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▪ Design aspects of the Rapid Cycling Synchrotrons
▪ Magnets and RF layout
▪ Synchrotron tune mitigation
▪ Nonlinear ramping functions
▪ Summary and outlook on longitudinal tracking studies
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Outline

F. Batsch



▪ Base for the work is the US Muon Accelerator Program (MAP)
▪ High energy complex consist of a chain of rapid cycling synchrotrons (RCS)

Reminder on design baselines

F. Batsch

Part of interest for us

1 bunch per beam
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http://map.fnal.gov/


▪ Design oriented on reaching the performance parameter [webpage]
▪ The relevant target parameters are: [presentation by D. Schulte]

Reminder on design baselines

F. Batsch
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Parameter Unit 3 TeV 10 TeV

L 1034 cm-2s-1 1.8 20

N 1012 2.2 1.8

fr Hz 5 5

<B> (average) T 7 10.5

εL (norm, 1σzσE) MeV m 7.5 7.5

σE / E % 0.1 0.1

σz mm 5 1.5

Repetition rate of 5 Hz 
→ RCS

https://muoncollider.web.cern.ch/
https://indico.cern.ch/event/1271455/contributions/5407015/attachments/2651139/4590237/Parameters_may_2023.pdf


▪ Chain of rapid cycling synchrotrons, counter-rotating m+/m- beams
→ 60 GeV → 314 GeV → 750 GeV → 1.5 TeV → 5 TeV

▪ Hybrid RCSs have interleaved normal conducting (NC) and superconducting 
(SC) magnets, see also talks by A. Chancé [talk1, talk2]

▪ This would be the first hybrid RCSs in the world!
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The high-energy complex

F. Batsch

https://indico.cern.ch/event/1250075/contributions/5357601/
https://indico.cern.ch/event/1250075/contributions/5342391/


▪ SC magnets provide high average B, but not fast 
ramping → fixed-field, 𝑩𝐬𝐜 = 𝟏𝟎 T

▪ NC magnets require fast ramping within 𝑩𝐧𝐜 = ±𝟏. 𝟖 T
Adopted achieved parameters: below saturation of both 
technologies

▪ Beam orbit not constant during acceleration
→ Orbit length and frev ≠ const. 
→ fRF tuning for cavities
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Hybrid RCS magnet layout

F. Batsch

NCSC SC

From A. Chancé



RCS1→314 GeV RCS2→750GeV RCS3→1.5TeV

Circumference, 2pR [m] 5990 5590 10700

Energy factor, Eej/Einj 5.0 2.4 2.0

Repetition rate, frep [Hz] 5 (asym.) 5 (asym.) 5 (asym.)

Number of bunches 1m+, 1m- 1m+, 1m- 1m+, 1m-

Bunch population >2.5E12 >2.3E12 2.2E12

Survival rate per ring 90% 90% 90%

Acceleration time, tacc [ms] 0.34 1.04 2.37

Number of turns 17 55 66

Energy gain per turn, DE [GeV] 14.8 7.9 11.4

Acc. gradient for survival [MV/m] 2.4 1.3 1.1

Acc. field in RF cavity [MV/m] 30 (45 optimistically) 30 30

Detailed parameter table: [link]
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Parameters and tools:

General parameter

F. Batsch

https://cernbox.cern.ch/s/U0gFmSodZA5knR8


▪ High 𝑮𝐚𝐜𝐜 and strong beam loading → SRF

▪ → 1.3 GHz TESLA-like cavity as assumption for 
muon collider RCS

▪ Cavity parameter (9 cells, L=1.06 m):
▪ Harmonic number h = 25957 to 46367
▪ R/Q = 518 W, total Rs = 306 GW

▪ Gradient of structure 30 MV/m
▪ QL = 2.2e6 (for beam loading compensation with 𝛥f = 

320 Hz, [ref]) , probably value to high and to be 
corrected
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The cavity assumption:

TESLA

[Phys. Rev. ST Accel. Beams 3, 092001, 2000]

(From design report)

F. Batsch

https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.22.081002
https://journals.aps.org/prab/abstract/10.1103/PhysRevSTAB.3.092001
https://journals.aps.org/prab/abstract/10.1103/PhysRevSTAB.3.092001


RCS1→314 GeV RCS2→750GeV RCS3→1.5TeV

Circumference, 2pR [m] 5990 5590 10700

Energy factor, Eej/Einj 5.0 2.4 2.0

Repetition rate, frep [Hz] 5 (asym.) 5 (asym.) 5 (asym.)

