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pertT
Fermilab Muon Collider: A Feasibility Study

November 6, 1997

Options: Narrow 7, | Wide o, Med-Energy | Top Factory High-Energy
Beam Energy 50 GeV 50 GeV 100 GeV 175 GeV 250 GeV
op/D 3x107° | 1.2x107% | 1.2x 1073 | 12x10~% | 1.2 x 103
TYbeam 473 473 946 1656 2366
np{u)/beam 1 1 2 2 2
Proton kin. energy 16 GeV 16 GeV 16 GeV 16 GeV 16 GeV
Np/bunch on target | 5 x 1012 5x 10" | 25x108 | 25x108 | 2.5x 10
frep(Hz) 15 15 15 15 15
Proton power 3.85 MW 3.85 MW 3.85 MW 3.856 MW 3.85 MW
Target Ga(liq) Ga(lig) Ga(liq) Ga(liq) Gaf(liq)
As 24 cm 24 cm 24 ecm 24 cm 24 cm
biarg/ M 1.5 1.5 1.5 1.5 1.5
Target power 350 kW 350 kW 350 kW 350 kW 350 kW
B,y (capture) 20 T 20T 20T 20T 20T
7ot (inner) 7.5 cm 7.5 cm 7.5 cm 7.5c¢cm 7.5 cm
Pt maz (pion) 225 MeV/c | 225 MeV/c | 225 MeV/c | 225 MeV/c | 225 MeV/c
Txp (Bimul.) 0.65 0.65 0.65 0.65 0.65
ur (Simul.) 0.3 0.3 0.3 0.3 0.3
TNeool (goal) 0.5 0.5 0.5 0.5 0.5
Taceed (Simul.) 0.85 0.85 0.85 0.85 0.85
Niransfer (€St.} 0.77 0.77 0.77 0.74 0.74
N./N, 0.084 0.064 0.064 0.061 0.061
N, /bunch 3.2x10% 1 32x 107 | 1.6x 1077 | 1.52 % 102 | 1.52 x 1012
6-d €%, (eV-m?) 0.0125 0.0125 0.0125 0.0125 0.0125
Emitt. Dilution 1.55 1.55 1.55 1.8 1.8
6-d e, (eV-m?) 0.0194 0.0194 0.0194 0.0224 0.0224
€n,rms{mMm-mrad) 315 90 73 64 57
Ay (< 0.05 req.) 0.011 0.039 0.024 0.026 0.029
Collider Circ. 380 m 380 m 700 m 864 m 1000 m
B,y 276 T 2.76'T 3T 425 T 524 T
Turns/lifétime 820 820 891 1263 1559
fren(Hz) 79%x10° | 7.9x 105 4.3 x 10° 3.5 x 10° 3 x 10°
fon 13 ¢m 4 cm 3em 2.6 cm 2.3 cm
I 13 cm 4 cm 3 cm 26 cm 2.3 cm
n4(hour-glass) 0.76 0.76 0.76 0.76 0.76
oy 294 ym 87 um 48 um 32 pm 24 pm
g at [P 2.3 mrad 2.2 mrad 1.6 mrad 1.2 mrad 1 mrad
£ toIP 4.5 m 45m 4.5m 4.75 m 5m
oy at Ist quad 10 mm 9.8 mm 7.2 mm 5.8 mm 5 mm
Lpeat(em™ s~7) T 56x10°2 | 6.4x 10 | 56x<107 | 9.6x10% | 15 x 109
Lavg(cm~2 5-1) 44x10% | 50x10° | 88x10% | 26x10% | 59x 1032

Table 1: Draft parameter list for 100, 200, 350 and 500 GeV CM muon colliders.




