
Discussion on How to Get to 4 MWDiscussion on How to Get to 4 MW 

Valeri Lebedev
AAC Meeting

November 16-17, 2009



OutlineOutline

• Objectives for Project X upgrade
• Requirements to the Compressor ring
• Upgrade scenarios
• ConclusionsConclusions

AAC, November 16-17, 2009 – Valeri Lebedev 2



Objectives for Project X 
U dUpgrade

• Two future projects could profit from Project X upgrade
– Muon collider (MC)

• 4 MW, 15 Hz  (single bunch, 2.1·1014), 6 to 15 GeV 
• Bunch parameters on target: rms length - 2-3 ns , rms  size ~2 

mm
– Neutrino factory  

• same requirements for power and bunch parameters  but can 
operate at an order of magnitude higher bunch frequency, 
consequently, an order of magnitude smaller bunch intensity
 Easier to achieve

• MC requirements are used in further consideration• MC requirements are used in further consideration
• We do not need just 4 MW we need 4 MW which can be used by 

MC
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Objectives for Project X 
U dUpgrade

• Maximum muon yield per unit power is in vicinity of 8 GeVMaximum muon yield per unit power is in vicinity of 8 GeV
• Efficiency of muon production decreases if bunch length is 

above ~2 ns 
Muon yield on the beam energy for MC Muon yield on the bunch length for MCMuon yield on the beam energy for MC Muon yield on the bunch length for MC
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Beam Power Limitations for 
MC C RiMC Compressor Ring

• Betatron tune shift due to beam space X. Ding,  UCLA
charge, SC

– An increase of beam emittance is 
limited by focusing on the target 

Hg Jet

Proton Beam
θBEAM

θCROSS

rJET

g

• 2 mm,  0.2 m 
 rms ≤ 20 mm mrad

• weak dependence on beam energy
R lt i b l t th d f

Solenoid Axis

rjet=5mm, θbeam=80 mrad, cross=28 mrad
– Results in beam loss at the end of 

compression
• Longitudinal microwave instability

d l t th d f i j ti

Linteract= rjet /cross = 178 mm

– develops at the end of injection
– is extremely fast 
– results in an increase of initial longitudinal 

emittance and consequently bunch lengtheningemittance and, consequently, bunch lengthening
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Betatron Tune Shift due to 
B S ChBeam Space Charge

• For practical parameters of the compressor 
CNring  factor F = F(x, y, x, y, D) has 

comparatively weak dependence on optics
– Increasing D in arcs can decrease F by ~2 times        - Gaussian beam is implied 
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• Assuming that C  E, it results in a cubic 
dependence of SC on the beam energy
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• For 4 MW at 8 GeV SC ~ 0.15 
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Longitudinal Microwave 
I t bilitInstability

• Stability boundary
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 stability condition can be approximated as 
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• For E16 GeV longitudinal impedance is dominated 

by the space charge impedance
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Longitudinal Microwave 
I t bilit Miti tiInstability Mitigation

• Increase slip factor
It i li ti ll b t iti 0 08

0.1

 9.526

– It implies operation well above transition
– Slip factor increase is limited by the beam 

dispersive size 
• p  amax / D ,        D / R0, 
   ~ a /R 0.02

0.04

0.06

0.08

1

 2

1

 2


 p ~ amax/R0

– In practical terms Pmax  4 amax / (R0 Linit)
 Reduce 

Initial bunch length & Machine circumference

5 10 15 20
0


Dependence of slip-factor  on tune 
in the smooth focusing approximation 
for 8 GeV beamg

Increase 
Energy & Horizontal aperture in dipoles

• Large slip-factor requires large RF voltage
Improves ratio of SC longitudinal field to the RF field

for 8 GeV beam

– Improves ratio of SC longitudinal field to the RF field
– Small number of turns for bunch rotation

• There is no acceleration in the Compressor ring
 High conductivity vacuum chamber with good electrodynamics

 SC makes major contribution to the longitudinal impedance SC makes major contribution to the longitudinal impedance
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Options for Compressor 
RiRing

• At 8 GeV the longitudinal microwave instability limits the 
b t 1 MW ( i l b h 15 H )beam power to ~1 MW (single bunch, 15 Hz)

