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Abstract . .
Table 1: Fast rampings 6 dipole parameters.

We discuss possible acceleration scenarios and methods for

apt — u~ collider. The accelerator must take the beams ,\C/I(;” innerlel,-;rrlaijrilus i(;:r:}
from ~100 MeV to 2 TeV energies within the muon life- . I?:I g |
time (2.2 x 107°E,,/m,, 1S), while compressing bunches Fie 4 Tesla
of ~10'2 muons from m to cm bunch lengths. Linac, re- ~ current 29.5 kA
circulating linac, and very rapid-cycling synchrotron ap-  Stored Energy 160 kJ
proaches are studied. Multiple recirculating linac ap-  Inductance 37QuH
proaches are matched to the muon lifetime and appearread- Coil Resistance 190002
ily feasible. Rapid-cycling approaches require innovations  Ramp time, 10% to 90% 360S
in magnet designs and layouts, but could be much more  power Supply Voltage 31.2 kV
affordable. Storage Capacitance 34
2
1 INTRODUCTION IR magnet heat per gycle 9400J
Magnet temperature rise per cycle  0%3
For au™u~ collider [1], muons must be rapidly acceler- Power into magnet @ 15 Hz 141 kw
ated to high energies while minimizing the kilometers of Number of Dipoles for a ring 144
radio frequency (RF) cavities and magnet bores. Cost must  Tqta| power @ 15 Hz 20 MW
be moderate. Some muons may be lost to decay but not
too many. As the muon energy increases and the bunch
length decreases, higher frequency, higher gradient RF cav-
ities may be used to reduce cost. iron magnets ramping at 200 Hz and 330 Hz between full
negative and full positive field. Muons are given 25 GV
2 100 MEV — 2 GEV USING RF =2 GV of RF energy (800 MHz) per orbit. The RF is divided into

This is the initial acceleration of cooled muons. The buncﬁnLJItiIOIe sections as at LEP, so that magnetic fields and en-
) . ) ! N .
length decreases from 2 m to 20 cm. A single pass 2 Ge gies will match around the rings. The first ring has 25%

) . : T magnets and 75%2T magnets and ramps from 0.5T
:\I/ng ;foﬁeec:l:[rZESeRtoF é:?,?Lge:;;fyo'fntﬂsf;l:fjnfgosrsr\l/g ;0 10[ 3.5T during 54 orbits. The second has 55% 8T magnets
' 0 " and 45%+2T magnets and ramps from 3.5T to 5.3T dur-
_ ing 32 orbits. The packing fraction is taken as 70% in each
3 2GEV—25GEVUSINGRF=25GV ring. Acceleration is from 250 GeV/c to 2400 GeV/c and
This is the first recirculating ring and has 2.5 GV of 100requires a total of 86 orbits in both rings; 82% of the muons
MHz RF [2]. A superconducting magnet with 10 boressurvive.
each with a different fixed field, is used to pass the muons

through a pair of linacs 10 times. The design is similar to 36 or R
the TINAF in Virginia. 92% of the muons survive. SURVIVAL — —4mivim — 892
}1 P\ [250 + (25 )] er %
4 25GEV — 250 GEV USING RF=6 GV Q)

This st inale i f fast ina 6 diool Consider the power consumption of an iron magnet
IS stage uses a single ring of fast rampigo dipoles —;cp, cycles from a full -2T to a full +2T. First calculate

[3]. Thin stranded copper conductor is used at room teme o energyJV, stored in a 2T field in a volume 6 m long
perature to achieve a 4 Tesla field. The low duty cycle ig)5 high 'ar;d 08 m widazg is 47 x 10-7 '

exploited to keep thé?R losses reasonable. 6 GV of 350

MHz RF is distributed around the ring and accelerates the B2

muons from 25 GeV to 250 GeV in 40 orbits. 85% of the W= Q—MO[Volumd = 23000 Joules (2)

muons survive. Next given 6 turns, an LC circuit capacitor, and a 250
5 250 GEV— 2 TEV USING RF = 25 GV Hz frequency; estimate current, voltage, inductance, and

capacitance. The height, of the aperture is .03m. The
For the final stage we consider two 2200 m radius hybritbp and bottom coils may be connected as two separate cir-
rings [4] of fixed superconducting magnets alternating wittcuits to halve the switching voltage.
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but also because they introduce multipole moments which
o NT B destabilize beams. If the laminations are longitudinal, it is

B W - I= N — 8000 Amps  (3) hard to force the magnetic field to be parallel to the lami-
Ho nations near the gap. This leads to additional eddy current
2w gap losses [12]. So consider a magnet with transverse lam-
_ 2 _ 2w _
W=sLI" = L= 12 720 pH ) inations as sketched in Fig. 1 and calculate the eddy current
1 1 1 losses. The yoke is either 0.28 mm thick 3% grain oriented
f 27”/ c C L) 560 1 (5) silicon steel [13] or 0.025 mm thick Metglas 2605SC [14,

15]. The pole tips are 0.1 mm thick Supermendur [10] to
/ i he field in th 16].
W50V — V- % — 9000 Volts  (6) increase the field in the gap [16]

Now calculate the resistive energy loss, which over time (27 f Bt)?

0% Sj— _
is equal to 1/2 the loss at the maximum current of 8000'3(3/0 Si—Fe)= [Volume] 24p 27 kw (10)
Amps. The 1/2 comes from the integral of cosine squared. 27 950 1.6 .00028)2
A six-turn copper conductor 3cm thick, 10cm high, and = [6((:42.35) — (.20 .23))] ( )

(24)47 x 108

Similar calculations for the eddy current losses in a Met-
glas yoke and in Supermendur pole tips yield much lower
values, 75 and 210 watts, respectively.

7800 cm long has aff R power dissipation of 15 kilowatts.