4.5 GeV
1 GeV
from Linac

Fig. 1. Proton Source Configuration



Table II.1: Parameter list for a Proton Source capable of supporting muon production
requirements for a First Muon Collider -

Linac Pre-Booster Booster

Injection Energy (Kinetic) - 1.0 4.5 GeV
Extraction Energy (Kinetic) 1.0 4.5 16.0 GeV
Circumference - 180.65 47420 m
Current 65 —a— C — mA
Pulse Length 328 - - Msec
Protons/bunch - 5x1013 5x1013
Bunches - 2 2
Total Protons Ix1014 . ixjol4 1x1014
Repetition rate 15 15 15 Hz
Transverse Beam Emittance n 200r 240x mm-mr

(95%, normalized) - '
Bunching Factor — 025  0.25x2/21
‘Space-charge tune shift (injection) - 0.39 0.39
Longitudinal Emittance (95%, per bunch) — 1.8 2.0 eV-sec
RF Voltage 0.148 1.23 MV
RF Frequency (injection) 805 2.90 13.08 MHz
R¥ Frequency (extraction) 805 3.27 13.26 MH:z
Harmonic number —_ 2 21
Transition Gamma - 7 . 25
Synchrotron Frequency («7 exfrorfin) -— 473 378 Hz
Bunch Length (injection, 95% haif-width)) 83 21 nsec
Bunch length (extraction, 95% half-width) 21 2.3 nsec
Momentum spread - 0.1 05 %

(Injection , 95% half-width) '
Momentum spread 0.1 0.5 1.2 %

(Extraction , 95% half-width)

The transfes energy of 4.5 GeV between the two rings is chosen to equalize the
tune shift in the two nin, Inthemneshlﬁfornnﬂa.thmmtwofactmsofy
one factor of y is to make up for the larger circumference of the second ring;
factor of 7 is used to compensate fortheshonerbunchlengthmsulhngﬁ'omthebunchm
Both effects reduce the bunching factor in the second ring,

The design of the required 1-GeV linac is discussed elsewhere; hcreonliabﬁefomiewis
given. H- injection is used. It is assumed that the injected beam will be chopped and injected

9.
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Figure 3 shows the deformation of the rf wave due to the parsbolic line charge bunch. The
circles represent the effective rf wave V, from which the final bucket area is calculated. The
effective synchronous phase angle @_ is 28 deg and the voltage V, is 64.8 kV, slightly less than
the originally required voltage. The effective 1f voltage wave, even for this relatively long
bunch, appears to be sufficiently close to the the actual focusing voltage so that bucket area
calculations based on the sinusiod can be used.

Figure 3. The solid curve is a 133 kV 1f wave with longitudinal focusing reduced by space
charge effects. The circled curve represents a 64.8 kV sinusoid used to calculate the
cifective bucket area produced by the solid curve over the bunch length,
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The space charge induced voltage per turn seen by a particle within a bunch is
propottional to the spacial (or time) derivative of the bunch line charge distribution
A(s) or A(t).
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=20, EF (mw, ) cos(m wd:)

g" < -L(co)]+ (W) RZ_.

QL is the inductive reactance of the ring at the rotation frequency.

Fu(mw) is the Fourier transform of the line charge distribution normalized to unity at
w=0,

L(w) implies that the inductance introduced by ferrite for passive space
charge compensation will probably not be constant over the frequency range of the
beam Fourier components needed for complete compensation.
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.D. Wildman 7/31/97

New Booster RF System
( /€6 eV ris)

The new Booster RF system will have two h=21 cavities in each of the 14 short
straight sections. Each cavity will be a double gap, slow wave structure consisting of two
quarter wave resonators. The cavities will be use ferrite tuners to cover the 13.077 MHz
to 13.256 MHz frequency range and provide detuning to compensate for the steady state
beam loading. To minimize the transient beam loading,_the R/Q of the cavity will

lowered ;gl ? . The Q will als6 ¢ Towered 1o giving a cavity shunt ce 0
- Jsing these design values, cach cavity will produce a peak accelerating RF voltage
(Vrf) of SOkV with 312 kW of RF input,

At the maximum acceleration rate and design current, with no fast feedback, the power
amplifier must deliver a total output power of approximately 620kW with half of this
going directly to the beam and the other half being dissipated in the cavity plus power
amplifier. Two different tetrodes are possible candidates for the final stage of the power
amplifier. Both the Eimac 8973 and the Whﬂc rated anode dissipations

and are capable of delivering more of output power, These tetrodes
so have sufficient curreat output to provide fast transient beam loading compensation to
help cancel the 13kV/bunch per cavity induced voltage for a single passage of a SE13
proton bunch. The above design is conservative in that it does not rely on any fast
feedback systems to stabilize the beam. . : :
The total cost of the RF system is driven by the requirement of providing a peak

