its period luatched to the protron synchrotrons,
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Fig, 4, ‘I$IIC- I-’NV II. rnl)i(l-cycliugsynchrotmm collider



The p+-p- coilider luminosit y L may be estimated using

~ = f. nT nB N’+N-
, —.. .

4?r@’t” ‘
(7)

With 1014 prinlary protons per pulse and mlmn collection efficiency of 10-Z,
we obta]ll 1~*2stored ~+, which nla~ l~e ~rgallized into ]lB = 4 hunches with
N+ = N- = 2..5 x 10]1 per bunch. The cycling f’re(plency f~ is 30 Hz, nT is
the mea?l ,Illlnber of t.~lrn$ of b~~m st~rage (llT ~ 300), and we ~l$ep’ = 1 cm
and c“ = 2 x 10-T cm-R to obtain L > 103s cn~-2 s-1 for a l-TeV ~+–11- col-
lider,

The obtainable l~uninosit,y is expected to increase with increasing en-
ergy as the muon lifetime increases aml t]le beam emit tance and moment urn
spread are adiabatically damped. The fa~.tor t’ will decrease as 1/E, and
P< can also decrease as I /lZ, if the focusing is limited by peak field and lens
length as a fraction of circumference. The cycling freqllency fOdecreases as
1/E as the lifetime increases, and l~T can increase since ~, the mean bend-
ing field, can be increased as the cycling frequency decreases. As the muon
lifetime increases, successive cycles of the rapid-cycling proton synchrotrons
can he accumulated in a proton collector (or collectors) for pulsed Imrsts
matched to the muon lifetime, Ill this mmle, Imth N+ and N- increase pro-
portionally to E, Collecting these factors together, we find that ltuninosity
sllcmld increase as Es. This scaling SI]OI1Id he valid IIp to -100 ‘lleV (where
radiation clamping may Ije ~m=d to fllrt.ller reduce emittances). At energies
2 1000 TeV, radiation excludes storage-ring colliders and P-+-p- colliding
linacs are preferred.

The ~L+–li-Linac-Iqjected Storage-Ring Collider or Linear Collider

If the present. research effort is successfl II in developing economical,
high-gradient, Iinacs, tl]ey nmy be USWIto accelerate muons ;n linear ccdliders3
or ‘iu a linac storage-ring scenario+ ‘1’he Iinac injectecl storage-rin is ctis-

?’playecl in Fig. 5, Separate p+ rm{l ~i- huiiches are accelerated in t M ]inac
to fldl energy and then injected in opposite directions in a superconducting
storage ring for multittlrn collisions, lJlln)inosity cm, in principle, be much
higher t!mn in the rapid-cycling synchrotrons (L 3 10’s) because beam loss in
acceleration is greatly reduced and stronger bending field increases IIT and
decreases P“ ill Eq. (’i’).

The ~-p Collider

An ii~~lmrtwlt advanta e of of /1+-11-- coiliders over e+-e- scenarios is
7that tile swne collider may a so I:c twerl for ~f---l) collisions with both beams

at full elwrgy. Refvrence 2 (Itwri [>esa teclt 1}iq~le for ~i-l) freqtwncy matching.
High ltllilillmit~ is relatively easily ol}taitlwl t)ecmtse only rme bealn (It-) is
llnstal~le, Tl)is Is a prol]al)le initial operating n]ocle for a circular //+-u - col-
lider, Dedicated IL-p o-llli+rs are also possil~ic,
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FUTURE PROSPECTS

The p+-ll.- (or IJ--p) colliders have so far received only initiai concep-
tual development and reql Iire col]sidera Ij]y nlore research before inlplemen-
tation. More cktailecl cksign st~lflies coIlld optimize and evaluate the pos-
si I>ilities more precisely; experinlellt.a] clevelopment would also be required.
Initial experiments could det.ernline mproduction, evaluate collection sys-
tems and measure ~1energy loss in material media, Further experiments could
then demonstrate the pcwbilities and Iimitations of/1 coolilig, possibly lw-
ing existill faci Iities (p collectors, low-energy proton storage rings) in para-

fsitic or de icated modes. A detailed comparkm with other collider possibil-
ities (e+-e-, pp, etc.) wollld tllm] be reqllired, The enhanced coupling of p’s
to the Higgs sector may help make the muon collider an attractive candidate
in a fut:lre generation of colliders.
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