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Abstract 

The last stage of ionization coding for the muon collidcr 
rcquires a multistage liquid lithium lens. This system 
uses a large (-0.5 MA) pulsed current through liquid 
lithium to I'ociis the bcam while energy loss in the 
lithium rcmovcs iiiomeiitmii which will l i e  replaced by 
linacs. The beam optics arc designcd to maximizc the 6 
ilimcnsi~inal transmission from one lens to the iicxt while 
minimizing emitkincc growth. llic mcclianical design 111 

the lithium vessel is constmined by a pressure pulse duc 
to sudden ohmic hcating, and tlic resulting stress o n  the 
Bc window. We clcscribc beam optics, the liquid lithium 
prcssurc vessel, pump options, power supplies, a s  well as 
tlie overall optimization of the system 

1 INTRODUCTION 
Tlic mum collidcr is hciiig studicd as a way of looking at 
particle intcraclioiis at the cncrgy lrontierl 11. The event 
rate in  such a iiiacliiiic is goes liko b', s o  tlic muon 
emittance, E ,  must be miiiimized. 

An attractive configurati~iii for final stages of p 
cooling is obtained by passing the bcam though ii 

conducting light metal rod wliicli acts simultaneously as a 
focusing clcmcnt and a s  iiii energy loss absorber. The 
magnetic field produced is givcii by tl,(,9 =pjr/29 wlicrc i 
is tlie cmrcnt density, r the radius and p,, tlic pcrtiiealiility 
constant. This azimuthal magnetic field combined with 
t l ic lotigitudind velocity prodoccs a radial focusing forcc 
with the equalim or motion, dZrlcls2 t U'rltlp = 0. Ihc 
beta fimctioti for a Li leas is then fl.I, = (Hp/l~') i"~(~i/i) i",  
wlierc tlic licld gradient, /?', can bc very large. Par a lens 
with r,,,,,, = 2 min and the muon momentum in the lens, 17 

= 300 MeVIc, (inc can achieve p~,, = 1 cm, which is 
difficult tu achieve with solcuoidal Cucusiiig systems. 

Multiple scallcring sets a lowcr limit to the emittance 
that can be olilaincd using this method. This limit is Ilic 
cqiiilibrimn emittance, c ~ , ~ , , ~ , , ~ ,  wlierc ionization cooling is 
halanccil by multiplc scattering, 

wlicrc L, is Llic radiation length, d l Y d x  is the energy loss, 
[J, and ti1 arc the relativistic, vcliicity and I ~ U U I I  mass, and 

c~itistant C dcpcnrls on the material. For Hydrogen, 
Lithium and Bcryllimn this constaiit is 42, 79 and 103 
mm-nir/cm respectively. Thus the lowest omittanccs '~IE 
oblnincd with low momenta. high correiit densities, 'ad 
low 2 materials. The lower moiiicntum limit is 
dctcimined by the muon velocity spread arid the slope of 
dE/& at low iiiomentom, both of which increase the 
cmittancc. 

For muon cooling, rclativcly long lengths are nccdcd 
to olilain large cncrgy losscs (total loss should be a few 
Iiundrcd MeV, at dElilx - 87.5 McVlm), and the high 
ohmic power deposition assiciatcd with higher fqocncy  
opcratioii w~iold riiclt tlic L i .  

A complctc Litliiuoi lens system would consist of a 
number of lithium ICIISCS, matching optics rqcquirul to 
transmit the Iieam from one lens l o  atiothcr and linacs 
usetl to rcplacc the inomcntmn lost liy ionisation. Sincc 
the pcrlbrtnaiice of the ~imoi i  collider is rcleted to the 
current density in the lithium lens, one must look at the 
slructoral and mcchenical limits if Llic dcsigii of tlic lens. 

llic prcsciit plan is to producc 21 conceptual design of 
lcnscs with r = 0.5 cm, R,,,,, = 15 & 20 T, I .  = I m liir 
testing as part of the MUCOOL cxpcriiiicnt[21 

r .  

2 THE PRESSURE PULSE 
l'lic lithium Ictis is powcrctl by a capacitor bank which 
priiduccs a voltage proportionnl to a half cosiric wave 
which produces a liiill'sioc wiivc current pulse. The length 
of tlic ciirrciit pulse, r ,  must hc sufficient to allow the 
cuncnt to penetrate the lens imiformly. The skin depth 6 
is proportional to (p,.i~)i'2, for tivity, p,,,, cif Lithimn, 
(which melts at 180 "C). 