;vh%r osf %6MW to the beam. The entire cost of the RF system should be in the range of

25M -$30M.
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PROTON DRIVER SIMULATIONS WITH ESME

IOANIS KOURBANIS
11/7/97

A set of ESME simulations was performed for the two proton driver rings
specifed in the Proton Source summer study report. A single proton bunch
containing 5x 10” particles was tracked through the Pre-booster and then
through the Booster ring. Only space charge was considered in this set of
simulations.

A. H=2 PRE-BOOSTER RING

The Pre-Booster ring is a 15 Hz synchrotron with circumference 180.6 m
injection momentum 1.938 GeV/c and extraction momentum 5.356 GeV/e.

The harmonic number is 2 the gamma-t is 7 and the total beam intensity is
1x10™ particles.

In the simulations we assumed a multiturn injection (300 turns or Jofa
chopped linac beam (+120°) with a 1.5 MeV momentum spread (FW).

In the simulation the space charge was turned on linearly from zero to the
full value corresponding to 5x 10* ppb during the 300 turn injection.

The voltage at injection was ramped linearly from 5 - 25 KV to
compensate for the space charge.

The high voltage curve used for the momentum ramp took into account
the potential well distortion due to space charge and was calculated using
the iterative process developed by J. E. Griffin.

The bucket area assumed was 3 eV-sec (Total bucket Area 6 eV-sec).

The beam emittance from an initial 0.5 eV-sec grows to 1.8 eV-sec at
extraction. Most of the emittance blowup occurs during the 300 turn
injection and capture phase.

The voltage at extraction was kept at about 90 KV in order to achieve a
distribution narrow enough to fit into the buckets of the booster ring.

The final bunch length is 42 nsec ( 95% FW) and the momentum spread is
44 MeV (95% FW).



B. H=21 BOOSTER RING

The Booster Ring is a 15 Hz synchrotron which operates from injection
momenta 5356 GeV/c to extraction momentum of 16.938 GeV/c.

The circumference of the Ring is 474.2 m . We assume a gamma-t of 25,
The 1f system of the Booster Rings will operate at harmonic number 21
with two buckets occupied. The voltage at injection is chosen to be 580 KV
and the voltage curve required to generate two 4 eV-sec buckets is
calculated as before,

In this case there is no much difference between no space charge and space
charge because of the higher energies.
To reduce the final bunch length a bunch rotation was performed at the end
of the ramp. The rf voltage was reduced from 800-200 KV, the bunch was
left to rotate for a quarter of a syn. period and then the voltage was raised
again to 800 KV. After a quarter of aperiod at 800 KV the bunch length
was reduced a factor of 2 as expected.
The longitudinal emittance grows from about 1.8 eV-sec to about 2.5 eV-
sec and a 3% particle loss was observed.

The final bunch length is 5.2 nsec ( 95% FW) and the momentum spread is
406 MeV (95% FW).
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Instabilities and Space-Charge Effects
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v

in Proton Driver

K.YY. Ng

(November 8, 1997)

