Higgs Factory Front End

0 . General Introduction

1. Introduct ion to muon cooling

.1 cooling process and requir ements

.2 longitudinal cooling and emittance excha nge

.3 cooling considerations

2. Summary of statusreport (SR) front end scenario

.1 phaserota tion linac

.2 cooling channel

.3 bent solenoid emittance exchange exa mple

3. Summary of neutrino factory (NF) front end scenario

.1 precooling

.2 sFOFO cooling syst em

.3 simulation results

.4 alternatives for NF cooling

4. Other Cooling components

.1 Ring Cooler

.2 Li lens

.3 Final cooling and emittance exchanget echniques

.4 Other met hods

5. Emittance exchange

.1 standalonelatticesect ions

.2 small dispersion superimposed on transversecooling lattice

.3 ring coolers

.4 helical capture

.5 bunch stacking

.6 rf cavit y modes

6. Simulation summary

7. Scenarios of front ends for m + - m - Colliders

.1 SR based solution

.2 Ring Cooler based scenarios

.3 recyclemaximuma mount of NF front end

.4 useadiabatic buncher

8. Status and plans

H iggs Factory Fr ont E nd

In this chapter wewill consider thebea mcooling systemfor a ^Higgs Factory~ m + - m - collider.

(HF). This could beeit her a complet ely new syst em, or could bebased on a ^neutrino factory~

(NF) cooling syst em, and themodifications necessary to transfor mthefront end of a NF into a syst emsuitablefor useas a HF arediscussed. By ^front end~ wemea n t hosesyst ems that come after the pion collect ion solenoids and before the accelerators which take the HF bea ms to full collider ene r gies. The front end has two parts. Thefirst, which we call the ^precooler~, includes phaserotation, any mini - cooling syst ems, and bunching int o therf - based cooling syst ems. The phaserotation is used to r educet he extr emely largeinitial energy spread of t hemuon bea m. The

^mini - cooling~ is a short ener gy - absorber section in thephaserotation system that cools transversely whilereducing t hemomentumof themuon bea m. Bunching is required t o match t he longitudinal characteristics of t he bea minto th e rf - cavity - based cooling syst em. The second part of t hefr ont end is t hecooling channel itself, which is used to ma ke a largereduct ion in t he nor malized emittanceof t hemuon bea m, obtaining thesmall emittances needed for a high luminosit y m + - m - Colli der.

1. Intr oduction to

- Cooling

Table 1 shows some suggest ed paramet ers [1.1] of Higgs - ener gy m + - m - colliders,

operating in eit her high - luminosit y or high - r esolut ion (sma ll d E) modes. The r efer ence energy of

thecollider is 50 GeV/bea m, closeto hal f t he expect ed Higgs particleener gy of 115 GeV. The

collider ener gy can be rechosen at any value wit h a suitablephysics goal; the collider cooling

requir ements would besimilar. According to t his table, thehigh - luminosit y collider needs

bunches of ~4 ´ 10 12 m ´s within transverseemittances of e N,rms

~ 10 - 4 m and longitudinal

emittance e L,rms

@ 10 - 2 m. Theseemittances are substantially sma ller t han t hat of t hemuon

bunches produced frompion decay, as described in thetargetry section. Thetransverse and

longitudinal emittances of thesepr oduction bea ms aremor elike e N,rms

~ 2 ´ 10 - 2 mand e L,rms

@ 1 m.

Thus we need t o cool in ea ch of t heemittances by, roughly, a factor of 100 or, in 6 - D emittance,

by a factor of ~10 6 , and thecooling must becomplet e d befor e m decay. Theonly cooling met hod

that can providesufficient ly fast cooling is ionization cooling, and thefinal bea mparamet ers are

within the expect ed capabilit ies of ionization cooling.

Table1 also shows paramet ers for a ^high - resolution~ Hi ggs factory, wher etheener gy spread

is a factor of ~400 ´ smaller. To obtain t hesmall d E fromthesa me6 - D emittancebea m, the

longitudinal emittanceis decr eased by an order of magnitude from the ^high - luminosit y~ case,

while each transverseemittance is increased by a factor of (10) 1/2 , and t hebunch lengt h is

incr eased by a factor of ~4. Emittance excha nge t echniques to obtain final collision paramet ers,

and to switch bet ween high - luminosit y and high - resolution paramet ers arediscussed below.

Ta ble1 Higgs factory requir ements

Bea m

properties

at capture

50 GeV

high - resolution

Higgs Factory

50 GeV

high - luminosit y

Higgs Factory

s x 10 cm 295 m m 86 m m

s x ¢ 70 2.1 2.1 mr

s z 680 14.1 4.1 cm

s p / p 0.65 3 ´ 10 - 5 0.0012

e xN ~20 0.29 0.085 mm e zN ~1000 2.02 24 mm

e 6N ~2 ´ 10 5 0.17 0.17 mm 3

f 15 15 Hz

N b 2 2 Bunch/spill

N 4 ´ 10 12 4 ´ 10 12 Particles/bunch

L 10 31 1.2 ´ 10 32 cm - 2 - s - 1

1.1 Cooling process and requirements

The cooling process t hat will be used is ionizat ion cooling. In ionization cooling ( m - cooling),

particles pass through a material mediumand lose ener gy (momentum) through ionization

int eractions, and t his is followed by bea mr eacceleration in rf cavities.(see Figur e1) The losses

areparallel to the particlemotion, and ther efor eincludetransverseand longitudina l momentu m

losses; the reacceleration rest ores only longitudinal momentum. Theloss of transverse

momentum reduces particleemittances, cooling t he bea m. However, therandomprocess of

mult i ple scattering in t hemat erial medium increases ther ms bea mdiver gence, adding a heating

ter m, which must becontrolled in a complet ecooling system. This cooling method is not ver y

practicalfor protons, whichwould havefrequent nuclear interactions, o r electrons, whichwould

havebremsstrahlung, but is practicalfor muons, andcooling rates compatiblewith muon lifetimes

arepossible.

Thediffer ential equation for rms transversecooling is [1.2 - 6]:

E L c m 2

E

ds dE

E

1

ds d

2 ds dE

E

1

ds d

R 2 3

2 s N 2

2

rms

N 2

N

m

^ ^

b b + e

b

- = q b bg

+ e

b

- = e

(1)

wher ethe first termi s theener gy - loss cooling effect and the second is themult iple scattering

heating t er m. Her e e N is t henor malized emittance, E is the bea mener gy, b = v/c and g aret he

usual kinematic factors, dE/ds is t heener gy loss rate, q rms is t her ms mult iple scat tering angle, L R is t hemat erial radiation lengt h, b ^ is the betatron function, and E s is t hecharacteristic scattering

ener gy (~13.6 MeV).[6] (Thenor malized emittanceis relat ed to thegeometric emittance e ^ by e N = e ^ /( b g ), and the beam size is given b y s

x

= ( e ^ b ^ ) ½ .)

1.2 Longitudinal Cooling and E mittance Exchange

Cooling to collider int ensit ies requires longitudinal cooling, which is difficult sinceionization

cooling does not directly providelongitudinal cooling. Theequation for longitudinal coo ling

with ener gy loss is:

ds

E d

E

2

ds d 2

rms 2 E ds dE 2 E

D

+ s

¶

¶

- = s

(2)

in which thefirst termis thecooling termand thesecond is theheating termcaused by random

fluctuations in theparticleenergy. Beamcooling canoccur ifthederivative ¶ (dE/ds)/ ¶ E > 0. This

energy losscanbe estimatedbytheBethe - Bloch equation[1.7]:

ú ú

û ù

ê ê

ë é

b d - - ÷ ÷

ø ö

ç ç

è æ bg

b r p =

2

2 2 2 e

2

2 e

2

e A 2

1

I c m 2 ln 1

A

Z c m r N 4

ds dE (3) wher eN A is Avoga dro´s number, r , A and Z arethedensity, atomic weight and number of the

absorbing mat erial, m e and r e arethe mass and classical radius of t he electron, (4 p N A r e 2 m e c 2 =

0.3071 MeV cm 2 / gm). The ionization constant I is approximat ely 16 Z 0.9 eV, and d is the densit y

effect factor, which is small for low - ener gy m ¢ s. Theener gy loss as a function of p m is shown in

Fig. 2. Thederivativeis negativ e(or naturally heating) for E m < ~ 0.3 GeV, and is only slightly

posit ivefor higher ener gies. In t helong - pathlengt h Gaussian - distribution limit, thesecond t er m

in Eq. 2 is given approximat ely by[1.8]:

( )

gm / cm ) MeV (

2

1

A

Z 157 . 0

2

1 n c m r 4

ds

E d

2 2 2 2 2 2 e

2 2 e e

2

rms

÷ ÷

ø ö

ç ç

è æ b

- g r @ ÷ ÷

ø ö

ç ç

è æ b

- g p =

D

, (4)

wher en e is the ele ctron densit y in the mat erial (n e =N A r Z/A). This expression increases rapidly

with higher ener gy (larger g ), opposing thecooling process. Aft er adding this ener gy straggling,

ionization cooling does not naturally provideadequat elongitudinal cooling.

Ho wever, the longitudinal cooling t er mcan be enhanced by placing the absorbers wher e

transverseposit ion depends upon ener gy (nonzer o dispersion) a nd wher et heabsorber densit y or

thickness also depends upon ener gy, such as in a wedgeabsorber.[1.9, 1.10](s eeFig. 3) In t hat

casethecooling derivativecan berewritt en as:

p g

cp ds dE

E E ds dp

L

0 0 ds dE

ds dE

=

r b r ¢ h +

¶

¶

Þ

¶

¶

(5)

where r ¢ / r 0 is therelativechangein densitywithrespect to transverseposition, r 0 is thereference

densityassociatedwithdE/ds, and h is thedispersi on( h = dx /d( D p/p)). Wehaveintroduced the

partition number g L to describethecooling raterelated to themeanmomentumloss, andthewedge

configurationincreases thelongitudinalpartitionnumber by h r ¢ / r 0 . It alsodecreases the

corresponding transv ersepartition number bythesameamount:g x ® (1 - h r ¢ / r 0 ), which decreases

thetransversecooling. Thesumofthecooling rates or partition numbers (over x, y, and L)remains

constant; a similar invariant sumofcooling rates, withemittanceexchangefro mradiationat nonzero

dispersion, occurs inradiation damping ofelectrons. Inionization cooling, however, thereis a n

energy dependenceof this sumof partition numbers, dueto theenergy dependenceofthenatural

energy loss. This sumofpartition n umbers is ~2 at p m > 0.3 GeV/c. Fig. 4 shows this sumof

partition numbers as a function ofp m ; smallvalues ofp m , wherethesumbecomes less than~1.5

shouldbeavoided incooling.