7800 (1.8 puf2-cm)
(3) (10)

Now calculate the dissipation due to eddy currents in this
conductor, which will consist of transposed strands to re- < AN
duce this loss [5-7]. To get an idea, take the maximum
B-field during a cycle to be that generated by a 0.05m ra-
dius conductor carrying 24000 amps. This ignores fringe T

fields from the gap which will make the real answer higher.
The eddy current loss in a rectangular conductor made of —
square wires 1/2 mm wide with a perpendicular magnetic \L \L
field is as follows. The width of the wire is.

po I T

= 470 S 7)

B = —— =0.096Tesla (8)
27r
2
P = [Volume]% ) — <
p

(27 250 .096 .0005)2

= [03.1078] (24)1.8 x 10-8

= 3000 watts  Figure 1: A two dimensional picture of an H frame magnet

lamination with grain oriented 3% Si—Fe steel. The arrows

A similar calculation shows that the cooling water tubeshow both the magnetic field direction and the grain direc-

losses due to eddy currents can be held to 1200 watts. Ttien of the steel. Multiple pieces are used to exploit the high

tubes must be made of a high resistivity material such germeability and low hysteresis in the grain direction [17].

316L stainless steel. If Metglas 2605SC is used for the yoke, multiple pieces
are not needed, except for the poles. The pole tips are an

Table 2: Soft magnetic material properties [8]. iron—cobalt alloy for flux concentration exceeding 2 Tesla.

B
Material Composition p  Max H, Eddy currents are not the only losses in the iron. Hys-
uQ-cm T Oe  teresis Iossesj H.-d B, scale with the coercive force,.H

Pure Iron [9] Fe 99.95, C .005 10 2.16 .05 and increase linearly with frequency. Anomalous loss [9]
1008 Steel Fe 99, C .08 12 2.0908 which is difficult to calculate theoretically must be in-

. . . cluded. Thus I now use functions fitted to experimen-
Eliallngt?pr:aernsgore :.I 2’5':?:2793 5 272 11'985 1 tal measurements of 0.28 mm thick 3% grain oriented sili-

"~ ' ' con steel [18], 0.025 mm thick Metglas 2605SC [14], and

Supermendur[10] V2, Fe49, Co49 26 24 .2 51 mm thick Supermendur [18].
Hiperco 27 [11] Co27,Fe71 19 23617

Metglas 2605SC  Fe 81, B14, Si3 135 1.6 .03 _
e g as e | 4.38 x 10 4f1.67 Bl.87 (11)

. . — .67 .87
Eddy currents must be reduced in the iron not only be- 4.38 x 107125017 1.61%
cause of the increase in power consumption and cooling, = 10.7 w/kg = 49 kw/magnet

P(3% Si-Fe)
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Table 3: Magnet core materials.

Table 5: 4 acceleration stages; 6Q% survival overall.

Material Thickness Density Volume Mass Linac 10 Bore Cuosf Iron&SC
. (mm) (kg/m¥) (M) (kg) SC Magnet Magnet Magnets
3% Si-Fe 028 7650 0.6 4600  “Egey) 012 2-25 25250 2502000
Supermendur 0.1 8150 0.01 90 N(turns) 1 10 40 86
RF(GV) 2 2.5 6 25
Length(km) 0.4 0.36 2.3 14
7(ms) 0.0013 0.012 0.307 4.0
_ 4 151 174 1 Bunch(cm) 206-20 6 2 1
P(Metglas) = 1.9x 104 f151 B 12) survival  93%  92%  85%  82%

1.9 x 107425051 1,627
1.8 w/kg = 7.9 kw/magnet

P(Supermendur) = 5.64 x 1073 f127 B1-36  (13)
5.64 x 1073250127 2.21-36
18 w/kg = 1.6 kw/magnet

Table 4: Power consumption for a 250 Hz dipole magnet.

Material 3% Si-Fe Metglas
Coil Resistive Loss 15000 watts 15000 watts
Coil Eddy Current Loss 4200 watts 4200 watts
Total Core Loss 50600 watts 9500 watts
Total Loss 69800 watts 28 700 watts

(10]

In summary, a 250 Hz dipole magnet close to 2 Tesla ,
all] Carpenter Technology, 101 W. Bern St., Reading, PA 19603.

looks possible as long as the field volume is limited an

High Energy Physics, Snowmass, CO (25 June — 12 July
1996).

H. Sasaki,Magnets for Fast—Cycling Synchrotrorigyited

talk at International Conference on Synchrotron Radiation
Sources, Centre for Advanced Technology, Indore, India (3—
6 February 1992); KEK 91-216 (March 1992).

[6] A. J. Otter, A Prototype for the Booster Dipol&,RIUMF,
TRI-DN-89-K18 (February 1989).

[7] Alan J. Otter,LAMPF Type Stranded Magnet CablERI-
UMF, TRI-DN-88-K12 (December 1988).

Metals Handbook, Properties and Selection of Metals,
Vol. 1, 8th Edition, American Society for Metals (1961).

9] Chih-Wen Chen,Magnetism and Metalurgy of Soft Mag-
netic Materials,Dover Publications (1986).

Arnold Engineering Company, 300 North West Street,
Marengo, IL 60152.

5]

(8]

one is willing to deal with stranded copper and thin, low[12] W. O. Brunk and D. R. WalzA New Pulse Magnet Design

hysteresis laminations. Total losses can be held to twice

the PR loss in the copper alone, using Metglas.

The 1925 ramping dipoles which are required consume
56 megawatts when running. Given a 15 Hz refresh ra{d3l
for the final muon storage ring [1], the average duty cycle

for the 250— 2400 GeV/c acceleration rings is 6%. So the
power falls to 4 megawatts, which is small.
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