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History of Muon Colliders

(Tinlot (1960)
Budker (1969)
Skrinsky (1971)
Neuffer (1979)

Muon Collider mentioned -

Ionization Cooling
{Skrinsky & Parkhomchuk (1981)

High Luminosity {Neuffer(1985) & Palmer(1 994)
Collaboration Formed (1995)

Charles M. Ankenbrandt et al. (Muon Collider
Collaboration) Phys. Rev. ST Accel. Beams 2,
081001 (1999) (73 pages)

Future

Collaboration Home Page
http://www.bnl.gov/"cap/mumu/mu_home _page.htn

Physics Potential of Muon Colliders, San Francisco,
Dec. 15-17, 1999

Collaboration Meeting, Catalina, May 17-19, 2000



History of Muon Storage Rings
as a Neutrino Source

1. Concept proposed: DeRujula,A., S.L. Glashow, R.R.
Wilson, G. Charpak, Phys. Rev. 99, 341 (1983).

2. Quantified: Geer, S. Phys. Rev. D 57, 6989 (1998).

3. Workshop on Front End Physics of a Muon Collider,
Fermilab, 1997:

4. Workshop on the Potential for Neutrino Physics at
Future Muon Colliders, Brookhaven, 1998.

6. Meeting in Berkeley, Afil, 1999,
6. Discussion at St. Croix, May, 1999,

7. ICFA/JECFA Workshop,NUFACT99, Lyon, July 5-9,
1999. (http:/Nlyopsr.in2p3.fr/nufact99/)

Future

NuFACTO00, Monterey, May 22-26, 2000
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Basic Facts p —e +v,+v,

dIN\"Il 2}'{ 3

0~ A [(3=2x)~(1-x)cos V]

dN,, _ 12"‘ % [(1-x)~ (1~ x)cos®

dxdQ x)cos D]

cos® =P, S, x=2E =
m,cC

G,,=0.67*%10"E (GeV)cm?
0,,=0.34*107*E (GeV)cm?

OSCILLATIONS
» 1.27(Am?)L

P(v,—V,)=sin?(29)sin

U = Mixing angle

2 2. €&V
Am,=m?}-m? in (+(?}2
L in km
E in GeV



MIXING PARAMETERS

Assume only three neutrinos

2
B, V43, By, -‘-'fmlz- A'm,,, o
Byt vV, etc.

T - -
6:CP vy, = VeV,
T,
T VeV, =V, SV,
- - T - - 5

L -
CPT v,-v, = V, -V,

.
V=V, = VeV,

In general, a 3x3 matrix, characterized by 6 parameters,
describes the oscillation of the 3 neutrinos.

Foré=0:

2
P(v,—v,)~ sinz(ﬂn)sinz(i?,ﬁ,a)sini(sz?L)

2
P(v,—v, )~ cusz('ﬁﬂ)sinz(Zﬁ,s)sinz(A'I:EHL)

2
P(v,—V,) ~ cos*(9,;)sin*(29,, )sinz(ﬁI:EHL)
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QUESTIONS

e Is a v factory feasible?
o At what cost?
e How soon?

e What R&D is needed?

-

e What do we want to know about neutrino masses
and mixings

now... in 5 years... in 10 years?

* Is av factory the best (only) way to answer these
questions? |

» What range of beam parameters should the v
factory provide?

* What detectors are needed to carry out the

v factory physics program?
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ecee) u Neutrino souces and muon colliders

® Requires high power proton source/target and
efficient capture, but many other parts are easier, and
some are different.

% NoN,? dependence from luminosity-- bunches less intense,
higher-frequency rf.
# Transverse cooling factor 100 (vs 10%), no longitudinal cooling.

» Accelerator chain and storage ring must have large acceptance to
" minimize cooling Hn:ﬁEnuH (but no small beta sections)

% The ring may have unusual bow tie or triangle shape--and be
tilted.
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PROTON SOURCE

‘ NEED:
e Proton Beam Power 2-4 MW
e Very short bunch: rms 1-2 nsec

FNJH;;'L PROPOSAL: 4 MW 5. Holmes
e Upgraded linac (.4 — 1 GeV) RNAL
e Higher field operation in Booster
e New Pre-Booster (I.ﬁ, ;.._U)

BNL PRUP'DSAL 2MW:  T. Rosw
L.
o Upgraded linac (.2 — .6 GeV)® BN
e Increased AGS rep rave: 2.5 [-Iz

. {Mwa/z W‘*q-'z.mg






‘Wegimtocollectand |
| deliver to the first phase.
rotation channel 6 pions
of each sign per proton of
16 6eV/e

| Prons of beth s ; .
to 226 MeV/c are focused
into the decay chamnelvia |
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Cooling of 6-D phase space

¢ Muons from the target are initially captured into a 6-D phase
space volume that must be decreased by 10° before collision
e Cooling time must be of order 1, --distance of order ct,~660m.

e Ionization cooling (Skrinsky&Parhomchuk,81). Basic Idea

Momentum reduced op Il p Momentum restored 3p,

]

