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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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Reminder on design baselines

= Base for the work is the US Muon Accelerator Program (MAP)

= High energy complex consist of a chain of rapid cycling synchrotrons (RCS)
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http://map.fnal.gov/

Reminder on design baselines
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= Design oriented on reaching the performance parameter [webpage]

= The relevant target parameters are: [presentation by D. Schulte]

Repetition rate of 5 Hz

L 1034 cm2s? 1.8 20 > RCS
N 1012 2.2 1.8
f, Hz 5 5
<B> (average) T 7 10.5
g (norm, 10,0¢) MeV m 7.5 7.5
o,/ E % 0.1 0.1
o mm 5 1.5

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

The high-energy complex
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= Chain of rapid cycling synchrotrons, counter-rotating p*/u- beams
— 60 GeV > 314 GeV — 750 GeV —» 1.5 TeV —» 5 TeV

a2 In same tunnel N

RCS1
Normal

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

Hybrid RCS magnet layout
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= SC magnets provide high average B, but not fast
ramping - fixed-field, B, =10 T
= NC magnets require fast ramping within B,.=+1.8 T p p_;' !

Adopted achieved parameters: below saturation of both

technologies

= Beam orbit not constant during acceleration

- Orbit length and £, # const.

> fer tuning for cavities

From A. Chancé
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N’ Parameters and tools:
Mgz General parameter

# Collaboration

Detailed parameter table: [link]

| Rcs1>314Gev | RCS2>750GeV | RCS3>1.5Tev

Circumference, 2nR [m] 5990 5590 10700
Energy factor, E./E;, 5.0 2.4 2.0
Repetition rate, f,., [HZ] 5 (asym.) 5 (asym.) 5 (asym.)
Number of bunches lu*, 1w lu*, 1w lut, 1w
Bunch population >2.5E12 >2.3E12 2.2E12
Survival rate per ring 90% 90% 90%
Acceleration time, t,.. [ms] @
Number of turns 17 55 66
Energy gain per turn, AE [GeV]
Acc. gradient for survival [MV/m] @ @ @
Acc. field in RF cavity [MV/m] 30 (45 optimistically) 30 30

i RCS.

108709585
313830

Saged |


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

HOM coupler
ek flange

The cavity assumption: I
Mz TESLA i}m Hﬂf

ollaboration 1061 mm
1276 mm

(From design report)

= High G, and strong beam loading - SRF

Table 2: TTF cavity design parameters.®

H H H type of accelerating structure standing wave
= = 1.3 GHz TESLA-like cavity as assumption for e —
fundamental frequency 1300 MHz
lesign gradient E,.. 25 MV/
llid RCS quality Tctor Qo S0
m uon co I er [Phys. Rev. ST Accel. Beams 3, 092001, 2000] active length L 1.038 m
mumber of cells 9
cell-to-cell coupling 187 %
. iris diameter 70 mm
= Cavity parameter (9 cells, L=1.06 m): gty oo o
Epeak [ Eace 20
B;dt,-" Eace 4.26 mT/(MV/m)
= Harmonic number A/ = 25957 to 46367 N o
Lorentz force detuning at 25 MV/m =~ 600 11z
Qexe of input coupler 3100
m = -avity bandwidth at Qo = 3- 100 130 Tz
R/Q = 518 Q,total R = 306 GQ s
repetition rate 5 Hz
u fill time 530 ps
u G rad Ient of stru ctu re 30 lem beam acceleration time 800 ps
RF power peak/average 208 kW /1.4 kW
number of HOM couplers 2
— 1 1 1 —_ -avity longitudinal loss factor ky for o, = 0.7 mm 10.2 V/pC
= Q= 2.2e6 (for beam loading compensation with Af= oy s T Tt & o o~ = 17 | T3 V/o/m
. parasitic modes with the highest impedance : type ™
320 Hz, [ref]) , probably value to high and to be T e T RQ) equeney | 50 072158 it
! ’ 27/0  (R/Q)/ frequency | 67 (/2443 MHz
bellows longitudinal loss factor ky for 0. = 0.7 mm
CorreCted bellows transversal loss factor k; for o, = 0.7 mm 1. 9, V/ p( m

CERN
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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
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Detailed parameter table: [link] —

| RCSI314GeV | RCS2750Gev

Circumference, 2nR [m] 5990 5590 10700

Energy factor, E./E;, 5.0 2.4 2.0

Repetition rate, f,., [HZ] 5 (asym.) 5 (asym.) 5 (asym.)