Emittance exchangemethods to obtain longitudinalcooling arediscus sed in moredetail

below. Theintrinsicdifficulties inobtaining longitudinalcooling indicatethat it is verydesirableto

avoidlongitudinalheatingeffects, ifpossible, sinceanyheatingmust belater removed byadded

cooling. It is thereforedesira blethat transversecoolingsections avoidlongitudinalheating(g L < 0),

which canbeavoided by coolingat p m >0.3 GeV/c . This means coolingat higher energythansome

ofour earlier studies, which aredesigned at p m @ 0.2 GeV/c, which would then requ ir e

proportionatelystronger focusingfields toachieve equivalent b ^ .

Eq. 2 is the expression for energy spreadcooling. The equation for longitudinalemittance

cooling, similar tothetransversecooling equations, is:

ds

E d

2 p g

ds d 2

rms L

L ds dp

L L

D b

+ e - = e

(6)

wher e b L = s ct 2 / e L is t helongitudina l focusing function, which depends on t herf bunching

wavelengt h and voltage.

1.3 Cooling considerations

Somegeneral considerations on thecondit ions for cooling, and the required absorbers and

bea m transports, can be developed from Eqs. 1 to 6. FromEq. 1 we find an equilibrium

emittancefromsetting thederivativet o zero:

ds dE L c m g 2

E

R 2 x

2 s eq, N

m

^

b b = e (7)

This represents theminimalobtainableemittancefor a givenmaterialandfocusingparameter b ^ .

Fromthis expression, obtainingsmallemittanceimplies having small b ^ (strongfocussing), as well

as largeL R dE/ds (small multiplescattering)at theabsorber. Table2 displays parameters oftypical

cooling materials; largeL R dE/ds implies light e lements(H, Li, Be, ..)for theabsorber material.

Table 2: Material Properties for Ionization Cooling [1.7]

Material Z A dE/ds (min.) L R L R dE/ds Density g x N,eq /

MeV/cm cm MeV gm/cm 3 mm - mrad/cm

Hydrogen H 2 1 1.01 0.292 865 252.6 0.071 37

Lit hium Li 3 6.94 0.848 155 130.8 0.534 71

Lith. Hydride LiH 3+1 7+1 1.34 102 137 0.9 68

Beryllium Be 4 9.01 2.98 35.3 105.2 1.848 88

Carbon C 6 12.01 4.032 18.8 75.8 2.265 122

Aluminum Al 13 26.98 4.37 8.9 38.9 2.70 238

Copper Cu 29 63.55 12.90 1.43 18 .45 8.96 503

Tungsten W 74 183.85 22.1 0.35 7.73 19.3 1200

Fromconsideration of minimum - b ^ focusing condit ions (such as in a Li lens, see below), we

expect to beableto obtain b ^ @ 0.01m, which mea ns thetransverseemittances can becooled t o

e ^ ,n

@ 0.0001 m - rad (in hydr ogen or lit hium). Similarly a cooling rf bucket at 200 MHz can

ma intain t hebea mwit hin a longitudinal emittanceof ~0.01m, and smaller emittances could be

obtained with higher frequency rf syst ems. Thus, thecollider emittancegoal s arewit hi n

conceptual reach of ionization cooling. However a complet ecooling scenario taking thebea m

from production emittances t o cooling emittances must bedeveloped, a nd some possibl e

approaches will bediscussed below.

2 . The Status Repor t Fr ont E nd Sce nario

A complet ecooling scenario t o collider requirements has not yet been complet ely worked out.

However, a general approach and ma ny of t heindividual components have been described in a

status report [1.1]. Wesummarize her esome important features of t hefront end used in t hat

design.

2.1 Phase rotationlinac

Thepions, and themuons into which they deca y, areproduced wit h a momentum

distribution wit h a n r ms spread ( d p/p) of approximat ely 100% about a maximum around 200

MeV/c. It would b edifficult t o handlesuch a wideener gy spread in any subsequent syst em. A

linac is thus introduced along thedecay channel, with fr equencies and phases chosen t o

deceleratethefast particles and acceleratetheslow ones, i. e., to phaserotat ethemuon bunch.

Several studies ha vebeen ma deof t hedesign of this syst em, using differ ing ranges of rf

frequency, delivering differ ent final muon momenta, and differing fina l bunch lengt hs. In all cases, muon capture efficiencies closet o 0.3 muons per proton can beobtained. Unt il t he

ionization cooling section is fully designed, an optima l captureopt ics is not yet defined, and will

depend on futur erf ca vit y a nd solenoidal focusing development The SR present ed t wo capture

configurations: a low - ener gy and a high - ener gy example.

Thelow ener gy exa mplecaptures muons at a mean kinetic ener gy of 130 MeV. Four

linacs areused wit h fr equencies varying from30 to 60 MHz and gradients up to 5 MV/ m.[1.1]

Thesegradients arer elatively high for continuous low fr equen cy syst ems, but far below t he

maximum surfacefields t hat havebeen achieved in short pulses. Thesignificant challengewill

be the development of affordable and sufficient ly high - power low - fr equency rf sources. The

exa mple has been simulat ed by t he Mont e Carlo programs MCM and ARC, starting from pion

product ion by 24 GeV prot ons on a copper target of 1 cmradius at an angle of 150 mrad.[1.1] A

unifor msolenoidal field of 1.25 T was used in the phaser otation section, and the rf was

approximat ed by a se ries of kicks. A final bunch selection was defined by a kinet ic energy

window of 130 ± 70 MeV and a bunch length (c t ) 8 m long. Wit hin t hese cuts, ther ms ener gy

spread of t he select ed muons is 16.5%, ther ms c t is 1.7 m, and t her eare0.39 muons per incid ent

proton. A tight er acceptancecut at an ener gy of 130 ± 35 MeV and bunch c t lengt h of 6 mgave

an rms ener gy spread of 11.7%, rms c t of 1.3 m, and contained 0.31 muons per incident prot on.

In the high - ener gy exa mple the captured muons have a mea n kinet ic ener gy closet o 320

MeV. It is based on a Mont eCarlo study using MCM and MARS that uses pions cr eated by 16

GeV protons on a 36 cm long, 1 cm radius coaxia l gallium target. The phaserotation syst em

consist ed of a n 80 m long, 5 T solenoidal decay chann el wit h ca vit ies of fr equency in t he 30 - 90

MHz rangea nd acceleration gradients of 4 ˙ 18 MV/ m. A total of 0.33 muons per proton fall

within the cut : 6 m ´ 300 MeV. The r ms bunch lengt h insidet he cut is 148 cm and r ms ener gy

spread is 62 MeV. Thenor mal ized six dimensional (6 - D) emittanceis 217 cm 3 and t hetransverse

part is 1.86 cm.

Protons on the target produce pions of bot h signs, and a solenoid will captureboth, but

thesubsequent rf systems will ha veopposit e effects on each sign. Theproposed bas eline

approach uses t wo separateproton bunches t o creat eseparatepositive and negativepion bunches

and accepts theloss of thewrong - sign pions/ muons during phaserotation. If thepions can be

chargeseparated wit h limit ed loss befor et hephaserotation cavities arer eached, bot h signs ca n

becaptured fromea ch primary bunch, result ing in more m ´s and ther efor ehigher luminosit y.

2.2 Cooling channel

Following t herf phaserotation t he long bunches are inject ed into a cooling syst em, designed as a

seq uenceof cooling stages. Each stageconsists of a succession of thefollowing components:

· Transversecooling sect ions using ener gy - absorber materials in a strong focusing (low -

b ^ ) environment, alternating wit h linear accelerators

· Emittance excha ngein lat tices t hat generatedispersion, with absorbing wedges to r educ e

momentumspr ead

· Matching sect ions to optimize the transmission a nd cooling paramet ers of the following

section

For theSR cooling scenario, t he m - bea ms have a central kinet ic ener gy closet o 100 MeV, which

was chosen as an apparent optima l cooling energy. At higher ener gies, weaker focusing raises the

heating t er m from C oulomb scattering, and mor eacceleration is r equir ed for a given a mount of

cooling. At lower energies, t hebea mdiver gence b ecome large, and the riseof dE/ dx wit h falling

ener gy causes a greater incr easein energy spread. Ther eis an advantage, initially, in using a somewhat higher energy to reducet he bea mdimensions and bucket lengt h; and at t heend, t he

ener gy can bedroppe d to attain t he lowest transverse emittances at the expense of longitudina l

heating. Each of t hedesign transversecooling stages lower the 6 - D emittance by a factor of

about 2. Sincetherequir ed total 6 - D cooling is ~10 6 , about 20 such stages arerequir ed.

Wehaveperfor med initial ana lyt ical calculations for complet e cooling syst ems for theHiggs

factory and for the cooling systems for a high ener gy collider. These calculations are based on

theor etical models (r ms cooling equations) of t he expect ed co oling perfor ma nce. They give an

indication of thesyst emdimensions, magnet strengt hs, rf frequencies and gradients, and bea m

paramet ers that will berequired in a cooling syst em. TheSR calculations of a collider cooling

scenario indicate that the r equir e d cooling for a Higgs factory could beachieved in 25 stages,

whilet hehigh ener gy collider would requir ean addit ional 3 stages. Emittances and energies as a

funct ion of stageareshown in Fig. 5. Thesequenceca n beconsider ed to consist of 3 parts.

F or thefirst 12 stages theprimary effort is to cool in thelongitudinal direction in order to

reducet hebunch lengt hs and allow higher frequency rf to beemployed. Some transversecooling

is also needed t o r educe the transversedimensions of the bea ma nd allow it t o fit t hrough t he

sma ller irises in higher fr equency cavities. In this example, for the first stage, an ener gy of 300

MeV was used. Emittance exchanges areused at thebeginning of thesyst emt o reducethe

longitudina l emittance; however, these exchanges a lso incr easet hesizeof thebea m, and

complet edesign of t henecessary transport and low - frequency rf r ema ins a major challenge. In

later stages t hekinet ic ener gy is r educed closer to 100 MeV. Solenoid focusing was assumed in

all of t hese stages, wit h an init ial field of theorder of 1 T rising to about 3 T at theend.

In t hesecond part (in this exa mple, stages 13 - 25) the6 - D emittance is r educed as far as

possible, with simultaneous transverse and longitudinal cooling. F or thecaseof a low

momentum spr ead Higgs collider, the r equir ed bea m paramet ers areachieved at stage25 of the

SR scenario, and t het hird part (last threestages) is not requir ed. In t heSR scenario, an 80 MeV

central energy was used for stages 13 - 25. Solenoid focu sing was used in all but thelast two of

these, wher elit hiumlenses wer eassumed.