Absorber RF

Need to fight multiple scattering and longitudinal blowup
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IONIZATION COOLING
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¢ Emittance rate of change

den _ _ en |d d< 6>
dz E:E?l dz
e MINIMUM EMIT TANCE
0.5E23,
o U8 YLt
w5 (LaldE/dzl) ™

e Best material for cooling, Li, LiH, Be, H,

1_
) utu~ COLLIDER






Emittance exchange is crucial

rrerrrr

.Hﬂﬁ.ﬂ.ﬁ Simulation

Monienturn Exchange Using Bent Solenoids and Wedges




e ScCenarios
1. Sequence of linacs (VERY EXPENSIVE)

2. Recirculating linacs with multiple arcs (simi-
lar to CEBAF) (RELATIVELY EXPENSIVE)

3. Synchrotrons with fast pulsed magnets with
long SC linacs (MORE ECONOMICAL)

4. (250 GeV) 4 T pulsed magnets (t=1 msec)

5. (2 TeV) Interlace of fixed 8 T SC dipoke
magnets with +£2 T pulsed magnets

¢ FFAG

z' : JuTu~ COLLIDER -






Recirculating Linacs

E. Keil
Fineguency: 352.209 MHz
Enengy(GeV): 2-8 8-30
Numiber of Passes: 4 4
Aselerating Linac

Violkage (MV) 1.5 5.5
Isenigith of Half Cell (m): 3.4 14.9
[Bi¥@VIiax) (m) 11.3 49.6
il 0.21 0.21

. #gmoce (mm) 165 150
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COLLIDER RING :*
3TelV % 3 TeaV

e Highest possible bending magnet to maximize
No. of turns in the ring before decay

B* 3 mum
T 3 .
€n 50 7 e — manaxd

5=2E 0.12%
Mo. of turns LoD
Mio. muons 2 x 12
MWe. bunches 2
s - bcan — beam tune shift 0.05

Py

q

g By
Ll HeWISOGhrONOUS fattice
Cail ST ; _.‘.;.r,;::;i?' : ..' . .

)

o hF‘ Chromaitic Gorrection is essential
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Muon Budget for a Neutrino
Factory

Initially 0.66
AffteriPhase Rotation #1 0.3
£ {'Fl_'i-b M Rotation #2 0.21
AfteriRIF Capture 0.15
AMteriCooling 0.13
Alf{er-Aeceleration 0.1

pn:mons+::mrlt:e,,ti:lis.*v.v.ncmln:llm-,-tt*.lr.lII»Fm
year decaying. (A year is taken as 2.5 x

- HB&oonds.) About 25 % are pointing in a direction
4o - Jrofittaidetector, so the number of decays will be 10®

iErdyer in any one detector. (Probably two detectors



Recirculating Linacs

E. Keil
Ereguency: 352.209 MHz
Enengy(GeV): 2-8 8-30
Number of Passes: 4 4
Aeceferating Linac
Vieltage (MV) 1.5 55
Isenigidh of Half Cell (m): 3.4 149
By(@Wiiax) (m) 11.3 49.6
HY2k._ 0.21 0.21
16.5 15.0



W for radial sectors
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COLLIDER RING :
3TeV x 3 TV

¢ Highest possible bending magnet to maximize
No. of turns in the ring before decay

B* 3 numn
Oz 3 o
€n 50 7 muen. — mnaxd
é = %E 0. 1:2%%.
Mo. of turns U008
Mio. muons 2 x liol2
MNie. bunches 2
wiy o ibeam: — beam tune shift 0.05
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Muon Budget for a Neutrino
Factory

0.66
0.3
0.21
0.15
0.13
0.1

. #Hpreail.5 MW proton source, this would be 4 x 107
nft{dnsyper year decaying. (A year is taken as 2.5 x
14 #5corn s.) About 25 % are pointing in a direction
toiHittaidetector, so the number of decays will be 107



Linacs
Pmin  Pmax  f V& L loss  og o,
GeV/c GeV/e MHz MV/m ° m % MeV ps
186 67 50 75 71-33 145 6.4 19-44 1231-541
67 2.1 200 15 65-33 213 29 85-176 283-136
2.1 4 800 30 65-45 166 0.9 336-511  71-47

Recirculators
Pmin  Pmax f V. ¢ Lac Lin Num B peak loss og o
GeV/c GeV/c MHz MV/m ° m m MW % MeV ps

4 16 300 3029 28 88 4 1246 1.7 350 77
16 64 800 3029 112 83 17 696 3.0 343 79
64 250 1600 42 25 873 178 21 405 5.0 792 34
250 625 1600 42 24 1637 213 35 278 49 842 32
625 1500 1600 42 18 3930 464 36 266 4.9 1097 25




Recirculating Linacs

E. Keil

Freguency: 352.209 MHz
Enengy(GeV): 2-8 8-30
Number of Passes: 4 4
Awoelerating Linac
Violkiage (MV) 1.5 55
senigih of Half Cell (m): 3.4 14.9
(Bi@fax) (m) 11.3 49.6
R 0.21 0.21

16.5 150
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COLLIDER RING :*
3TelV x 3 TV

e Highest possible bending magnet to maximize
No. of turns in the ring before decay

B* 3 mum
Oz 3
€n 50 7 nwin — mnad
§=2¢ 0.1:29%
Mo. of turns LOBO:
No. muons 2 x w2
A% Mo. bunches 2
Wl o beaam — beam tune shift 0.05
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50 GeV Muon storage ring for nentrino production

Circumference 1150 m; 400 m total length of straight sections that
produce low-divergence neutrino beams.