Number of bunches lu*, 1w lu*, 1w lut, 1w

Bunch population >2.5E12 >2.3E12 2.2E12

Survival rate per ring 90% 90% 90% - i
Acceleration time, t, . [ms] 0.34 1.04 2.37 | F

Number of turns

Energy gain per turn, AE [GeV] - ‘ ‘

Acc. gradient for survival [MV/m] 2.4

002575 Mev ™ 0075 o025

= High AE = Vg - cos(¢ps) 2 Unique RF requirements such as high
synchrotron tune

) htlen 0. L .37
- _-—;—M



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

Synchrotron tune and number of RF stations
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= Number of synchrotron oscillations per turn proportional to VVgg:

Qg = ws _ \/_ hﬁe;/RECBO; Ps < v/ VRF €OS g LHC: Q.=0.005
T

Wo
= Stable synchrotron oscillations and phase m

focusing only for Q. << 1/m (T. Suzuki, KEK Report 96-10)

— RCSs would exceed this limit: 0.3 < Q, < 1.5 Number of
straight

sections: 2

— Several longitudinal kicks per turn for small Q, between
stations, i.e., small Q./n

— Distribute RF system over nge sections U
- Nge_is an important quantity to determine!

;jf From: H. Damerau
CERN
F. Batsch M’ I



https://inspirehep.net/literature/423542

Synchrotron tune and number of RF stations
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Why not choosing a high ng¢ to fulfil Q. << 1/m ?

= High nge = smaller quadrupole-like oscillations caused by discrete energy steps
and resulting mismatching

= BUT: higher nge results in higher construction / cooling / cryogenics and
powering costs, even though the number of cavities is constant and defined by

AE per turn, plus lattice restrictions

- Determine emittance growth, also as a function of g

Injected bunch % turn Last Turn

Examples: - = 4 2

AE (GeV)
[=]

RCS1, no V4 & = 0.31 eVs

QS - =0.38 01 02 03 04 05 06 01 02 03 04 05 06 01 02 03 04 05 06
' At (ns) At (ns)

CERN Ngr 4 :
@ High Q. destroys bunch! E. Batsch Mﬂ’ﬁ
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Synchrotron tune and number of RF stations

ﬂﬁé@rgiﬁ}?;:r' Injected bunch Turn 17,section 24
/ ollaboration Emittance
Z 2 growth: 4%
s S
Examples: g = 32 20 S o
RCS1, no V4 ¢ =031 eVs s >y
Q
> =0.05 0.1 0.2 03 0.c 0.1 0.2 0.3 0.4
Ngr At (ns) At (ns)
A © RCS1, no intensity effects
307 o A RCS1, with intensity effects
= For nge > 48, Ag, = 3%, no further improvement a o P, o intoncte| et
£ 201 o
= For RCS1, ngxe = 32 best candidate g a 3
101 & A
[n]
= For RCS2 and 3, ngr = 24 could be enough i 2
B 8 $ 8 . 4
0 | B 8 n o
0 20 40 60 80 100

CERN Mer )
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= 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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N’ Parameters and tools:
Mgz General parameter

# Collaboration

Detailed parameter table: [link]

| | Rcs1>314Gev | RCS2>750Gev | RCS3>15Tev S S e S S

Circumference, 2R [m] 5990 5590 10700 ” "‘;; msc-;;ﬂ
Energy factor, E,/E,, 5.0 2.4 2.0 pEs 2=
Repetition rate, fq,, [HZ] 5 (asym.) 5 (asym.) 5 (asym.) :’ :
Number of bunches lpt, 1w lpt, 1w lut, 1w '5: e ‘m
Bunch population >2 5E12 >2 3E12 2.2E12 ‘ R
Survival rate per ring 90% 90% 90% R Ry = m’" ; wm
Acceleration time [ms] 0.34 @ 3 u:
Number of turns
Energy gain per turn, AE [GeV]
Acc. gradient for survival [Mv/m]  Fast ramping within B, =+1.8 T e - x | n:'"