Number of bunches 1m+, 1m- 1m+, 1m- 1m+, 1m-

Bunch population >2.5E12 >2.3E12 2.2E12

Survival rate per ring 90% 90% 90%

Acceleration time, tacc [ms] 0.34 1.04 2.37

Number of turns 17 55 66

Energy gain per turn, DE [GeV] 14.8 7.9 11.4

Acc. gradient for survival [MV/m] 2.4 1.3 1.1

Acc. field in RF cavity [MV/m] 30 (45 optimistically) 30 30

Detailed parameter table: [link]
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Parameters and tools:

General parameter

▪ High 𝚫𝐄 = 𝐕𝐑𝐅 ⋅ 𝒄𝒐𝒔(𝝓𝒔)→ Unique RF requirements such as high 
synchrotron tune

https://cernbox.cern.ch/s/U0gFmSodZA5knR8


▪ Number of synchrotron oscillations per turn proportional to √𝑽𝐑𝐅:

▪ Stable synchrotron oscillations and phase
focusing only for Qs << 1/p (T. Suzuki, KEK Report 96-10)

→ RCSs would exceed this limit: 0.3 < Qs < 1.5
→ Several longitudinal kicks per turn for small Qs between 

stations, i.e., small Qs/nRF
→ Distribute RF system over nRF sections

→ nRF is an important quantity to determine!
From: H. Damerau

Synchrotron tune and number of RF stations
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LHC: Qs=0.005

F. Batsch

https://inspirehep.net/literature/423542


Why not choosing a high nRF to fulfil Qs << 1/p ?

▪ High nRF → smaller quadrupole-like oscillations caused by discrete energy steps 
and resulting mismatching

▪ BUT: higher nRF results in higher construction / cooling / cryogenics and 
powering costs, even though the number of cavities is constant and defined by 
DE per turn, plus lattice restrictions

→ Determine emittance growth, also as a function of nRF

Examples: nRF = 4

RCS1, no Vind, eL = 0.31 eVs

21 June 2023 11

Synchrotron tune and number of RF stations

11F. Batsch

𝑸𝐬

𝒏𝐑𝑭
=
𝟏. 𝟓

𝟒
= 𝟎. 𝟑𝟖

¼  turn

High Qs destroys bunch!



Examples: nRF = 32
RCS1, no Vind, 𝜀𝐿 = 0.31 eVs

▪ For nRF > 48, 𝚫𝜺𝐋 = 𝟑%, no further improvement

▪ For RCS1, nRF ≈ 32 best candidate

▪ For RCS2 and 3, nRF ≈ 24 could be enough

21 June 2023 12

Synchrotron tune and number of RF stations

12F. Batsch

Emittance 

growth: 4% 

𝑸𝐬

𝒏𝐑𝑭
= 𝟎. 𝟎𝟓



▪ Design aspects of the Rapid Cycling Synchrotrons

▪ Magnets and RF layout

▪ Synchrotron tune mitigation

▪ Nonlinear ramping functions

▪ Summary and outlook and longitudinal studies
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Outline

F. Batsch



RCS1→314 GeV RCS2→750GeV RCS3→1.5TeV

Circumference, 2pR [m] 5990 5590 10700

Energy factor, Eej/Einj 5.0 2.4 2.0

Repetition rate, frep [Hz] 5 (asym.) 5 (asym.) 5 (asym.)