For thehigher luminosity a nd higher ener gy collider s, the third section is needed. Further

reduction in transverseemittanceis r equir ed, but this can beobtained without r eduction of the 6 -

D phasespace, by a llowing t he longitudinal phase space to grow. This exchange of emittances is,

in this exa mple, achieved by reducing theener gy to nea r 10 MeV in two long lit hiumlens cooling

stages. The same effect could probably bea chieved at similar ener gy, by using a hydrogen

absorber wit h solenoid focusing. It might also bepossibleby using low - ener gy wedges.

Thet otal lengt h of t hesyst em would be of t heorder of 600 m, and the t otal acceleration

requir ed would be approximat ely 6 GeV. Thefraction of muons transmitt ed t hrough t he cooling

syst emis estimat ed to be~60 %. It must beemphasized t hat this sequencewas initially der ived

without detailed simulation of the individual stages. It serves however t o guide the choiceof

sta ges to study in deta il.

Threetransversecooling stages from the SR scenario wer edesigned and simulat ed in detail.

Thefirst uses 1.25 T solenoids to cool t hevery largeemittancebea mcoming from t hephase

rotation channel. Themuon bea mat theend of t he decay channel is very int ense, wit h ~7.5 10 12

muons/bunch, but with a largenor malized transverseemittance e XN ~15 10 3 mm - mra d and a large

nor malized longitudinal emittance e ZN ~612 mm. The second exa mple would liet oward theend

of a full cooling se quenceand uses 15 T solenoids. Thet hird exa mple, using 31 T solenoids,

meets t he requir ements for the high resolution Higgs factory and could bet he final cooling stage

for this machine.

Thebaselinesolution for emittance excha nge involved theuseof b ent solenoids t o generat e

dispersion and wedges of hydrogen or LiH t o reducet heener gy spread. A simulat ed exa mple was

given for exchangethat would beneeded aft er the15 T transversecooling case. (seeFig. 6)

Figur e7 shows a 2mcooling cell fromone of t hecoooling stages. A schematic cross - sect ion

of t hecell with absorbers, rf cavities a nd solenoid coils is shown, along with t hema gnet ic fields

and resulting focusing betatron ( b T ) function. Figure8 shows simulation results fromcooling in a

comple t estagecontaining ~13 such cells.

A lit hium lens solution may prove mor eeconomical for the final stages, and might allow

even lower emittances t o beobtained. In t his case, t helithium lens serves simultaneously to

ma intain t helow b ^ and provide dE/d x for cooling. Similar lenses, with surface fields of 10 T,

wer edeveloped at Novosibirsk and havebeen used, at low repet it ion rates, as focusing elements

at FNAL and CERN. Lenses for thecooling application, which would operateat 15 Hz, would

need to em ploy flowing liquid lithium to pr ovidea dequatether mal cooling. Higher surfacefields

would also bedesirable.

2.3 Bent solenoid emittance exchange example

In addition t o thetransversecooling section, each cooling stageincludes an emittance exchange

s ection for reduction of longitudinal emittance. As an exampleof such a stage, wehavestudied a

syst emt hat exchanges longitudinal and transverse emittanceusing dispersion in a large

acceptancechannel, wit h low - Z wedgeabsorbers in t her egion of dispers ion. In a bent solenoid,

ther eis a drift perpendicular to thebend planeof thecent er of t heLarmor circular orbit, which is

proportiona l to the particle’s momentum. In our exa mplewe have added a unifor mdipole field

over the bend to cancel t his drift for particles wit h the refer ence momentum. Particles wit h

momenta differing from the r efer ence momentum then sprea d out spatially, giving t her equired

dispersion (0.4 m). Themomentum sprea d is r educed by introducing liquid hydr ogen wedges.

(Thehydr ogen w edges would be contained by t hin beryllium or aluminum foils, but these wer e

not included in this simulation.)

Aft er onebend and oneset of wedges, thebea mis asymmetric in cross section, sincethe

emittanceexchangehas occurred in a singleplane. Sym metr y is r est ored by a following bend and

wedge syst em rotated by 90 degr ees wit h r espect t o t he first. Figure6 shows a repr esentation of

thet wo bends and wedges. The total solenoid lengt h was 8.5 m. Thebea m tube outsidedia met er

is 20 cm, and t he minim um bend radius is 34 cm. Not e that this is only a preliminary design. No

rf was included in this configuration and thegrowt h of t hebunch lengt h passing t hrough the

syst emwas ignor ed.

The solenoid bend cur vatureis exactly t hat given by the trajector y of a refer enceparticle

(equal in momentumt o theaveragemomenta) in t hegiven transversefields. Theactual shapeof

thebend turns out to bever y important. Discont inuit ies in t he bend radius can excit e

perturbations, which incr easethetransverseemitt ance.

The simulations wer eperfor med using t he programICOOL. The maximum bea m radius is

10 cm. Transmission was 100%. The fractiona l momentum spread decr eases from an initia l valu e

of ~5%, t o a final value of ~2.2%. At t he sa met ime, since this is a n emittance excha nge, the

transversebea marea grows. Thearea incr eases not only in t heregions of bends, but also in t he

regions of wedges. This is probably duet o fa ilur es in betatron matching. Thedispersion is clearly

observed after both bends. It is re moved, wit h a corresponding decr easein momentum sprea d,

after both set of wedges. Figur e6 shows a scatterplot of thesquareof theparticleradii vs. their

longitudina l momenta, (a) at thestart, and (b) at theend of theemittance exchangesection. The

decreasein momentum spread and risein bea m area areclearly evident. Alt hough this exa mpl e

demonstrates a factor of ~3 reduct ion in the longitudinal momentumspr ead, ther eis a 37%

incr easein t he5 - D phasespace. Thesesimulations must be ext ended t o in cluderf , so that thefull

6 - D emittancebehavior can bestudied.

3. Neutrino Fac tory Front E nd

A m - storagering neutrino fact ory has somewhat differ ent requir ements on themuon bea ms from

thoseof a m + - m - collider. The n - sourceevent ratedepends primarily on t henumber of stor ed

muons a nd not on t hequality of t he m - bea m; t her efor ethe bea mneeds only t o becooled

sufficient ly to bewithin t heacceptanceof the accelerator and st oragering, and not t o a minima l

emittancefor high luminosit y. Als o t he m - bea m need not be confined wit hin singlebunches, but

can bedistribut ed in a string of bunches.

TheMC collaboration has produced t wo detailed Neutrino Factory design studies[3.1,2].

Bot h studies have a similar muon collect ion and cooling syst em. A schematic la yout of t hestudy

1 scenario is shown in F ig. 9A. F ollowing t hetarget ther eis a 50 m long drift, a 100 m long

induction linac for phaserotation, a mini - cooling stage, a 17 m long buncher and a 140 mlong

cooling section. Thestudy 2 sc enario layout is shown in Fig. 9B. It has a 18 mdrift following

thetarget, a 108 minduction linac, a mini - cooling stage, an addit ional 200 mof induction linac

and drift to complet et hephaserotation, a 55 mbuncher and a 108 mcooling sect ion, for a total

lengt h of 540 m, about 200mlonger than study 1. Most of thefollowing description will

concentrateon t hemor erecent study 2 case, which is an improvement of study 1.

3.1 - Factory precooler

In the neutrino factor y studies a proton bunch on the target produces a p bea m, which is t hen

allowed t o drift while the p ´s decay int o m ´s and t hebeamdevelops a position - ener gy correlation

with t helower - ener gy m ´s trailing behind the higher ener gy m ´s. The ener gy spread of t he muons

is very large, much la rger in fact tha n t heacceptance of the following cooling stage and

accelerators. Ther efor et his drift is followed by an induct ion linac syst em t hat decelerates high -

ener gy m ´s and accelerates low ener gy m ´s, reducing theener gy sprea d. Thevoltagepulse across

thegaps in t heinduction linac cells can betailor ed to match t het ime - ener gy correlation of the

incoming bea mbunch. In study 2 theinduct ion linac is broken up into t wo sect ions in or der to

reducet hedistortion in t her esult ing longitudinal ph ase spaceof the muons. Thefractional ener gy

spread of t he bea maft er theinduct ion linacs is reduced t o 3.7%. However, t her ms bunch widt h

grows t o 27 m (~100 mfull widt h). Theinduction linac system includes a 3.5 mlong liquid H 2 absorber. This ^ mini - cooler~ stageprovides an ~20% reduction in transversenor malized

emittanceto e t,rms

@ 0.012 m.

Aft er the induction linacs, themuons aredistributed cont inuously over a bunch lengt h of

around 100 m. It is then necessary to for mt hemuons int o a train of bunches for cooling and

subsequent acceleration, as well as t o match the bea m transversely int o t he focusing latticeused

for cooling. Thus thebea mis transported into a 201 MHz rf buncher sect ion, which forms the

bea mint o about 70 bunches. Thetran sverseand longitudinal funct ions of t his sect ion ar e

perfor med sequentially for design simplicity. First an 11 mlong ma gnet ic latticesection is used

to match t hebea mfrom theapproximat ely unifor msolenoidal field used in theinduction linacs to

the so - called "super - FOFO", or sFOFO, focussing latticeused in t herema inder of thefront end.

This is followed by the 55 m long rf buncher, which consists of rf cavity sect ions int erspersed

with drift regions.

Thebuncher ma gnet ic latticeis identical to t hat used in thefirst cooling sect ion. It contains rf

cavit ies in select ed lattice cells and no absorbers. The main rf frequency is chosen t o be201.25

MHz in t hefront end, so that thebea mwould fit radially insidet heca vit y apertureand because

power s ources and other t echnical components areavailable at this fr equency. The201.25 MHz

cavit ies areplaced at thehigh beta regions in this lattice, just as in the cooling sect ion. Maximu m bunching efficiency was obtained by breaking ther egion int o thr ee rf stages separated by drift

regions. Second harmonic cavities (402.5 MHz) areadded at theentranceand exit of thefirst

and second stages to linearizetheshapeof therf pulse. Thebuncher encompasses 20 latticecells,

each 2.75 m long. By the end o f t he buncher, most, but not all, particles are wit hin t he 201.25

MHz buckets. About 25 % areoutside t hebucket and arelost relatively rapidly, and another 25 %

arelost mor eslowly as thelongitudinal emittancerises from straggling and the negativeslope of

theenergy loss wit h energy.