INTRODUCTION

MICROWAVE INSTABILITIES

1. Longitudinal

2. Transverse

COUPLED-BUNCH INSTABILITIES
1. Transverse Resistive Wall

2. Longitudinal
POTENTIAL-WELL DISTORTION
FERRITE COMPENSATION

1. Loss

2. High Perpendicular DC Bias

3. Example
CONCLUSIONS



Injection

First Ril.1£ Second Ring

Kinetic Energy (GeV) 1.0 4.5
Gamma 2.0658 5.7960
Beta 0.8750 0.9850
Cycle rate (Hz) 15 15
Circumference, C (m) 180.649 474.203
Rf harmonic, h 2 21
Number of bunches M 2 2
No. per bunch, N, | 5.0 x 1013 5.0 x 10%3
Bucket Bunching factor, B E:gs,f %{'
Transition +, 7 25
95% normalized emittance, eygs (m-m) 200 x 1076 240 x 10-5
Laslett tune shift -0.393 —0.388
Revolution frequency f, (MHz) 1.452 0.623
Average current per bunch I, (amp) 11.63 4.99
Peak current (amp) 93.06 419.04
Bunch area, A (eV-s) @ E-E'
Half bunch length 7 (ns) 64.56 14.34
£ (m) 16.94 4.24
Half momentum spread § 3.222 x 10~3  4.208 x 103
Average beta function (8) (m) 25 25
Average dispersion (D) (m) 1.8 1.8
Average beam radius a (cm) 5.29 3.33
Beam pipe radius b (cm) 8.0 5.0
Sp Ch imp. 28 252 . (1+2ln ) (Ohm) 921 103
Keil Schnell: '4' Bl (-—-)2 75.3 128
eﬁzfpk FWHM oumm——
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VI CONCLUSION

e Space charge is the main factor affecting the stability be the beams.

® The rings appear to be safe from microwave instabilities, both
longitudinal and transverse, especially because they are below
transition.
However, near extraction, both rings are too close to transition, [n]'s
become too small, and may not be enough to damp the instabilities.
Hopefully, these moments are short and blowup will be small.
Can also raise 4’s during rampings and lower them when bunch-

shortening rotations are required near extraction. Use FMC lattices.

¢ Space-charge distortion of rf focusing force is large for first ring but
not for second ring.
To minimize rf system and avoid bunch-area increase due to
space-charge mismatch bucket, ferrite compensation is recommended

for the first ring.

® The real resistive loss due to ferrite has been computed using a

self-consistent model.



R. Rossmanith
Workshop on muon colliders, Fermilab, Nov. 97




A modest RF system'shm‘péns the resonance to 10 in the same way
the cavities in LEP sharpen the resonance by at least a factor of 10 by
iutroducing energy (synchrotron) oscillations

b.) Otherway go back to microtron. Momertum compactton fa. tor of
microtron is 1:

example 1 km circumference: 107 is I m

_ Is in principle posmble but reduces luminosity: bunch length becomes
too long.

In prineiple possible, b«d’ lum’nosii’, 1S 'ov
{oo

Nl%‘."@mfds are +~¢_ {‘" l%‘\onzpnfal
| . - QQJM SP'Q



R+D PRee ommeqo}q'f?& ay

e ————

Far 7"4er~ e x,oerz'men’ﬁ / //':ye,rf'/';e—/"/aq oF
/'ho/o C7L/ve /'nJ‘f)--/.Lf ﬂ7L /D—s./e o A@J P
kf/(— /nTendls QJJH‘; hore Ilne/vc,?ldr 7

}DJ Me;n /"f'ﬁa 7"4;.}' yeqr.

Coa?L/aue P&-o?’&a Ju.,cjz'n; e)(,/pef;h-:crt?':f
710 éczx.eye_ 0'_;,_ ~ / nse ¢ (A@f ?)

f#ﬂ"% Jyacgm-?"ron RF FPrepranm:
Q) Eroadband silid-rTate /5 AW Jdriver
‘Fw 'F{eJ‘ForwenJ CoM/ean'?‘froﬂ G'-7C
Thangtent demm Aqa/z’n;[.
é) Cjé’f‘am/'c. ;q/w / 7‘5,,.,.,/4 Cew'?lf’CJ,
C) Dua/ o’r/vfr J}J"/E'.m (2 GM)A'*F!P"U
o!l“;vf'qa’ Jed A ~gap caw'?}).
cJ) &%u/q?‘e ‘FecJ‘Farwaro//‘FecJéqck
5)«}7‘(«; 7% qf//ow o/ef/:ﬁ.ﬁy..r‘% /vko(‘e&:/.
745 (nz’?‘/‘ﬁ/ AF exﬁ&rz'h—rfn'ta/ /N‘vﬁrem /s
estimaTed 7o be for 2 years wité4
2 FTEY aud F/1,



Ianavqf}be work CowZii ves

on The A//'gz-_z;fé/:n'é Z"o?“’q J‘;"”'Ce"‘

K.oe5h

ey

n ons ';_}_Q

“I think you should be more explicit here in step two.”



