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Abstract cyclotrons[13] are also being explored for cooling.

Muon acceleration from 30 to 750 GeV in 72 orbits us-
ing two rings in the 1000 m radius Tevatron tunnel is ex- 30 TO 400GeV, 400HZ RING

plored. The first ring ramps at 400 Hz and accelerates wjstorically synchrotrons have provided economical ac-
muons from 30 to 400 GeV in 28 orbits using 14 GV ofceleration. Here we outline a relatively fast 400 Hz syn-
1.3 GHz superconduc_ting RF. The r_ing duplicates the FeEnrotron[14] for muons, which live for 2.2S. A 2004S
milab 400 GeV main ring FODO lattice, which had a 61m1250 Hz) pulsed wiggler has been built with vanadium
cell length. Muon survival is 80%. The second ring acpermendur which is similar to the magnets required here. It
celerates muons from 400 to 750 GeV in 44 orbits using §chieved 2.1 Tina 4 mm gap with a 10 cm wavelength [15].
GV of 1.3 GHz superconducting RF. The 30 T/m main ringp, ¢q. 1, the dipole vertical aperturk, is calculated using
quadrupoles are lengthened 87% to 3.3 m. The four maify, emittance of, =257 mm-mrad[5] and the Fermilab
ring dipoles in each half cell are replaced by three dipolesain fing FODO lattice parametes, =99 m. Accelera-
which ramp at 550 Hz from -1.8T to +1.8T interleavedjon to 30 GeV might use doghone recirculating LINACS

with two 8 T fixed superconducting dipoles. The rampingnq Fixed Field, Alternating Gradient (FFAG) rings[16].
and superconducting dipoles oppose each other at 400 GeV
ey By 6\/25um 99m —6mm ()

and act in unison at 750 GeV. Muon survival is 92%. Two
\/67r57 T\ 6m(1)(284)

mm copper wire, 0.28 mm grain oriented silicon steel lam- h =60 =6
inations, and a low duty cycle mitigate eddy current losses.

Low emittance muon bunches allow small aperatures andE 2 and3 dto calculate the diol it
permit magnets to ramp with a few thousand volts. Little gs. < and s are now usedto calcuiate tne dipole voltages

s L : : and amperages in Table 1V is the number of turns in a
civil construction s required. The tunnel exists. coil. A simple LC circuit with an IGBT or SCR switch is
used. The voltages are reasonable because the magnetic
MUON COLLIDER INTRODUCTION field volume is small and little energy is stored in the grain
oriented 3% silicon steel (Table 2). Achieving good field

A muon collider[1] can do s-channel scans to try to SpII[]uality in small aperture magnets needs to be explored.

the H%/A° Higgs doublet[2]. At a 1.5 TeV frontier energy,

there may be a large array of supersymmetric particles and, 2 LI2 V2 1

if large extra dimensions exist, mini black holes [3]. Like W= C dh dw dl = - =g [= o /IC 2)
SPEAR, the resolution of a muon collider is unaffected by Ho 2V LC
beamstrahlung. Muon ionization cooling is the key to this I=Bh/ugN, V=2nBfNwl 3)

machine and a vigorous R&D program is underway|4, 5].

Given a large initial emittance, focusing magnets and RF Using eq. 4, the skin dept#, of steel withy = 30000
cavities must be in close proximity. Magnetic fields perat 400Hz is 0.3 mm. From eq.5, only 2% ##0.28 mm
pendicular to RF cavity surfaces enhance breakdoivn [Bftick steel is lost due to shielding by eddy currents[17].
Possible cures include lattices with magnetic fields palrall The skin depth for 18@-m copper at 400 Hz is 3.4 mm.

to RF cavity surfaces to bend electrons back into the cavity
surface before they can accelerate, high pressure hydrogé5r1: Vp/(m [ 1) = V/470x 107/ (7 400 (3000 o)) (4)
gas in RF cavities to slow electron$[7], grooved RF cavity . .

walls to trap electrons]8], or high melting point, low den- L/Ly = (6/¢) (sinh(t/0) + sin(t/9)) =098 (5)
sity materials such as beryllium to allow sparks to spread cosh(t/d) + cos(t/9)

their energy without melting RF cavity walls. 6D cool- o we estimate the power consumption of the magnets.
ing guggenheims[9] and rinds[10] show promise. Fing 5minations are laid out to minimize core losses (Fig. 1).
muon cooling requires short focal length lattices. High TEq. 6 18] gives a value of 23 Wi/kg for the steel. An av-

superconductors at 4K can carry large currents in the 33,46 magnetic field of 1.6 T is used. Both eddy currents
to 50T range[11]. Parametric resonances [12] and inverse g hysteresis lossefH-d B, which scale with the coer-