3.2 sFOFO Cooling System

In t he Neutrino Factory t he rms transverse emittance of t hemuon bea m emer ging from t he

induction linac must bereduced to ~ 2 mm - rad (nor malized) in order to fit int o thedownstrea m

accelerators , and becontained in t hest oragerings. Ionization cooling is currently our onl y

feasible option. The cooling channel described below is based on ext ensive t heor etica l studies and

comput er simulations.

Solenoidal fields areused for focusing; however, e nergy - loss cooling within a constant (or

same - sign) field lea ds to an incr easing bea m angular momentum t hrough the cooling channel.

Thesolenoidal field must flip sign, while maintaining good focusing t hroughout the bea m

transport and low b ^ at theabsorb ers. Oneof t hesimplest solut ions is to vary thefield

sinusoidally; this is the^FOFO~ lattice. Thecooling syst emof study 2 is composed of ^sFOFO~

or ^super - FOFO~ latticecells. (seeFig. 10) Each of thesecells includes an absorber for energy -

loss c ooling, an rf cavity of bea mr eacceleration and solenoids for transversefocusing, with the

focusing designed t o minimize bea msize in the absorbers. ThesFOFO latticeuses alt ernating

solenoids like the FOFO, but is a bit mor e complicat ed. As in the FO FO case, t he longitudinal

B - field vanishes at t he b ^ ,min posit ion, locat ed at the cent er of t he absorber. This is accomplished

by placing t wo short, strong ^focussing~ coils about t he absorber, running in opposit e polarities.

Thefield is decreased and f lattened outsidet heabsorber region, due to a ^coupling~ coil located

around thelinac.

Thestudy 2 cooling channel operates at a nominal momentumof 200 MeV/c. Therearesix

sections wit h st eadily decreasing b ^ ,min

. In t hefirst three thelatticehalf per iod lengt h is 2.75 m,

and in thelast threesections t his half period lengt h is 1.65 m. Thematching sections bet ween

thesesect ions also consist of cooling cells, which differ fromtheregular cooling sect ions only by

thecurrents (except for matchi ng bet ween differ ent cell lengt hs, wher et he lengt h is a lso

cha nged).

Each lattice ha lf - period includes a multicell linac, and to increaset he useful gradient of the

accelerating cavities, t hecell irises arecover ed wit h a foil or grid. Thebaselined esign calls for

thin, pre - stressed beryllium foils wit h thicknesses t hat increasewit h radius. An accelerating

gradient of E = 16 MV/mis requir ed in each linac.

Theabsorber mat erial is liquid hydrogen (LH 2 ). Thelengt h of theseabsorbers is 35 cmfor

the2.75 mlattices and 21 cmfor the1.65 mlattices, respectively. TheLH 2 vessels must also be

equipped wit h thin aluminumwindows. Their thickness is 360 m m(220), wit h a radius of 18 (11)

cm, for the 2.75 m and 1.65 m lattices, respect ively. Themuo ns t her efore lose ~12 MeV per

latticecell for the2.75 mlattices and ~7 MeV for the1.65 mlattices.

Thecomplet estudy2 cooling syst emcontains 16 2.75mcells, 36 1.65mcells, and a 4.4 m

matching section bet ween them for a total lengt h of ~108 m. Com plet edescriptions of thesystem

and detailed simulations of its cooling perfor ma nce arepresent ed in study 2 [FS2] and

summarized below.

3.3 Simulationresults

An important accomplishment in t hecollaboration has been t hedevelopment of t hesimulation

codes ICOOL [3.3] and DPGeant [3.4], which include thefull complexity of t heabsorber + rf +

solenoid syst em, including all mat erials and t heir properties, ma gnets defined in t er ms of coils,

currents, and positions (rather than actual focusing fields), r f defined wit h complet eca vit y fields,

etc. Thegoal is to establish cooling syst ems which funct ion when described in full complexit y.

These simulations confirm that t hestudy 1 and 2 cooling syst ems will perfor mas pla nned. In t his

section wedescribeth esesimulation results.

The b ^ ,min function, calculat ed at the absorber cent ers using the bea m second - order

moments calculated in Gea nt4 simulations, is shown in Fig. 11. This funct ion is reduced with

each new section of thecooling lattice. Thetran sverseand longitudinal emittances as calculated

through the cooling syst emareshown in Fig. 12. Emittances arecomput ed using diagonalized

covariancematrices. Theemittancevalues arecorrected for correlations bet ween thevariables,

including t hestron g momentum - transversea mplitudecorrelation. At t heend of the cooling

cha nnel a transverseemittanceof 2.2 mm rad is reached. Thelongitudinal emittanceshows an

init ial riseand fall as particles not wit hin t herf bucket incr easein a mplitudeand arela ter lost,

and t hen an approach to an asympt otic valueset by thebucket size. Thelongitudinal emittanc e

should risedueto straggling and thenegativeslopeof energy loss wit h ener gy, but, sincetherf

bucket is alrea dy full, weseea steady loss of part icles inst ead of an emittancegr owth.

Despit etheoverall particleloss, thenumbers of particles wit hin t heaccelerator

acceptanceincr eases, as seen in Fig. 13. The ga in in muons wit hin t heaccelerator acceptance of

150 mm duet o cooling is ~3.1 ´ (or 5 ´ if thestudy 1 acceptances wer eused). If theparticleloss

fromlongitudinal emittance growt h could beeliminated, as should be the caseif emittanc e

exchangewer eused, then thesegains could double.

Table 3 Beam characteristics summary

Location (e nd of) s X s X´ s P s t (per bunch) <p>

Cm mrad MeV/c ns MeV/c

Induct ion linac 8.6 95 113 260

Matching section 5.8 114 113 260

Buncher 5.3 107 111 0.84 256

2.75 mcooler 3.0 91 70 0.55 226

1.65 mcooler 1.8 102 30 0.51 207

Ther ms bea mcharacteristi cs in thebuncher and cooler sections aresummarized in Table3. The

bea mis symmetric in this lattice, so t hey properties are similar to t hosein x. Wesee t hat thesiz e

steadily decr eases as weproceed down the channel. Theangular divergenceis kept c onstant for

maximum cooling efficiency. Themomentum spread of t he entir ebea mis still large after the

induction linac, but this includes very low and high ener gy muons that do not get transmitt ed

through the subsequent sFOFO lattice. Thedecr easein ener gy spread is duet o particle losses,

since ther eis no longitudinal cooling or emittance exchange in this lattice. These losses could be

controlled by adding some longitudinal cooling to thechannel.

3.4 Alternatives for - Factory cooling

Weha vepres ent ed in detail only one exa mpleof a cooling scenario for preparing the m -

bea ms of a n - factory, the baseline cooling scenario for feasibilit y study 2. Other cooling

scenarios could be used and future studies will explore alt ernativeconfigurations, eit he r by optimizing the pr esent proposal or developing a substantially differ ent but superior syst em.

However any cooling scenario would also require: absorbers for energy - loss, acceleration for

longitudinal ener gy recover y, and a transport latticewith stro ng focusing of thebea mint o the

absorbers.

Theliquid hydrogen absorbers wer echosen becausehydrogen has the least mult ipl e

scattering; however other low - Z mat erial (LiH, Li, Be, �) could also beused and would avoi d

themecha nical difficulties of ha ndl ing liquid hydrogen, at thecost of mor escatt ering. It is likel y

that such denser mat erials may benecessary for emittance exchangewedges.

ThesFOFO focusing syst emwas used her e, but other lattices could beused. An attractive

alternative is the ^doubl e - flip~ scenario [3.5], which has long constant or same - sign field sections

with only t wo changes in sign. This is a simpler lattice, but it requir es mor efield volume for the

same focusing effect as t hesFOFO. Lattices t hat incorporateener gy cooling co uld also be

preferable(seebelow).

The~200 MHz rf systemwas based on t heperception that 200 MHz rf would beavailabl e

and affordable. A low - frequency syst em (40 - 80 MHz) for captureand cooling has been proposed

at CERN [3.6] and has some preferablepr operties. It would develop fewer m - bunches per primary

p - bunch and would bemoreadaptableto future m + - m - collider bea ms.

4. Other Cooling Compone nts

TheStatus Report and t he n - factory studies r elied on ionization cooling in a single - pass coolin g

cha nnel with absorbers (usually LH 2 ) periodically placed wit hin an rf linac structurewith strong

solenoidal focussing. Various solenoidal focusing lattices have been studied, including FOFO,

sFOFO, ^single - flip~, ^double - flip~, etc., and analytical met ho ds for describing ionization cooling

in solenoidal focussing syst ems havebeen developed, and all of thesehavet hesa me general

structure. The cooling syst ems requir ea ver y long (nearly) linear structure(~100 m for the n -

factory and ~600 mfor a colli der) of rather expensivecomponents. Also it is limit ed in

perfor manceby thefocusing limitations of solenoid focusing, and int egration wit h longitudinal

cooling is not yet developed. In t his sect ion we discuss somevariations in cooling which ma y

avoid some of thesedifficulties. Thefollowing sect ion will addr ess thelongitudina l cooling

issues.

Ring Coolers

It appears inefficient to usea single - pass linac - based structurefor cooling; it would be mor e

efficient if t hebea m could pass several turn s through t hesa me cooling structure, obtaining much

mor ecooling from a given structurethan a singlepass device. A m + - m - collider syst em ma y

requir erecirculating cooling syst ems to be affor dable. Balbekov has present ed several explicit

ring cooler des igns that areableto obtain cooling in 6 - D phasespaceby largefactors in ~10 turns

of circulation. Two of these ring designs areshown in F igs. 14 and 15. This concept has t he

important adva ntagein t hat thecooling hardwareis r eused for several turns of cooling. Thering

cooler designs also havecooling syst ems which cooled longitudina lly as well as transversely,

obtain cooling by factors of 3 ˙ 10 in each dimension. Also sincethebunch lengt hs arenaturally

decreased in t heR ing C ooler, matching to a higher - frequency succeeding cooling device is

relatively easy. These designs aredescribed in mor edetail in t he following section on emittanc e

exchangeand longitudina l cooling.

The major unsolved problem in the Ring Cooler concept is how t o inject a n d extract m bunches,

without bea mloss or emittancedilutions. Thecooling lattices arepacked with focusing,

acceleration a nd ener gy - loss elements and ther eis no freespacefor such elements; one woul d

like injection/ extraction kickers t hat overlap ring r ecirculating ma gnets. The solution could bea

large - aperturefast kicker, similar to that used at CERN for theAnt iproton accumulator. A rise

timeof ~50 ns or less would berequir ed. Theproblemis in inserting thekicker hardwareint o the

ring wit hout degrading thering cooler perfor mance.