Number of bunches 1m+, 1m- 1m+, 1m- 1m+, 1m-

Bunch population >2.5E12 >2.3E12 2.2E12

Survival rate per ring 90% 90% 90%

Acceleration time [ms] 0.34 1.04 2.37

Number of turns 17 55 66

Energy gain per turn, DE [GeV] 14.8 7.9 11.4

Acc. gradient for survival [MV/m] 2.4 1.3 1.1

Acc. field in RF cavity [MV/m] 30 (45 optimistically) 30 30

Ramp rate, Ḃnc [kT/s] 4199 3281 1518

Detailed parameter table: [link]
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Parameters and tools:

General parameter

Fast ramping within 𝑩𝐧𝐜 = ±𝟏. 𝟖 T

https://cernbox.cern.ch/s/U0gFmSodZA5knR8


▪ Optimization problem between linearizing 
magnet ramps and installed voltage, or muon 
loss

▪ Linear ramping → constant VRF
→ simplest RF solution, best for m

▪ Non-linear ramping → decrease peak power 
≙ magnet powering costs significantly 
(see talk by F. Boattini)

▪ Sinusoidal ramp function → performance 
decrease of 50%

→ Study quasi-linear ramping by e.g. natural
resonant discharge of e.g. two harmonics 

21 June 2023 15

Fast ramping considerations

15

Function from F. BoattiniExample for RCS3

Injection Ejection

F. Batsch

https://indico.cern.ch/event/1250075/contributions/5357587/
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RF requirements with non-linear ramping
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▪ Vacc and Gacc must be increased by 12% to achieve the same 𝝉𝐚𝐜𝐜
⇔ ≠ 200% as for a sine-like ramp!

Constant 

gradient for 

linear ramp

F. Batsch

Average gradient over ring 

for 90% survival

Example for RCS3

B ∝ E defines all dynamics!
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Acc. gradient with non-linear ramping

17

→ Adjust the voltage by sweeping the synchrotron 
phase 𝑉(𝑡) = 𝑉RF ⋅ 𝑠𝑖𝑛(𝜙s(𝑡))

and 

▪ Example for RCS3, no intensity effects:

fs,0 = p - 45° for linear, above transition

F. Batsch
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Acc. gradient with non-linear ramping
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→ Adjust the voltage by sweeping the synchrotron 
phase 𝑉(𝑡) = 𝑉RF ⋅ 𝑠𝑖𝑛(𝜙s(𝑡))

and 

▪ Example for RCS3, no intensity effects

→ Powering and ramping function optimization 
ongoing, combined with synchronous phase and 
RF voltage optimization (see next talk and talk by 
F. Boattini)

fs,0 = p - 45° for linear, above transition

F. Batsch

https://indico.cern.ch/event/1250075/contributions/5356808/
https://indico.cern.ch/event/1250075/contributions/5357587/


▪ The muon decay brings unique challenges: fast acceleration, large voltages, high 
intensities, high synchronous tune, small number of turns

▪ Fast ramping asks for RCS, high energies for hybrid magnet structure

▪ Developing an integrated design with respect to magnets + RF and ramping 
function, but also lattice (see talks by A. Chancé)

▪ Large, number of RF stations, e.g. 30, to mitigate extreme synchrotron tune

▪ Magnet ramping and RF voltages require optimization of acceleration parameters 
(RF voltages, synchronous phase, acceleration time = decay) 
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Summary

F. Batsch





▪ BLonD: macro-particle tracking code, 
developed at CERN since 2014

▪ Links: documentation and github

▪ MuC-specific to multiple RF stations 
& muon decay

▪ Studies of today with only one 
bunch, 2nd to follow
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The BLonD code
(Beam Longitudinal Dynamics code)

From BLonD documentation

F. Batsch

https://blond.web.cern.ch/
http://blond-admin.github.io/BLonD/
https://github.com/blond-admin/BLonD


▪ Using the BLonD code to observe effects of 
▪ Synchrotron tune Qs

▪ Choice of synchronous phase
▪ Short-range wakefields
▪ Beam loading at fundamental frequency
▪ Induced HOM powers
▪ Nonlinear ramping functions (RF and magnets)
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Studies with BLonD
(Beam Longitudinal Dynamics code)

F. Batsch

https://blond.web.cern.ch/
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