Ring lies in a tilted plane so that the neutrinos travel through the
earth to two distant detectors.

Arcs contain superconducting dipoles at 5.3 T and guadrupoles.



Muon Budget for a Neutrino
Factory

0.66
0.3
0.21
0.15
0.13
0.1

- $Heremil.5 MW proton source, this would be 4 x 10
mtidnsper year decaying. (A year is taken as 2.5 x
104%sBoonds.) About 25 % are pointing in a direction
itoiHittaidetector, so the number of decays will be 107
% '+ fpriyear i nny;::udﬂncwr. (Probably two detectors






Expected Event Rate

Rate is calculated for E, = 50 GeV and
10%° muon decays per year pointing to
the detector (1.5 MW driver), and
oscillations are calculated assuming
(the Super—K result) of Am?>=3.5 x 107
eV? c* and sin?20 = 1. The detector is
1kT-year (and would surely be larger

and run longer).[One kT of water is
(33 ft)°]

Consider (just one example) Fermilab
to Gran Sasso: 7332 km

L+ 2L

Evh€E
v,—v, 410 4t cp.

v,—V, 490 (If no oscillations) -~ 4.4

Compare to Fermilab to Soudan (750
km), Minos, where the oscillations,
V,—V, are expecwd to be about 30
events per year. For this source the
rate is 1.4 x 10°.




_Zmﬁnl.-e Production at Muon Colliders

“hot spot”

a.~lly,

9 (e.g. beam radiug ~ 1 m at
50 km from 5 TeV muon beam)

ons: e.g. even(.1l m str. section is ~ twice disk average

v beam stronger at str. secti




Neutrino Background: Critical problem as
wu energy increases

e Radiation ~ (Energy)?/length?~(Energy)*/depth
e Need to either wiggle beam to dilute effect, or build
collider in isolated area, or

e Improved cooling— optical stochastic cooling?
Compensation of the beam-beam interaction in the
collider ring (lithium, plasma). Lowers average
power and neutrino radiation.

e This and numerous other problems: Workshop on
10-100TeV muon colliders (27/9-1/10 1999, details at:
http://pubweb.bnl.gov/people/bking/heshop/

e If technology works, 100TeV muons could share VLHC tunnel with
100TeV protons.

ErRKELEY LAan
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BAL.
NEUTRINO
RADIATION
T | | Earth
V’s 7%:.;@‘1&‘.—*\ V’s
dept}:
e Radiation « E%/length? o« E°/depth 3/
e Use: 1/10 Federal limit = 10 mR/year td_
Neduslo
THEN 2,5

e Negligible problem at 1.5 TeV
— =~ 1 mR/year

e E = 3 TeV ok at 300 m depth
—= 10 mR/year

e E > 3 TeV Requires:

— Beam wobbles, and /or

— Special Locations, and/or

— Better Cooling(Optical Stochastic?)
~1. & lotores

14



THE MOST
CRITICAL ISSUES

¢ Target
® Heating — liquid metal?

» Splash?
o Motion in Magnet

¢ Capture RF
® Low Frequency (30-60 MHz)
. . .» High Gradient (3-6 MV /m)
: g . m i'l':.. High R;adiatiun | |
Fh R ¥y ® Cooling RF
Bl ® Higher Frequency (800 MH?Z)
® Very High Gradiient (36 MV /m)
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» These numbers are a first estimate. They do not include contingencies or
EDIA.

» Fiscal year 01 I8 very approximate, but indicates that increased funding will
be needed.
28
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The Grand Scheme of
Things
(As seen by muon beam enthusiasts)

1. Lotsof Rand D

(Started: 1996)
(Needed: 2000 + 5 to 10 years)

2. Build a Neutrino Factory
(200X)

3. Build a Higgs Factory Collider
(200X + 5 years = 20YY)

la. Build a Few TeV Collider
(20YY + 10 years = 20ZZ)

%"1 Build a 10-100 TeV Collider
| om)
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Conclusions

For a Neutrino Factory:

1.

w

Most interesting physics
(We know almost nothing about the
neutrino sector)

Seems likely to “work”

. Cost should not be “excessive”

(by US Congress criteria)
Within (say) 5 years the R and D should
be sufficiently advanced that a serious
proposal can be made.

For a Muon Collider:

5.

Interesting physics even for a low energy
machine (S coupling to a Hig%s and a low
dE/E can be achieved (3 x 107))

Easier tolerances thm%in;ar cull)idcrs B
A high e (multi-TeV range) can
mmgi?edn:r?yﬁm QED confusion

Perhaps the cost ($/TeV) is not

excessive

A fair amount of R and D is needed