Li lens cooling

A particularly attractiveconfiguration for m - cooling is obtained by passing thebea m

through a conducting light - metal rod (such as a Li lens shown in Fig. 16), which acts

simultaneously as a focusi ng element and as an ener gy - loss absorber. [4.1, 4.2] A high current

passing t hrough t heconductor provides an azimut hal magnet ic field given by[ ]:

2 c

0

R 2 r I B

p m = q (8)

wher eR c is the rod radius a nd I is t het otal current in t her od. This azimut hal ma gnet ic field

combines wit h t helongitudina l velocity t o obtain a radial focusing force. Thematched focusing

b ^ for a Li lens is:

B e p

B

B

¢

=

¢ r

= b m

^ (9)

wher eB ¢ = dB/dr = m 0 I/(2 p R c 2 ). Li lenses can providequit estrong focusing and areused for

short, strong - focusing collection lenses. A Li lens with B = 20 T at a radius R c =2 mm is possibl e

and this would givea matched b ^ of 1 cmfor p m = 300 MeV/c muons.

Someparamet ers of Li lenses consider ed for cooling aretabulated in Table4. In this tablethe

Li lens lengt hs havebeen standardized at 1 m. A sequence of lenses of incr easing str engt h is

tabulated as examples of possibleparamet ers.

Table 4: Li lens parameters

B(T) B ¢ (T/m) Radius (cm) Power/m

( 10Hz)

I (MA) t ( d =0. 7r) b * at P=0.3 GeV/c

10 1000 1 0.68 MW 0.50 1 ms 3.16 cm

15 3000 0.5 0.383 0.375 250 m s 1.83

20 8000 0.25 0.1717 0.25 63 m s 1.12

20 16000 0.125 0.041 0.125 15 m s 0.79

Li lenses can beused to ext end t he cooling to small emittances. As discussed abo ve, lenses

which ca n focus to b * = 1 cmor less ca n cool m - beams to e T @ 10 - 4 or less. Fig. 17 shows

simulation results of cooling t hrough a sequenceof 12 lenses (including 2 emittance exchange

segments), with e T,N reduced from 10 - 2 to 0.86 ´ 10 - 4 m - rad.[ 4.3]

Thelong lenses needed t o obtain largeener gy losses (~1 mof Li t o obtain ~100 MeV of

ener gy loss), and t he high r epet ition rates of collider scenarios imply large power r equir ements

and largepower deposition associat ed wit h higher frequency opera tion (5 ˙ 15 Hz) would melt

Li. Liquid Li lenses arealso desirablebecauseof t hebrittleness of solid Li lenses. A r eplacement

liquid lens is being built for the F er milab ant iproton source. A longer, higher gradient liquid Li

lens t esting t helimits of t hat technology for m cooling was also planned in t he m + - m - C ollider

R&D program; that R&D has been postponed, however .

Practical difficult ies exist in matching t helargeemittance, large D p m - bea ms into a nd out

of Li lenses, as well as in matching thebea m s into r eaccelerating rf buckets wit h minima l dilut ion

and losses. Whileinitial attempts wer eunsuccessful, some solutions t o t his problem have been

demonstrated. A simulation by Spentzouris and Neuffer [4.4] consider ed a 2 - lens syst em wit h

800 MHz rf, which r educed transverse emittances by a factor of 2 with small longitudinal heating

and mismatch effects. V. Balbekov [4.5] simulat ed a sequenceof 5 lenses, with int ervening 800

MHz rf and 2 dipole/ wedgecoolers, which cooled transversely from from e t,r ms

= 0.001 to 0.0002

m - rad and wit h longitudinal emittanceincr easing from 2 to 3 mm - rad. Results areshown in Fig.

18. These final paramet ers arecloset o Higgs Collider goals. These used 800 MHz rf; t hegr eater

acceptances of 200 MHz rf systems would m a ke t hese solut ions even easier.

Optics + cooling

scenario opt imization rema in a research topic[4.6], and t hepractical limits on Li lens field

strengt hs, lengt hs and repet it ion rates arenot established.

Final Cooling and E mittance Exchange Techniques

In t hefinal cooling sections, cooling system paramet ers can be ext ended t o extr eme values to

obtain collider bea mcondit ions. In t hesefinal sect ions, thetransverseemittances arereduced t o

minima l values, while allowing nontrivial longitudinal emitt ance gr owth, or thelongitudinal

emittances areminimized wit h transverseemittanceincr ease. Somet echniques for obtaining

thesefinal ^emittance excha nges~ aredescribed in this section.[see1.1, 4.7, 4.8]

In order to obtain minimal - transverse - emitt ance beams in t hefinal cooling stages, the

bea ms arerun at very low energies, so t hat b *can beminimized, and an emittance exchange

bet ween transverseand longitudinal cooling is gener ated. T wo methods t hat can achieve this

havebeen suggest ed:

1 . an ^an ti - wedge~ absorber which increases ener gy spread while reducing transverse

emittances. In a n ^anti - wedge~ configuration, the m - bea mpasses through a wedge absorber

at non - zero dispersion, but the wedge is orient ed so t hat the low - energy portion of the bea m

passes through mor e mat erial t han t he high - ener gy portion. Thenet effect is an incr easein

ener gy spread and longitudinal emittance, with a decreasein t hedispersion - pla netransverse

emittance. A low - energy bea mper mits largeemitt ance exchangein s hort wedges, with

relatively small transverseheating. In a simulated exa mple, a bea mwit h p m = 77 MeV/c was

passed t hrough a 0.8 cm, tan q = 1 wedgeat dispersion h = - 0.105 mobtaining e x,N cooling

from0.0061 to 0.0039 mm, with e y,N unchanged and d p incr eased from1 to 1.76 MeV/c

2 . cooling at low ener gies in a Li lens. At low ener gies (low momenta) theLi lens can focus t o

very sma ll b *and relatively short lengt hs of absorber can cool thebea mt o small transverse

emittances. For exa mple, a 2000 T/mLi lens wit h a 75 MeV/c bea mproduces a b *of 0.35

cm. However at low ener gies, longitudinal ener gy loss is strongly ant ida mping, and t he6 - D

cooling is at best stationary. Thenet effect is a strong transversecooling situation with large

longitudinal ant ida mping, which is a largeemittance exchange. In a simulat ed exa mple, a

100 MeV/c bea mwas tracked through a 14 cm, B ¢ = 10000 T/mlens, and cooled e T, N from

0.01 cmt o 0.0077 cm, while d p incr eased fr om2 t o 4.36 MeV/c, and p m was reduced to 68

MeV/c. On the order of 4 such lenses wit h int erlaced r eacceleration rf can cool e T,N from

2 ´ 10

- 2

cm - rad to 0.5 ´ 10 - 2 wit h longitudina l emittanceincr easing by a factor of ~10.

In both of thesimulated exa mples 6 - D emittanceincreased; thelongitudinal heatin g

effects wer egr eater than thetransversecooling effects.

Other Cooling Methods

To date, only ionization cooling using ma gnet ic and/ or Li lenses for focusing, and reaccelerating

rf with low - Z aborbers, with t hecooling of medium ener gy muons (100 ˙ 400 MeV kinet ic

ener gies), is believed to bewit hin r each of pr esently a vailablet echnology and t o provide cooling

fast enough to a void m substantial decay. Only ionization cooling is included in thebaseline

Higgs collider scenarios. Other cooling met hods ma y be consider ed and could eventually become

practical. Thesemet hods include:

1) Low ener gy cooling methods: Her et hegeneral t echnique is t o st op (or nearly stop) the

muons wit hin a mat erial, which gives very cold m ´s. Thedifficult y then is in sepa rating t hem

fromthemat erial int o a compr essed, accelerablebunch beforet hey decay.

For positivemuons, thebunches can bestopped in a hot tungst en foil, wher et hey combine

with atomic electrons t o for mmuonium( m + e - atoms). The muonium atoms evaporate from t he

foil, wher eint enselaser light pulses resonantly excit eand ionizet heatoms, and t heresulting

cloud of muons can then beelectroma gnet ically trapped a nd accelerated. Theprocess has been

implement ed at the level of a few per second by Nagamine et a l., and int ensit y upgrades t o

~10 10 /s arebeing consider ed.[4.9]

For negative muons, a sequence of tungst en foils can be used t o obtain a ver y low - ener gy

m - bea m, which can then be cooled wit h "frict ional cooling". This is ionization ener gy - loss

cooli ng at kinetic energies t hat aresmall enough that ener gy cooling is naturally da mping (< 20

keV). Thefrictional cooling process has been demonstrated at PSI, but extrapolation t o m + - m -

Collider int ensities is problematic.[4.10]

2) Optical stochastic cool ing: Stochastic cooling has a natural cooling time set by:

(10)

wher eW is t heba ndwidt h of t he cooling syst em (pickup and kicker) a nd N is the number

of particles. In optica l stochastic cooling t he pickup a nd kicker arema gnet ic wigglers producing

light near opt ical frequencies, wit h W ~ 10 14 s - 1 . It is in principle possible to cool 100 GeV m ´s

befor edecay.[4.11] However, practical difficult ies aresignifica nt.

Bot h of t hesemethods ha vet hepot ential of cooling m ´s to emittances much smaller than the

limitations of ionization cooling. They could beused to increaseluminosit y beyond the current

Higgs factor y specifications or beapplied t o later, higher - ener gy collider scenarios. It is , of

course, conceivablet hat still ot her met hods ma y bedeveloped and applied to t hepr oblem of m -

cooling, a nd t hese met hods may include some of t he concepts we ha vepr esent ed, as well as yet

to - be - invent ed components.

5. Emittance E xc hange Developme nt

Developing a practical met hod of implement ing emitt ance exchangeis an essent ial requirement

for building a Higgs Factory or any ot her m + - m - collider. A number of schemes havebeen

proposed, someof which aresummarized below:

· standalonelatticesect ions

· sma ll dispersion superimposed on transversecooling lattice

W

N

cool @ t

· ring coolers

· helical captureof unbunched bea m

· bunch stacking

· special rf cavit y modes

Theseand other emittanceexchangeideas aresummarized on a webpage[5.1] devot ed t o

emittance exchangeeff orts and in theproceedings of a workshop [5.2] held in S ept ember 2000.

Noneof t heseconcepts has yet been developed to t hedegr eeof detail that has been

obtained for thefeasibility study transversecooling scenarios. In particular, detailed simulatio ns

(using ICOOL and Geant4), including all of t heunderlying physics of ionization cooling and

emittance excha nge, with int egration of thecooling segment int o a complet escenario, havenot

yet been accomplished. While analytical tools for theunderstandin g of ionization cooling in

radially symmetric, solenoida l - focusing syst ems havebeen established [5.3,4], wemust now a dd

dispersion and includenonsymmetric transport and absorbers with t hegoal of obtaining

simultaneous transverseand longitudina l coolin g in all dimensions. This much mor e complex

problemhas not yet been complet ely developed. (Solenoids, which provideradial focussing, add

bea m rotation as well as as amplitude - ener gy correlations in non - axially - symmetric opt ics. The

optics is particularl y difficult when the fields are defined by coil locations rather tha n field

strengt hs.)