• There are two possible options for 4 MW compressor 
ring for  muon collider

– Increase energy to ≥12 GeVIncrease energy to ≥12 GeV
and use a single bunch

– Stay at 8 GeV and use 
a multi-bunch solution 
(Ankenbrandt Palmer)(Ankenbrandt, Palmer)

• Four bunches should be 
sufficient

• Four compressor rings 
may present a better choicemay present a better choice

– 5.2·1013 p per ring
• Additional ring/rings may be required to mitigate RF beam loading

– Accumulator + Buncher (as in CERN’s neutrino factory proposal)Accumulator  Buncher (as in CERN s neutrino factory proposal)
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Options for Muon Collider 
P t D iProton Driver

• Option 1 (4 MW) 2 G eV  lin ac 2- 8 G eV  lin ac

• Option 2 (1 MW)
4 C om pressor 

       R in gs

R ecy cler  

       M I

• Option 3 (4 MW)
– Same as 2 but RCS energy 

is increased to at least 12 GeV

2 G eV  lin ac

C om pre sso r 

       R in g

R ecy cler  

       M I2- 8 G eV

   R C S
is increased to at least 12 GeV 

• All options require the 2 GeV linac to 
support ≥20 mA beam current
 CW linac  Pulsed linac CW linac  Pulsed linac

That discontinues 2 GeV physics program
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Option 1 (4 MW)
P l d LiPulsed Linac

2 G eV  lin ac 2- 8 G eV  lin ac
R ecy cler• Large linac beam current is required  

to ease the beam injection
– Linac current is chopped so that to create 

i f h t b h f i j ti

4 C om pressor 

       R in gs

R ecy cler  

       M I

a series of short bunches for injection
• It increases the peak current but
• Prevents momentum blowup by microwave instability 

during and immediately after injectionduring and immediately after injection 
– Peak current – 100 mA
– Average current – 20 mA
– Pulse duration – 1.67 ms (1740 turns)

100

I t( )

– Repetition rate – 15 Hz
• Linac current is RF split into 4 beams

– Simultaneous injection into 4 compressor rings 0 0.5 1
0

50
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Option 1 (4 MW)
C iCompressor ring

• Objectives for optics choice
Fri Nov 13 22:23:36 2009    OptiM - MAIN: - C:\VAL\Optics\Mu
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Option 1 (4 MW)
Bunch Compression for theBunch Compression for the 
Case of 4 Compressor Rings

• p at injection is chosen so 
that the beam current is ~1/3that the beam current is ~1/3 
of the instability threshold 

– Optimistically we can expect 
3 times smaller bunch 
length after bunch rotation

Ring parameter

length after bunch rotation
• It does not change other 

parameters

fRF (h=1), MHz 1.04

VRF @ injection, kV 6.6

VRF @ rotation, MV 2.5VRF @ rotation, MV 2.5

p at injection (linac beam)  4.2·10-4

Duration of rotation., turn 146

Z /n (SC/stab boundary)  10/30
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Option 1 (4 MW)
Bunch compression for theBunch compression for the 

Case of One Compressor Ring
• It is the same ring as for the option 1

– But 4 bunches are simultaneously injected
– Same injection time
– Same linac duty factor

• Each bunch has the same intensity but is 
4 times shorter

• Total injection loss is approximately the ota ject o oss s app o ate y t e
same as for the four rings

• 4 times larger total (43 A) and peak beam 
currents (174 A)

100

I t( )

( )
– 4 times larger beam induced voltage on 

RF system
0 0.5 1

0

50
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Option 1 (4 MW)
Bunch compression for CaseBunch compression for Case 

of One Compressor Ring
• Compression is better due to 

larger p (smaller initial bunchlarger p (smaller initial bunch 
length)

• Voltage induced by beam on RF 
system can be serious limitation

– It requires detailed insight– It requires detailed insight
• It is all about RF and bunching

– Cost of magnets and kickers is 
a secondary issue

Ri tRing parameter
fRF (h=4), MHz 4.16
VRF @ injection, kV 105
VRF @ rotation, MV 5
p at injection (linac beam)  8.4·10-4

Duration of rotation., turn 51
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Proton Driver for MC 
Development Based on 8 GeVDevelopment Based on 8 GeV 

RCS (no upgrade)
• What RCS can do?