~Supported by DE-FG02-91ER40622 and DE-AC02-98CH10886. CIV€ fOrce, H, given in Table 2, are included. Eddy cur-
t summers@phy.olemiss.edu rents alone[19] give 15W/kg in eq.7. The total core loss

1 Also with University of South Alabama, Mobile, AL 36688, USA  for a one ton dipole is 23 kW.% R losses for four turns of
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“— Table 2: Resistivity £), coercivity (H.), and permeabil-
ity (/o) of steels. Higher resistivity lowers eddy current
losses. Low coercivity minimizes hysteresis losses. Grain
T T oriented 3% silicon steel has a far higher permeability par-
\L \L \L \L allel (J|) to than perpendicularl() to its rolling direction

T T [20] and permits minimal energyB?/2.) storage in the
yoke, as compared to low carbon stéel[21] at 1.8T.

— < Steel p(nQ-m) H.(A/m) 1.0T 15T 1.8T

Figure 1: Alternating dipole laminations of grain oriented'0925% Carbgn 100 80 4400 1700 240
silicon steel. The arrows show tifield direction and the Oriented () Si 470 8 40000 30000 3000
grain direction. The layout resembles an “EI” transformer.Oriented (L) Si 470 4000 1000

. . . at 150Hz. The four ramping dipoles per half cell are
1% 2crtn corllrielzv(\;lio@ﬂ) car7ry|r)tggr]ZZngﬁils;gusoc;dalllreplaced by five dipoles, two fixed 8 T superconducting
current are - ©SINg €q. 7 with an . Ield and Collgyisles in between three dipoles ramping from -1.8T to

made of 2 mm transposed strands, the eddy current Ios* T at 550 Hz, as shown in Fig. 2. The ramping dipoles

in the copper are 6kW. So multiplying 40 kW per deOIeo pose the superconducting dipoles at injection and work

times 800 dipoles and adding 6% for quadrupoles, one ge : . ) .
t extraction. R dipol t
34000 kW. But the magnets are only on for half of a 400 Héivggui;r??h: Iaes); trv?/(c:) Ic(:)c:umnzrgl?;r'lgblelqo € parameters are

cycle, 13 times per second, for a duty cycle of 1.6% and _ _
total power consumption of 540 kW. A choke and diode are Now we estimate the power consumption of the magnets.

used to do a leisurely reset of the polypropylene capacitbtsing an average magnetic field of 1.6 T and a frequency of
bank p0|arity for each new Cyc|e_ 550 Hz, Eq 6] giveS avalue of 40 W/kg forthe 0.28 mm

4167 187 grain oriented 3% silicon steel. The total core loss for a
Core Loss= 4.38x 10" f "' B" = 23Wlkg  (6)  2400kg, 7.5m long dipole is 96 KW2R losses for two
(27 f Bw)? turns of2 x 2cm copper (135Q€2) carrying 3600 A of si-

P = [Volume] 2up 15Wikg (") nusoidal current is 9kW for the 7.5m long dipole. Using
eg. 7 with an 0.1 T field and coils made of 2 mm transposed
strands, the eddy current losses in the copper are 13 kW. So

400 TO 750GeV, 550HZ HYBRID RING multiplying 118 kW per 7.5 m dipole times 200 7.5m and
The 400GeV Fermilab main ring FODO lattice 400 3.75m dipoles and adding 6% for quadrupoles, one
is slightly modified to reach 750GeV. The 30 T/m9ets 50000 kW. But the magnets are only on for a 550 Hz

quadrupoles are lengthened from 1.7m to 3.2m and rycle, 13 times per second, for a duty cycle of 2.4% and a
total power consumption of 1200 kW.

Table 1: Fast ramping dipole parameters. 0.2 ———

Injection energy Gev 30 400 400 ]
Extraction energy GeV 400 750 750 { J
Dipoles/ half cell 4 2 1 I / ><\ ]
Dipole length// m 63 375 75 01l / \ _
Bore height) mm 6 5 5 . / B1--1.80 \ |
Bore width,w mm 30 50 50 I Bl- 8.00  B2-1.80  Bi- 8.00 1

. L L B2= 8.00 L=7.50 B2= 8.00 i
Initial magnetic field, B T 0.14 -18 -1.8 | L- 4.20 L= 4.20 |
Final magnetic field3 T 18 18 1.8 0.0 212--11'%% 212--11.88%
Orbits 28 44 44 L L= 3.75 £-937 GoV Lo 3.75 -
Acceleration period ms 059 0.92 0.92 - g; 23:1367 E-400 GeV Gradt16]
Frequencyy Hz 400 550 550 [ Lj2- 1.60 PR
Coil turns,N 4 4 2 Y N N R
Coil resistanceR uQ 4500 2700 1350 0 10 20 30