5.1 Standalone lattice sections

In a ^standalone~ latticesection, a largea mount of emittance exchangeis donein a section of

latticeisolated fr om the transverse cooling section. One would cool transversely until t he

longitudinal heating beca meunacceptable. Then a pureemittanceexchangesection would b e

inserted t o r educet helongitudinal emittanceback down t o an acceptable level. The process could

cont inuethr ough as many stages as needed t o achievet hefinal emittancerequirements.

Thefirst implementation of t his idea, described above, was present ed in the Status Report

[1.1,5.5], wher etheemittance exchangeis achieved by using bent solenoids to generat e

di spersion within a focusing cha nnel, wit h wedges placed at high - dispersion points. Thegoal was

to achieve a factor of 3 reduct ion in momentumspread, wit h a corresponding increasein

transverseemittanceSimulations of t his scheme showed good exchangein 5 - D emittance, that

is, bet ween transverseemittanceand energy spread (thesystem did not contain rf cavities and the

bunch length was ignored). Subsequent attempts to add 800 MHz rf cavit ies and track the

longitudinal mot ion wer enot ver y successful [5. 6], largely duet o emittance dilut ion in the

longitudinal mot ion and longitudinal - transversecouplings.

Recent developments would uselower - frequency rf to easet helongitudinal matching

problem, and smaller dispersion to r educethe uncorrect ed correlati ons among t hephasespace

variables. A modified version of this schemeuses separated, nearly isochronous regions of the

latticeto introducethedispersion [5.7]. Ther eis then no rf in t hedispersiveregion. This schem e

uses smaller dispersion and aims for a smaller amount of exchangein each stage.

5.2 Small dispersionsuperimposed ona transverse cooling lattice

Theidea her eis to take a successful transversecooling latticeand superimposea small a mount of

dispersion on t helattice. Thesmall dis persion could come from dipoles, bent solenoids or helical

dipoles. Thedispersion is assumed t o besmall enough that it does not greatly perturb the

transversecooling beha vior.

Calculations of the expect ed perfor mance from a dding dipole fields to a sFOFO

transversecooling lattice wer edone by Palmer [5.8]. Heput a dipoleover the rf cavit y in the

middle of t helattice cell. A gradient - dipolefield (with gradient index n = ½) produced equal

focusing in bot h transverseplanes, while adding dispersion in o ne. Thebend angles wer e 45 o ,

giving a dispersion h @ 40 cm. In order to get emittance excha nge in both transverseplanes, an

18 o /cell helical t wist is introduced int o the lattice. Variations of t his idea havealso been studied

by ot hers [5.2].

Anot her sc heme [5.9] uses a rotating dipolet o generatedispersion in a singleflip

transversecooling channel. A simulation was madeof a 72 mlong channel wit h a 0.3 T rotating

dipole in a 5 T solenoid. LiH wedge absorbers wer e spaced periodically down t hecha nne l. The

bea mwas reaccelerat ed using 201 MHz rf ca vit ies. Including nonlinearities and a n init ial

momentum - transverseamplitudecorrelation, the6 - D emittancewas reduced from5300 mm 3 t o

1350 mm 3 . The bea mtransmission was 81%. Another simulation of the sa mescheme, using

Gea nt4 [5.10], obtained similar answers.

5.3 Ring coolers

Thering cooler uses some of t hedispersion fromt he bending dipoles toget her wit h wedges t o

incorporateemittance exchange. A number of ring designs have been proposed by Vale ri

Balbekov.

(1) Thefirst design [5.11] used a ring wit h a l I transfer matrix per turn, wher e l is the

cooling factor. In this casethevariables in 6 - D phasespaceareindependent. It used t wo bending

sections wit h wedge absorbers. Thedipoles had an n= 0.5 quadrupolegradient superimposed. The

straight sect ions had rf cavit ies and LiH absorbers for transversecooling. Skew qua drupoles wer e

used t o control dispersion in the straight sections. The bea mwas inject ed at 225 MeV/ c and

circulat ed at 9.3 MHz re volution frequency. C ooling takes placeprimarily thr ough a r eduction in

transversesizeand bunch lengt h. Thesimulation consist ed of a mix of tracking in t heabsorbers

and matrix transport. The6 - D emittancewas reduced from 11 ´ 10 4 mm 3 t o 24 mm 3 .

Approxi mat ely 25% of the muons wer elost because of aperturerestrict ions and 25% from

decays.

(2) In t hesecond design [5.12] alter nating dir ect ion solenoids wer eincorporated in a

racetrack ring. Solenoids focus t hebea m leaving t he LiH absorbers int o t he rf ca vities. The arcs

contain a bent solenoid superimposed on thegradient dipoles. Thering has a circumfer enceof

42.5 m. Themuon momentumis ~330 MeV/c and t herevolution fr equency is 6.2 MHz.

Transversea nd longitudinal nonlinearities significantly reduce d t hepr edict ed linear cooling

perfor mance. Including nonlinearities the6 - D emitt ancewas reduced from4.6x10 4 mm 3 t o

1.2 ´ 10 3 mm 3 . Approximat ely 50% of the muons wer e lost becauseof aperturerestrict ions and

decays, as well as as mismatch fromt heinitia l bea m.

(3) A higher frequency ring has also been developed [5.13]. This is a 32.6 m

circumfer encering wit h 201 MHz rf and liquid hydrogen absorbers. Ther eare 8 dipoles in the

arcs wit h superimposed solenoid fields and LiH wedges. Thesimulations still l ack r ealistic fringe

fields around t he dipole magnets and a ny met hod of injection or extraction. The 6 - D emittanceof

a pre - bunched bea mwas reduced from 2800 mm 3 t o 200 mm 3 in 10 turns. The transmission was

60%.

5.4 Helical capture

Y. Derbenev [5.14] has proposed a ^sweeping~ met hod to reducetheener gy spread of an

init ially unbunched muon bea m. Dispersion is cr eated using a helically - rotating dipole field.

Wedges must beplaced periodically along t hechannel. Preliminary simulations [5.15] show that

themet hod works in principlewit h ideal bea ms, but does not work with t helarge - emittancemuon

bea ms collect ed fromt heproduction target.

5.5 Bunchstacking and transverse cooling

If trains of bunches areused in thecooling sections, someformof bu nch stacking must be

provided befor et hebea m reaches t hecollider ring. Onescheme [5.16] proposed synchronizing

thebunches in t imeby separating t hemwit h a transversedeflect or into individual time delay

lines. Thebunches arethen recombined by mer gin g t hem in transversemomentum space. One

important issueis theemittancedilution caused by the stacking process. Bunch combinations of

this t ypedilut ephasespaceby at least a factor of 2, which implies t hat proportionat ely mor e

cooling will berequire d after bunch combination.

Preliminary simulation work on this idea has begun [5.17]. A kicker magnet insidea

solenoid was used to cr eatediffer ent temporal paths for 10 bunches. A sector magnet channel was

used for stacking thetime - synchronized bunches.

5.6 rfcavity modes

Ther eha vebeen proposals to userf cavit y modes to r educet heenergy sprea d in thebea m[5.18].

Theca vit y must beplaced in a dispersion region. Thebea mca n besent thr ough a nor mal

accelerating cavity off - axis, such t hat ther e is a transversevariation of accelerating field. Any

such exchanget hat does occur is believed to takeplacethrough non - linear processes only [5.19].

5 . 7 emittance exchange overview and plans

Following complet ion of t heneutrino factory design study 2, the collaboration will r esumemor e

int ensivestudies of t heemittance exchangemet hods discussed above, and will develop t hemost

promising of t heseint o engineer ing designs that ma y be included in n - Factory and/ or m + - m -

Collider designs.

6 Simulation s umm ary

It is worthwhileat this point to summarizehow much of t her equir ed cooling effort has been

simulated in detail so far. Figure19 is a plot of nor malized transverseversus longitudinal phase

space, and it displays t heinit ial and final emittances of some cooling schemes and simulation

results

Thebea mcollect ed from the target is shown at START in t heupper right corner. The

cont our for a constant 6 - dimensional nor malized emittance of 0.17 mm 3 , which is t hefina l

emittancegoal of t he SR collider sce narios [1.1], is shown by thedott ed linein t helower left

corner. Theemittancespecifications of a low - d E 100 GeV Higgs Factory and of a 3 TeV m + - m -

Collider areshown as points on that cont our. Theemittancespecifications of a high - luminosit y

Higgs f actory would be also beon t hat contour, roughly halfway bet ween t he refer encepoints.

Thegeneral goal of a collider cooling syst emis t o obtain a scenario t hat takes t hebea mfromt he

START paramet ers to t his collider contour, and develop a complet esim ulation of t hat scenario.

Thesolid lineconnect ing t hestarting point t o t heHiggs Factory shows the proposed baselineSR

cooling scenario [1.1]. (This is a scenario cooling path and is not yet complet ely simulated.)

Simulations of cooling devices follow traject ories within t his diagram. The study 2

neutrino factory goal is thesquaremarked NFPJK. Threeneutrino factor y simulation results are

shown as lines on t hechart: FS1FO3, a 3 T FOFO cooling latticea nd FS1FL5, the 5 T singleflip

solut ion fromF ea sibility Study 1; and FS2SF5, the5 T sFOFO solution fromF easibility Study 2.

Thesesimulations all start at a lower longitudinal emitt ancethan is produced at thetarget. This is

becauset he neutrino factory bea mis split int o a bunch train and t helongi tudinal emittanc e

displayed is that of each bunch in thetrain. (TheHiggs factory cannot usea bunch train unless a

stacking ring is a vailable t o later r ecombine the bunches.) These solutions also end at a lower

longitudinal emittancetha n their initial p oint; this results frombea mlosses in thetails of the

longitudinal distributions and not fromactual cooling. Two simulations areshown that include

emittance exchange and thus pr ovide some r eal longitudinal cooling. VBHEL5 uses a helical

dipole t o gene rate dispersion in a 5 T single flip solenoid cha nnel. The RING COOLER uses the

dipolefields to generat edispersion and incorporates wedges in thering.