– ~230 kW at 10 Hz with 2 turn injection from RCS to the compressor ring
• Compressor ring length ~1/2 of RCS
• 2 trains of 10 bunches in RCS
• 3 times more protons per bunch than in RCS proposal (SC0.2)

– 2 ns single bunch as required for muon collider 
• But 10 times smaller bunch intensity than 4 MW 15 Hz proton drivery p

– It can be good a test MC test stand 
– Full 340 kW power of RCS can be used with 3 turn injection

• Requires the circumference of Compressor Ring to be ~185 mq p g
 SC dipoles and quads
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Option 2 (1 MW) 
8 GeV RCS as Proton Driver8 GeV RCS as Proton Driver 

for MC
RCS RCS• We imply that Compressor RCS RCS 

upgrade
Power 340 kW 1 MW

11 11

p y p
Ring is 3 times shorter than 
RCS
• SC magnets

Particles/bunch 3·1011 16·1011

95%n, mm mrad 22 80

 (KV distr ) 0 07 0 1

• 3 turn injection
• What needs to be changed

• Bunch structure
SC (KV-distr.) 0.07 0.1

Long. emit. , eV s 0.35 0.2
• 3 trains of 11 bunches
• Instead of 88 bunches

• Acceptance increase to 
iti t SCmitigate SC

• Rep. rate 10 15 Hz
• RF system
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Option 2 (1 MW)
B A l tiBeam Acceleration

• Challenges for the RF 
system

– 2 times increase of 
average beam 

tcurrent
– 5 times increase of 

the peak current 
(aver over bunch)(aver. over bunch)

 Larger beam loading
• Bunches are short at 

the cycle endthe cycle end
– Debunching in 

Compressor Ring
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Option 2 (1 MW)
S Ch Eff t i RCSSpace Charge Effects in RCS

• Slip factor reduction with acceleration results in an increased effect of 
b h l i di l ibeam space charge on longitudinal motion

• Transverse space charge effects are controlled by 
aperture/acceptance increase
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Option 2 (1 MW)
RCS V h bRCS Vacuum chamber

• Vacuum chamber
– R: 22 35 mm mrad
– 0.7 mm stainless steel  0.7 mm inconel

• Heating: 10  50 W/mg
– Forced air-cooling

• Instability growth rate stays the same: 
~0.08 turn-1 for lowest betatron sideband
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Option 3
4 MW RCS4 MW RCS

• Energy increase results in
– Higher transition energy 

 Higher periodicity
 Longer ring

 Cannot use RSC infrastructure Cannot use RSC infrastructure
• Transverse space charge can be addressed by acceptance increase
• Transition energy has to be high enough to avoid space charge 

ff t th ieffects on the maximum energy
• This choice looks much more difficult than Proton Driver based on 8 

GeV pulsed SC linac with Compressor Ring
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ConclusionsConclusions

• Upgrade of IC-2 complex to the MC proton driver 
– requires large increase of linac beam current

• Incompatible with CW operation
– Required ~10 times difference in coupling coefficients between 

pulsed and CW operation looks impractical for so high beampulsed and CW operation looks impractical for so high beam 
power

 discontinuing of 2 GeV experimental program or building new 2 GeV 
frontend

• 4 MW proton driver based on 8 GeV SC linac looks preferable 
relative to the RCS based option

• 1 MW proton driver can be done with RCS but will require 
replacement of ac m chamber and all magnets of the ringreplacement of vacuum chamber and all magnets of the ring

– Building such magnets and vacuum chamber from the beginning is 
possible

• It will result in an increase of the contraction cost and operationalIt will result in an increase of the contraction cost and operational 
cost
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ConclusionsConclusions

• To make a logical conclusion on IC-2 configuration we need to have 
answers on the following questions: 

– When MC can be build?
– Is 4 MW a real requirement for power of MC Proton Driver?
– How long 2 MW neutrino program will continue?
– How important is the cost reduction of IC-2 now versus possible 

future savings for MC?
• Note that any choice for 2-to-8 GeV acceleration in IC-2 is good 

enough for MC test stand
• And finally

– Is it appropriate in addition to the decoupling to ILC to affirm the 
decoupling of IC-2 to MC?
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Criterion of Longitudinal 
B St bilitBeam Stability
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Stability Criterion and 
Growth RateGrowth Rate
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Longitudinal ImpedanceLongitudinal Impedance
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Simple Stability CriterionSimple Stability Criterion
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