Tcm(icraturc, "C 

Pigurc 1, llcsistivity of ILitliioin. 

l h c  dimic power produces heating, thermal cxpaiision, 
imd sitbscqiicntly pressiirc pulses which will ultimatcly 
limit the pcrformaiicc of the l e i s  Power deposited in tlic 
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lithium inust be rciiiovcd Ily circiilating it, and wc assuine 
this wnuld be d ~ i n c  at the beam rcpclitimi rate. 

The litliiutn lens can be modclcrl as a cylindrical tube 
of internal radius 4.5 111111 contained in a thin steel slicll 
0.5 iiim thick. In this example, 0.5 M A  is drawn through 
the lens hy a voltage pulse which is a hall sine wave 50 
{ I S  long. 'I'hc hydrodynamic equations, as well as tlic 
rcsponsc of tlic cnvclopc arc considcred in the I-IEIGHTS 
Imckagc [31. Lithium is heated by Jnule heating a s  well 
as energy loss froin the inuon beam, wliich is iritrduccd 
25 ws into tlic 50 p s  pulse, producing a discontinuity i n  
the temperature. 'The teinperattire piilsc is shown i n  Figure 
3. 

T I I 

o in 20 30 4o 50 611 

'lime, ,IS 

Figure 3. The tciiipcratorc prolilc vf tlic cciitcr and ulgc of 
tlic lens, showing tlic c~intrihution f r m i  the iiiuoii leain 
at tlie center. '111~ algc heats first, and l l i c  slicl l stays 
coolcr duc to the higlicr specific Iicat 

The stress and strain gcncratctl Iiy tlic pressure pulse, 
md tlic expansion of tlic 1.i is shown i n  1:igurc 4 h r  a 
ciirrcnt of 0.5 MA. llic initial compression due to tlic 
magnetic field prcssurc is f l ~ l l ~ w ~ d  Iiy llic cxli;insion ditc 
to tlic heating of tlic 1.i. m 

o io 20 10 41) so Go 
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Figorc 4. The prcssurc 1 d s c  in tlic lens. 

3 THE PKICSSIJKE VESSEI, 

'Tlrere arc nnutnlicr of scvcrc requireincnts 011 tlic prcssiirc 
vcssel Iioltling tlic liquid Lithiom. 'l'lo presstire vcsscl 
must conlinc thc liquid lithium ikiwing through it wliilc 
requiring the pulscd ciirrciit to pass Iongitudinally down 
the Lithium. l'hc largc prcssure piilscs m i s t  IJC supportctl 
without cxcccdiiig tiitigiic limits, titid tllc insolators, 
which confine tlic electrical currciit, iiiiist survive the largc 
in~c1ianic;il shocks. l l ic einittance of the iiiuon hcains 

must be increasedas little as possible Iiy the structure and 
thc windows, whicli niust he thin Ilerylliiiin. 

'I'wii oplions arc under consideration for the pressurn 
vessel itself, oiic whicli would absorb as inuch of tlic 
prcssnrc piilsc as possible radially, the other w~iiilil 
providc a solid surlacc which would direct tlic pressure 
pulse down the length, and utilize a butfcr v~ilunic at the 
ends VI' tlic lens to atisorb the increased volume of 
I.ithiuin [41,[51. 

Puiiiping the liquid Lithium has been studied using 
two techniqucs: elcctrnmagnctic pimps, which have bccn 
used with great siicccss at I3INP, and cciilrifiigal pumps, 
which liiivc lieen osed for ycnrs alANL after rnodification. 
Either designs iniglit be niodificd to be iiiorc compatible 
with the largc pressure pulses Srnin the lens. 

4 REAM opms HETWEEN rmsw 
Because the cncrgy Ivss rcquircd for cooling niunns is 
grcatcrthan tllat pIovidcdtiy ii single leiis, a ~nimhcr 1iI' 1.i 
1.cnses are required. 'rhc l~cain tni~st l ie rcaccclcnitcdanil 
tninsportctl hctwceii Icn. with minimum Iwx [61[7]. In 
addition, pc~i~id ice ,  -> E ,  emittance cxcliangc scctions iiic 

rcqiiir-cd to conliiic and cool tlic Iiciiiii longitudinally. 
Modnliition of the bcain eovcliipc is unavoiilablcin such a 
section hccnusc tlic 1 .i lcns provides a strtuiger locusing 
foorcc than aiiy i~thcr coinpoiicn1. 'This Iiiodulatioii lceds IO 

sigoilicant cliroinatic cflccts wliicli iiicrcasc E. , .  It is not 
possiblc to use rlispcrsion :ind scxtopiilcs ti1 cmtrol this 
modii1;ition hccansc of nttc.n~lant notiliacar cllbcts. 