Thet hreesimulations marked SRAS arealternating solenoid latticesolut ions fromt he

Status Report. T hesesolut ions ha vegood transmission and show t hecharacteristic behavior of

cooling transversely whileheating longitudinally, sincet hesimulations included no longitudina l

cooling. They show transversecooling over much of thedesired range, wit h t he3 1 T solut ion

ending ver y near thecollider cooling requir ement. TheSRLi10 simulation is thecooling in a

single10 T surfacefield lithiumlens. It also nearly r eaches t hetarget final emittances; a 15T lens

would probably achievethem.

Threepoints shou ld beobvious fr omt his summary. (1) Many differ ent simulations have

shownt hat transverse cooling shouldbe possible over the required range of transverseemittances.

(2) Emittanceexchange is a crit ical t echnology that is necessary t o tie the transverse cooling

sections toget her in such a wa y that wecan follow thebaselinescenario down t o the Higgs

Factory goa l. (3) Sufficient scenario development with cooling simulations has not been doneyet

to complet ely cover t he desired cooling range. Ther efor e, th er eis st ill a gr eat dea l of simulation

work t hat needs t o be done befor ewe have a self - consist ent plan, list ing the various cooling

sections in a singlecomplet escenario that satisfies theHiggs Factory requirements.

7. Scenarios of front e nds for + - - Colliders

In t his sect ion we describe some paths toward complet e collider cooling scenarios, based on our

existing cooling and simulation experience. A neutrino factory front end is not dir ectly usablein a

muon collider because(1) t heneutrino facto ry muon bea mis spread out over a long series of

bunches; (2) t henor malized emittance of t hebea mis much larger tha n that required for the

collider; and (3) no provision for emittance exchange is included. We consider in t he following

several options for converting an existing neutrino fact ory facilit y so t hat it is suitablefor usein a

Higgs factory. Any opt ion will requir esignificant alterations of theexist ing facilit ies.

Fortunately, ther esearch sincet heSR does suggest somepot ent ial new approach es for phase

rotation and cooling.

An important focus of futurer esearch will be to det er minewhet her t he n - fact ory cooling

syst em could be ext ended or enlarged t o obtain m - collider bea ms. Thesyst em described in t he n -

Factory Feasibility study could prov idea substantial amount of t heneeded transversecooling. A

following linac cooler wit h stronger focusing, including Li lens focusing, could rea dily beadded.

The longitudinal emittance per bunch is similar to t hat requir ed for t hehigh luminosity m + - m -

Collider, but the m + - m - Collider requires t hat thebeam beconcentrated in a small number of

bunches (combine~70 bunches to 1 ˙ 4 bunches), so a bunch combiner syst em with bea m

cooling would also beneeded. Some concepts t oward ther equir ed bunch combinati on are discussed below. Somelongitudinal cooling is required, at least to thelevel of avoiding

longitudinal emittancedilut ion in thecooling cha nnels and/ or in enabling bunch combination.

(see below). Also separateor combined cooling cha nnels which ca n simultaneously obtain m +

and m - bunches would berequir ed.

7.1 Status Report - based Solution

One possiblepath is to return to the 1999 status report collider scenario [1.1], wit hout explicitly

including t he n - factory front end. That design uses a singlebunch of each charge, has many

cooling stages, and uses emittance exchange. The initia l m - bea m would becaptured and rf - rotated

in a low fr equency rf syst em (~30 MHz), and t he initial transverse cooling system would also b e

at ~30 MHz, wit h follow ing cooling syst ems at higher frequencies. These low - fr equency cooling

syst ems must also include a lot of longitudinal cooling, since the shorter bunches needed for

incr eased rf frequency areobtained t hrough longitudinal cooling. Sincet his opt ion would not use

any of the existing front end facilities, it is likely t hemost expensiveoption.

7.2 Ring - Cooler based scenarios

Thekey difficult ies in t heSR scenario arethehigh cost of a single - pass linear cooling syst em

and t hea wkward inclusion of em ittance excha ngewith many r ebunchings and rf frequency

cha nges. Thesedifficulties can be reduced by inclusion of ^ring coolers~ to providemuch of the

necessary cooling.

Thescenario outlinewould besimilar to theSR scenario. The m - bunches would ori ginat e

fromsingle proton bunches, wit h an initial linac based phase - energy r otation t hat would give a

~30 MHz bunch (full length ~8 m)and r ms momentum spread of ~ ± 15%. This sect ion ma y or

ma y not include a ^minicooling~ absorber or an initial wedge absor ber t o provide some initia l

cooling. Thesesinglebunches would then be inject ed into a ring cooler wit h low - frequency (~30

MHz) rf (similar to the ring cooler of r ef. [5.12]), and cooled for ~10 turns, during which the

transverseemittancecould be r educ ed t o e T,N ~ 4 mm - rad and longitudinal emittance would b e

reduced by an order of ma gnitude, and bunch lengt hs would bereduced by at least a factor of 5.

Thebunches would bekicked out and, after perhaps a singlematching/cooling stage, inserted int o

a s econd ring cooler wit h higher - frequency rf (~200 MHz) for ~10 turns of cooling with a

transversecooling goal of e T,N ~ 1 mm - mrad (or less), accompa nied wit h longitudinal cooling by

a factor of ~4 (or mor e?) t o e L,N ~ 0.5 cm (or less). The bea mwould be extracted int o a

(predominant ly) linear cooler for (mostly) transverse cooling to e T,N ~ 0.2 mm - mra d (or less).

This linear cooling ma y beLi - lens based , similar to thecooling in r ef. [4.5]. Fromt her esome

final cooling and wedge/ant iwedge emittance - e xcha nge stages could bring the bunches t o collider

requir ements.

7.3 Recycle maxi mumamount of - Factory front end

It is quit e possiblet hat thefirst high - int ensit y stor ed - m facility would be a n - Factory, and it

will benatural to ext end that exis ting syst em to collider paramet ers. A n - factory m - st oragering

facilit y has a similar total number of m ´s as a collider and t he longitudinal emittance per bunch is

also similar to that required by t he high luminosit y HF. However, t he m ´s aresplit up int o a string

of bunches (~50), and t hese must becombined t o obt ain t hehigh - int ensit y bunches needed in a high - luminosit y collider. The n - Factory also has transversely cooled bunches (wit h e ^ @ 0.002 m -

rad), and transversecooling by anot her order of magni t udeis required for collider luminosit ies.

If wekeep theinduction linacs after thetarget for phaserotation, weobtain a single, ver y long

bunch. Then we would probably uset heexist ing NF buncher syst em also and make a long train

of bunches. Part of t heexist ing NF cooling channel could also beused as t hefirst stage of

cooling. This would t hen havet o befollowed by a series of new emittanceexchangea nd

transversecooling stages. Part of t his cooling and exchange could possibly be done using coolin g

rings. A new stacking ring would beneeded aft er t hecooling to coalescet he bunch train int o a

single bunch. It is likely t hat an additional stage of cooling will be needed aft er the stacking ring

to count eract any emittancegr owth in thestacking proce ss.

In summary a scenario based on a n - sourcethen r equir es t hreekey additional components: a

bunch combiner, with cooling t o obtain thesa meemittancewit hin a singlebunch of that of oneof

the~50 separatebunches, a second - stagetransversecool er to reducetransverseemittances by an

order of magnitudeand emittance excha nge. A bunch combiner concept was discussed above.

Thesecond - stagetransversecooler is in principlepossible, and a n exa mpleof its implementation

would bean ext ension of the 5 - Li lens cooler of Balbekov [4.5].

7.4 Replace NF precooler withadiabatic buncher

Theadiabatic buncher [7.1] uses a long drift followed by a series of rf cavit ies with sequent ially

varying fr equencies (about ~200 MHz) aft er the production target t o f orm the long bunch which

is then rotated t o for ma string of bunches, which is then rf - rotated by a high fr equency rf syst em

to for m a string of bunches of equal ener gies, simila r to the bea m aft er the induction linac +

buncher of n - Factory studies 1 and 2. Theadiabatic buncher is an alt ernativet o theseNF syst ems.

It may bemuch cheaper and offers performa ncesimilar to that of t heinduction linacs and

buncher in t heNF studies, except that thesa mesyst em would for mstrings of both positive and

negati ve m - bunches. These strings must t hen be cooled and r ecombined int o high - int ensit y m +

and m - bunches for the m + - m - collider. It would thus need t headditional transversecooling and

emittance - exchangestages, and stacking ring and final cooling, as in op tion 3 above.

8 Status and Plans

In this chapter wehavediscussed a variet y of paths toward a m + - m - Collider cooling syst em.

Initially mor esimulation and ana lyt ical exploration is needed in exploring t hesepossiblepaths.

This must be followed by har dwareR&D on key components t o det er mine their practicalit y, as

well as perfor mancelimits. Thekey R&D questions are:

· longitudinal cooling: Weneed t o det er minewhich of t hema ny pot entia l cooling met hods we

havediscussed aremost effectiveand practic al.

· low - fr equency rf: Many pot ential scenarios requirehigh - gradient low - fr equency rf.

· ring cooler : Whilethegeneral cooling capabilities of a ring cooler look ver y promising,

further simulations of a complet esyst em areneeded, including inject ion - extrac tion and all

fringefield effects.

· bunch recombiner: Simulations areneeded showing thestacking efficiency and emittanc e

dilut ion.

· fast kickers: Both t hering cooler and bunch recombiner scenarios r equir eadvances in t he

technology of fast kickers to inj ect and extract large - phase - spacemuon bunches with minima l

dilut ion.

· Li lens cooling: Thepractical possibilities a nd limitations of Li lens syst em must be

det er mined.

Theprogress in developing t heset echnologies will det er minewhich of themcould be

implement ed in a future m + - m - collider cooling scenario.

References

[1.1] C. M. Ankenbrandt et al., Phys. Rev. Special Topics Accel. Bea ms 2, 081001 (1999).

[1.2] A. N. Skrinsky and V. V. Parkhomchuk, Sov. J. Nucl. Physics 12 , 3(1981)

[1.3] E. A. Pereve dentsev and A. N. Skrinsky, Proc. 12th Int. Conf. on High Ener gy Accel., 485

(1983).

[1.4] D. Neuffer, ParticleAccelerators 14 , 75 (1983)

[1.5] D. Neuffer, Proc. 12th Int. Conf. on High Energy Accelerators, 481 (1983)

[1.6] D. Neuffer, Nucl. Inst. an d Met h. A350 , 27 (1994)

[1.7] ParticleData Group ˘ C. Caso et al., ^Review of ParticlePhysics~, Europea n Physical

Journal C3 (1998).

[1.8] U. Fano, Ann. Rev. Nucl. Sci. 13 , 1 (1963).