Dimensions 1n m

Current,] A 2200 1800 3600 Figure 2: The 30.45m long FODO lattice half cell con-
Magnet energf’ J 1500 1200 2400  gigis of half of two 3.2 m ramping quadrupoles, two fixed,
Magnetinductance, ~ pxH 630 760 380  42m 8T superconducting dipoles, and two 3.75m plus
Capacitance(’ pF 250 110 220  one 7.5m ramping dipoles. The ramping dipoles, which
\oltage,V/ V 3400 4700 4700 go from -1.8T to 1.8 T at 550 Hz, oppose the supercon-
Power Consumption kw 0.6 14 2.8 ducting dipoles atl00 GeVand act in unison at50 GeV

or perhaps a bit higher.



1.3GHz, 10MW KLY STRONS REFERENCES

Acceleration from 30 to 400 GeV uses 14 GV of 1.3 GHz [1] M. M. Alsharo’aetal., Phys. Rev. ST Accel. Bean@{2003)
superconducting RF in 42 locations evenly spaced around 081001; C. M. Ankenbrandét al., Phys. Rev. ST Accel.
the ring. The acceleration occupies 0.59 ms and 28 orbits. Beams2 (1999) 081001; D. Ayrest. al., physics/99110C9;
Muon survival is 80%. Forty-two 10 MW Klystrons allow ~ R- Raja and A. Tollestrup, Phys. Rd¥58 (1998) 013005;
the energy extracted by a pair f< 10'2 muon bunches R. B. Palmeret al., [physics/9610009; NATO Adv. Study

. Inst. Ser. B Phys365 (1997) 183; Nucl. Phys. Proc. Suppl.
to be replaced. One RF coupler for every three cells is re- 51A (1996) 61; AIP Conf. Proc72 (1996) 3:

quired. . G. Penn and J. S. Wurtele, Phys. Rev. L&%&(2000) 764;
Acceleration from 400to 750 GeV uses8 GVof1.3GHz 1 A Greenet al., IEEE Trans. Appl. Supercon@.(1999)

superconducting RF in 12 locations evenly spaced around  1049: K. Hirataet al., AIP Conf. Proc372 (1995) 330;
the ring. The acceleration occupies 0.92 ms and 44 orbits. W. W. M. Allison et al., J. PhysG34 (2007) 679; A. Skrin-

Muon survival is 92%. Twenty-four 10 MW klystrons al- sky and V. Parkhonchuk, Sov. J. Part. Nu.(1981) 223;
low the energy taken by a pair afx 10*?2 muon bunches A.N. Skrinsky, AIP Conf. Proc352 (1996) 6 and 7;

to be replaced. One RF coupler for every three cells is re-  G. I. Budker, AIP Conf. Proc352 (1996) 4 and 5;
quired. D. V. Neuffer, Nucl. Instrum. MethA350 (1994) 27;

Running at 13 Hz, the cryogenics and klystron modula- AIP Conf. Proc156 (1987) 201; Part. Accell4 (1983) 75.
tors require 4 and 22 MW of AC wall power, respectively. [2] V. Bargeretal., Phys. Rept287 (1997) 1.

A bunch with2 x 102 muons extracts 8% of the energy [3] R. Godanget al., Int. J. Mod. PhysA20 (2005) 3409; M.
from an RF cavity leading to head/tail, wakefi€ld|[22], and ~ Cavaglizetal., hep-ph/0609001; AIP Conf. Prag05 (2006)
HOM [23] issues. One cell stores 13 joules at 31.5 Mv/m.  338; Phys. LettBS07 (2003) 7; JHERD706 (2007) 055.
However, as shown in egs. 8 and 9, there are synchrotrol#] Y- Torun, Nucl. Phys. Proc. Suppl55 (2006) 381.
oscillations[[24] to aid longitudinal dynamica.is the har-  [5] R. B. Palmertal., PAC07, Albuquerque (25-29 Jun 2007).
monic number (number of 0.23 m RF wavelengths around6] J. Noremet al., Phys. Rev. ST Accel. Beam8 (2003)
the ring). The transitiory is 18 for the main ring, which 072001; Phys. Rev. ST Accel. Bea®£2005) 072001.
gives a momentum compaction,of # [7] K. Yoneharaet al., Nucl. Phys. Proc.Suppl49 (2005) 286.