'I'hc chminatic cflccts caii l ie attcnuatcd to tolcr~iblc 
lcvcls by varying l l ic cncrgy clcvititiiiii, Ali, along tlic 
length of llic Ixxnilinc. This is done by rcquiriiig a 
syochrntron phase ;alvance~if at lciist K. Wlrcn this pliasc 
;idvanccis used, each particlc tsiiverscs approxiinatcly lialt' 
tlic bciimlinc liclow thc niedian cncrgy ani1 half above i t ,  
thiis averaging the cliroinatic cnntrihiitioii~ to zcrn. l l i i s  
requires at about 5 111 of linac, with a licqucncyf = XOS 
M h ,  and 30 MV/ni gradients. At high ininncnta, 
approxitniituly 11 = 300 McV/c, this works conip;irativcly 
well bccausc. AH = Ap, hiit at lower inomenla 
noiiliiicarities arc ~iiorc signilicant. 

Lhitlancc exchange is ;inothcr problcm, sincc the 
ciicrgy sprcntlol tlic hcain is largc. I .owel cnergy particles 
tend 111 lose niorc energy doc 111 ioiiization, and straggling 
widens the cncrgy distribution if tlic hcanr, both cltccts 
increase tlic loogitudinal cmittaocc. 'Uic ciiiittancc 
exchange systems consist ol an clcmcot wliicli Imduccs 
tlispcrsion, comhincd with wcilgc iilisortrcrs which reduce 
the cncrgy sprcacl~il the Iicain. We are primarily lovking 
at bent solenoids tu pr0vide tlic i i i n n i c ~ ~ t i ~ ~ i i  dispersion. 
l'hc emittance cxclinngc slio~tld bc doiic at the crid 01  Ihc 
transport section to avoid complicating tlic chromatic 
1natchingl71. 

The proposed systcin wliicli nccriinplislics tlicsc goals 
consists of a strong s~ilcnoid to inatcll the strongly 
clivcrgcntbcam coming out of thc 1.i lens, fnllowetl by a 
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weaker solenoid containing a linac section. If tlie solenoid 
is bent, the dispersion is sufricient to do the emittance 
exchange with wedgcs. At the end of tlie section is 
another strong solenoid which focuses the h e m  on the 
input of thc next Li lens. The Ioiig solenoid has a field of 
3.1 T, and the short solenoids, used to match to the 
Lithium lens, have a field of about 12-20 T. Tlic total 
length of the section is about 10 ~ 12 in. The optics of 
this system and marc detailed information ahoiit its 
components are described elsewhere [61[7118J. 
Studies xe hcing made to determine the optimum cooling 
energy 181. Although lower moincntuni seems desirable, 
this s e e m  to involve shorter Li absorbers and more 
tightly constrained beam optics. 

[91 R. Palmer, The Muon Collider, n set  of lecturer given ai 
the accelcrutor school at Variderhilr University, Jan 1999 

5 CONTAINMENT AND SAFETY 

Although liquid Lithium f recm at fairly high 
temperatures, it is reactive and should he confined. The 
lens under construction at BINP for Fermilab uses an 
nuter viiciium system filled with Argon to isolatc the Li 
system froin tlie environment. 

7 CONCLUSIONS 

The design of tlie liquid lithium lens involves both 
mechanical and electrical issues associated with the 
pressure vcsscl as well as beam optics considerations 
related to the transport lines bctwecn lenses. The 
mechanical problems arc dominated hy the requirements of 
coping with the very large pressurc pulse produccd hy 
Joule and beam heating of the liquid lithium. The design 
of the heam optics is concerned with the efficient transport 
of large six dimcnsional cniittance heanis between tlie 
small lenses. A liquid Lithium lens is being constnieted 
and the prohlciiis arc going io be the subject of an 
experimental program. 
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