[1.9] D. Neuffer and A. Van Ginneken, Nucl. Inst. and Met h. A403 , 1 ( 1998); seealso refs. [1.2 - 6]

[1.10] D. Neuffer, ^PhaseSpace Exchangein Thick Wedge Absorbers for Ionization Cooling~,

AIP Conf. Proc. 441 , 270 (1998).

[3.1] N. Holtka mp and D. Finley, ed. ^A Feasibilit y Study of a Neutrino S ourceBased on a Muon

Storag eRing~, Fer milab, April 15 th , 2000.

[3.2] S. Ozaki, R. Palmer, and M. Zisman, ed., ^BNL n - Factory Feasibility Study~, April, 2001.

[3.3] R. Fernow, ^ICOOL: a simulation codefor ionization cooling of muon bea ms,~ Proc. 1999

ParticleAccelerator Confer enc e, New York, p. 3020 - 2.

[3.4] TheDPGEANT and GEANT4 codes ha vebeen developed at FNAL under t he dir ect ion of

P. Lebrun.

[3.5] V. Balbekov, ^Comparison of an alt ernate solenoid and long solenoid cooling cha nnels~,

NuMu not e130, 2000.

[3.6] A. Lombardi, ^a 40 - 80 MHz systemfor phaserot ation and cooling~, CERN ˘ NUFACT Not e

34, 1 August 2000.

[4.1] B. F. Bayanov et al., Nucl. Inst. And Meth. NIM 190, 9 (1981)

[4.2] G. I. Silvestrov, ^LithiumLenses for Muon Colliders~, AIP Conf. Proc. 372 , 168 (1996).

[4.3] D. Neuffer and A. Van Ginneken, Proc. 1997 PAC, p. 417, Vancouver BC (1997).

[4.4] P. Spentzouris and D. Neuffer, Proc. 1999 PAC, New York, NY, p. 3083 (1999).

[4.5] V. Balbekov, 1999 PAC, New York, NY, p. 3146(1999).

[4.6] G. I. Silvestrov, A. N. Skrinsk y, T. Vsevolozhskaya, Proc. 1999 PAC, New York, NY, p.

3091 (1999).

[4.7] m + m - Collider - A Feasibilit y Study, BNL - 52503, Fer mi - Lab - Conf. - 96 - 092, LBNL - 38946

(1996), present ed at theSnowmass 96 workshop (1997).

[4.8] D. Neuffer, ^ m + - m - Colliders~, CERN 99 - 12 (1999).

[4.9] K. Nagamine, ^New m + - m - Cooling for m + - m - Colliders and PossibleR ealization at

JHF/KEK~, AIP Conf. Proc. 441 , p. 295 (1998).

[4.10] M. Muhlbauer et al., ^Frictiona l Cooling : Latest experimental results and first

application~, Nucl. Phy s. B (Proc. Suppl.) 51A , 135 (1996).

[4.11] A. A. Mikha ilichenko and M. S. Zolot orev, PRL 71 , 4146 (1993).

[5.1] http://needmor e.physics.indiana.edu/~gail/ emittance_exchange . ht ml

[5.2] http://www.cap.bnl.gov/ mumu/ excha nge/

[5.3] G. Penn & J. Wurtele, Bea menvelopeequations for cooling of muons in solenoid fields,

Phys. Rev. Lett. 85:764 - 7, 2000.

[5.4] K. Kim& C. Wang, Formulas for transverseionization cooling in solenoida l focusing

cha nnels, Phys. Rev. Lett. 85:760 - 3, 2000.

[5.5] R. Palmer, Emittance exchange& full syst em, ParticleAccelerator School, Vanderbilt, TN,

1999; http://pubweb.bnl. gov/people/pa lmer/ course/9exch.ps

[5.6] R. Fernow, Emittance excha ngeusing thick bent solenoid elements, NuMu not e166, 2000.

[5.7] Chun - xi Wang, Solut ion to emittance exchange?: design principles and a possible solut ion,

BNL EmittanceExcha ngeWorkshop 2000; http://www.cap.bnl.gov/ mumu/ excha nge/Wang1.pdf

[5.8] R. Palmer, Emittance exchange with super FOFO lattice, 8/17/00;

http://pu bweb.bnl.gov/people/palmer/nu/ excha nge/ exch2.ps

[5.9] V. Balbekov, ^Helical channel studies and simulations~, NuMu not e146, 2000.

[5.10] D. Elvira, P. Lebrun & P. Spentzouris, ^Simulation of helical cooling channel using

Gea nt4~, NuMu not e193, 2001.

[5. 11] V. Balbekov & A. van Ginneken, ^Ring cooler for muon collider~, AIP Conf. Proc.

441:310 - 3, 1998.

[5.12] V. Balbekov, ^Possibilit y of using a ring accelerator for ionization cooling of muons~,

Proc. 1999 Part. Acc. Conf., p. 315 - 7.

[5.13] V. Balbekov, ^ Ring cooler update~, NuMu not e189, 2001.

[5.14] Y. Derbenev, ^Conceptual studies on ionization cooling of muon bea m~, NuMu not e185,

2000; ^Sweeping met hod t o cool a largeener gy sprea d of initial muon bea m~, NuMu not e135,

2000; ^Resumeon sweeping cooli ng and cooling agenda in general~, NuMu not e133, 2000.

[5.15] R. Fernow & J. Gallardo, ^Emittanceexchangeusing t hehelical sweeping met hod,~ NuMu

not e187, 2001.

[5.16] C. Kim, ^An emittance excha ngeidea using transversebunch stacking,~ NuMu not e 70,

1999.

[5.17] Y. Fukui, ^Stacking mini - m bunches for emittance exchange,~ BNL EmittanceExchange

Workshop, 2000; http://www.cap.bnl. gov/ mumu/ exchange/Fukui3.pdf

[5.18] Kirk McDonald, ^Compress ion of bea mener gy via off - axis traversal of an rf cavit y~,

Princet on not e/ m m /97 - 1.

[5.19] E. Courant, ^Conservation of phasespacein Hamilt onia n systems and particle bea ms~, in

R. Marshak (ed), Perspect ives on Moder n Physics, Wiley, 1966, p. 257 - 60.

[7 - 1] D. Neuffer, ^A High - fr equency Buncher and f - d E rotation for the m + - m - Source~, MuCool

Not e, October 2000, seealso Proc. PAC2001.

Figure 1. Concept of ionization cooling.

Absor b er Acceler ator

Momentumloss is

oppo si te to moti on,

p, p x , p y ,DEdecrea se

Momentumgai n

is pur e ly lon gitudi nal

Lar ge e mit tance

S malle mitt ance

Figure 2. (dE/dx)/ r (MeV/(gm/cm 2 )) as a function of muon momentumP m for various atoms.

Not et hat this funct ion is heating (negative slope) for P m < ~0.350 GeV/c and becomes strongly

heating (st eep slope) for P m < 0.200 GeV/c.

Figure 3. Overview of an emittan ceexchange sect ion, in which longitudinal emittance is reduced by using a wedgeabsorber at nonzero dispersion.

Figure 4. Thesum of t hecooling partition numbers S g = (g x + g y +g L ) as a funct ion of momentum P m (0 ˘˘ 500 MeV/c). g x and g y arenaturally 1 whileg L becomes strongly negativefor

P m < 200 MeV/c. S g r ema ins great er than 0, which mea ns that ionization loss r ema ins intrinsica lly cooling at low momenta.

S g

MomentumP m (MeV/ c)

Em ittance exchange ov erv ie w

D ipole(bend)

+ p

0

- p x x o p/p D ipole introduces dispersion

WedgeAbsorber reduces energy spread

beam

Figure 5. SR baselinecooling scena rio

Figure 6. SR emittance exchange exa mple. Thefigur e on theleft shows a schematic view of t he bent solenoid syst em with wedges. Simulation results areshown on the right: (a) initial bea m distribution of r 2 versus p; (b) final distribution of r 2 versus p.

Figure 7. Status report cooling cell. The upper plot is a radial cross - section of a schematic view of a 2 mcooling shell showing hydrogen absorbers, a 12 - cell 800 MHz rf cavity and focusing coils around t heabsorber a nd rf. The second plot is t hesolenoidal ma gnet ic field a nd the t hir d plot is thefocusing function b *,showing b * @ 10cmin theabsorbers.

Figure 8. Simulation results showing transversecooling in e

T,N from 1.7 mm to 0.8 mmin 13 cells (~1section) of theStatus Report cooling channel.

Figure 9a. Study 1 layout of m - captureand cooling transport.

Figure 9b. Study 2 layout of m - captureand cooling transport

Figure 10. Cross - section of t wo Study 2 2.75m sFOFO lattice cooling cells, showing t wo 4 - cel l rf cavities, 3 Liquid hydrogen absorbers, and ma gnetic coils for focusing around the absorbers and rf cavities.

Figure 11. The b

^ ,min function in mm at cavity centers, as calculated fromt hesecond or der moments of a bea min GEANT4 simulations, for theentiresFOFO cooling cha nnel. The5 arrows indicatet hebeginning of new latticesections. (In t his figuret he cooling channel is ext ended beyond thestudy2 refer encelengt h of 108 mto 144 mby adding 1.65 mcells.)

Figure 12. Thetransverseand longitudinal nor malized emittances along thecooling channel.

Figure 13. Themuon to proton yield ratio for thet wo emittancecuts, showing that thepart icle density in thecent er of thephasespaceincr eases as thebea mis cooled in t hechannel. Thetwo curves givet he number of particles wit hin t hebaseline longitudinal and transverseacceptances.

The upper line repr esents t hevalues for the accelerator paramet ers in t his study. The lower line, given for comparison, gives thevalues for theacceptances used in Feasibilit y Study 1.

Figure 14. Ring cooler A, with simulation results showing cooling over 60 periods (30 turns).

Figure 15. Ring Cooler B

Figure 16. Liquid Li lens schematic

Figure 18 ˘ Simulation of a sequence of

L Li lenses near theend of cooling

Figure 17. Transversephasespacereduction f roma series of 12 Li lenses.

Figure 19. Cooling Summar y: T he dashed line shows collider cooling goals in emittance space, and the so lid line shows a possible path from init ial beam parameters [Start] to that goal. Segments ofcooling that have been designed and simulated in so me detail are shown in co lor.

.

0.1 1 10

1

10

100

1000

VBHEL5

FS2SF5

FS1FL 5

FS1FO3

N FPJK

Start

Bas eline s cenario

C ollider e 6N

c ontour

SR Li10

SRAS31

SRAS15

100 GeV

3 T eV

R ing Coo ler

SRAS1

eLN [p m m ] e

T N

[ p m m ]