L. Wanget al., Nucl. Instrum, MethA571 (2007) 588.

dr/r = (1/72 — 1/*)(dp/p) = n(d g
/= (/% /7)\dp/p) = n(dp/p) ® [9] A. Klier, Low Emittance Muon Collider Workshop, Fermi-

1 i i .
hn(GV) 08 27200(@)14(_1) lab (6-10 Feb 2006), http://www.muonsinc.com/mcwfeb06.
Vs= = =.8 (9) [10] R. Palmeret al., Phys. Rev. ST Accel. Bean (2005)

—2m (2 E; 2m(12)(30) 061003; R. Fernow, ICOOL,’ eConf C990329, THP3L.
Muon bunches must stay in phase with the RF. The mudhl] S- Kahnet a., EPAC 06, eConf C060626, WEPLS108; H.
speed increase from= 0.99999380 tg? = 0.99999996 in Miao et al., IEEE Trans. Appl. Supercond5 (2005) 2554;

the first ring can be corrected by increasing the orbital ra- D. J. Summers, NUFACT 06, Irvine, CA (24-30 Aug 2006).
dius by 6 mm during acceleration. The one in 40000 path2! S-A. Bogacz etal. Nucl. Phys. Proc. Supis (2006) 275.
length decrease in the second ring can be corrected by i3] D. J. Summerst al., AIP Conf. Proc821 (2006) 432;
creasing the orbital radius by 25 mm during acceleration. Int. J. Mod. PhysA20 (2005) 3851.

A longitudinal emittance of 0.072m-rad [5] leads to an [14] D. J. Summerset al,, AIP Conf. Proc.721 (2004) 463;
0.01 m long muon bunch injected at 30 GeV/c with a 2.5%  PAC 03, hep-ex/0305070; J. Phys29 (2003) 1727; Sno-
momentum spread, i.6.072 = (0.025(30) /m,,=)(0.01), gg;i%ls hBeﬁ;ezlozgiom;SSggwln;gzs; 2gighysms/0108001;
wherem,,+ =0.106 GeV/C. Better might be 0.005m and I d ual. m. Phys. So89 ( ,) '

2% [22]. The RF wavelength is 0.23m. A muon on cresﬁg leG;e?;t(: F;hl)/iE:eIrg'r;i:f::?;221(;2((210%2:){)021511961-
ets 4% more acceleration than one 0.01 n?\ bif crest. e N e ' '
’ Using eq. 10, and integrating over the acXceIeration cy- S.A. Bogacz, Nucl. Phys. Proc. Suppi9 (2005) 309;

. C. H. Albrightet al., physics/0411123.
cle from 30 to 750 GeV witht x 102 muons at 13 Hz, g L
. . . . . . [17] K. L. Scott, Proc. IREL8 (1930) 1750.
and neglecting downtime and straight sections in the rin , ,
8] W. McLyman, ‘Magnetic Core Selection for Transformers

a person would receive a dose of a millirem at 2700 m fro ,
decays into neutrinos, if they stood in the beam constantlﬁ/. and Induc?t(?rs, ISBN 0'8247'1873,'9 (1982).

This is 1% of the federal limit, 10% of the Fermilab offsite[1°] H- Sasaki, ‘Magnets for Fast-Cycling Synchrotronsgn
L . . Synch. Radiation, Indore, India (3-6 Feb 1992) KEK 91-216.
limit, and equivalent to eating two bananas a week. Note ‘ 0

that the Fox River is 5000 m away from and 4 m below th&%] R-M.Bozorth, ‘Ferromagnetism’ (Van Nostrand 1951) 90

Tevatron, so neutrinos at 2700 m are still underground. [21] F. Bertinelliet al., IEEE Trans. Appl. Supercond6 (2006)
1777.

distance(metersy 5 x 1077/ /year E (TeV)® (10) [22] D. V. Neuffer, Nucl. Instrum. MethA384 (1997) 263.

d [23] H. Padamsee, 9th Workshop on RF Superconductivity,
’ Santa Fe, NM (1-5 Nov 1999) eConf C9911011, 587.

[24] E. D. Courant and H. S. Snyder, Annals PH3$1958) 1.

Many thanks to A. Garren, D. Trbojevic, K. Bourklan
D. Wolff, R. Rimmer, D. Li, H. Padamsee, M. Syphers
S. Kahn, and D. Neuffer for sage advice.


http://arxiv.org/abs/physics/9911009
http://arxiv.org/abs/physics/9610009
http://arxiv.org/abs/hep-ph/0609001
http://www.muonsinc.com/mcwfeb06
http://arxiv.org/abs/hep-ex/0305070
http://arxiv.org/abs/hep-ex/0208010
http://arxiv.org/abs/physics/0108001
http://arxiv.org/abs/physics/0411123

	MUON COLLIDER INTRODUCTION
	30 TO 400GeV, 400Hz RING
	400 TO 750GeV, 550Hz HYBRID RING
	1.3GHz, 10MW KLYSTRONS
	REFERENCES