Acc. field in RF cavity [MV/m]
Ramp rate, B, [KT/s] 4199

e

o e - Ll


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

Fast ramping considerations
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- simplest RF solution, best for pn

= Optimization problem between linearizing P I——
. unctuon 1rrom . boattni
magnet ramps and installed voltage, or muon Example for RCS3
loss 2 {[=near : il |
armonic 1 1
= Linear ramping > constant Ve Eo , :
[an]
: ,
1 1
A A

20001 : ur;f:':-onic y :
= ™~

= Non-linear ramping > decrease peak power 0 1 | 5 3 | 4 5
2 magnet powering costs significantly Injection t [ms] Eiection
(see talk by F. Boattini) ! J | 2 A800Q0

= Sinusoidal ramp function > performance
decrease of 50%

Ramp rate [T/s]
(=]

- Study quasi-linear ramping by e.g. natural 0 1 > 3 4 5
resonant discharge of e.g. two harmonics t [ms]

CERN



https://indico.cern.ch/event/1250075/contributions/5357587/
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V,.c and G,.. must be increased by 12% to achieve the same 7,
& #200% as for a sine-like ramp!
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Example for RCS3

109
' 10.8
140.7

v0.6

0

0.5 1 1.5
t [ms]

F. Batsch

Gradient [MV/m]

AN

. Average gradient over ring
for 90% survival

B « E defines all dynamics!

('Ye i — Yin ) m ma”m (t)
Gharm (t) - ’ 2 = c”
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- Adjust the voltage by sweeping the synchrotron 160 - - —
. — harmonic
phase V(t) = VRF : Sln((ps(t)) 155 —linear
: 150
and ¢.(t) = arcsin (m - sin gzbs’g) - 145 |
oo 140}
= Example for RCS3, no intensity effects: 135
Injected bunch 130 ¢ \/\/
o [ sp \
2 d 0 \0.5 1 1.5 2
% \\‘ § 21 t [ms]
e 0 £ ¢, o= m - 45° for linear, above transition ‘
2 \J g 1
-2 > >
S
& - , - - 0

_ 1 02 03 04 05 06 0.0 0.1 0.2 0.3
CERN At (ns) Time (ms)
F. Batsch
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Acc. gradient with non-linear ramping -

Miceie CER
- Adjust the voltage by sweeping the synchrotron 160 - - ——
phase V(t) = VRF . Sln((l)s(t)) 155 —linear

. B arm(t) . 150 ¢

and ¢.(t) = arcsin (gzm(t) 'Slﬂfﬂ5s,(}) - 145 |

2 140 ¢

= Example for RCS3, no intensity effects 135
130 | \\_/\/
- Powering and ramping function optimization 125] | | | |
0 0.5 1 1.5 2

ongoing, combined with synchronous phase and \ t [ms]

¢S,0: n - 45° for linear, above transition ‘

RF voltage optimization (see next talk and talk by
F. Boattini)

CERN i\}

e R o o - e
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https://indico.cern.ch/event/1250075/contributions/5356808/
https://indico.cern.ch/event/1250075/contributions/5357587/

Summary
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= 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)

CERN
;a F. Batsch M’ e
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The BLonD code

(Beam Longitudinal Dynamics code)
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= BlLonD: macro-particle tracking code,

RF Station 1
developed at CERN since 2014 . L
n+1 pd,(l) """"
. ,.-’pd’(a) N
= Links: documentation and github ' S

_ (M
T+u

,_
., @Pg —
OREIS 44

= MuC-specific to multiple RF stations

& muon decay o
) X
R SS/’?%J - L,
= Studies of today with only one B e oD dorumentton

bunch, 2" to follow

e R o o - e



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

Studies with BLonD

(Beam Longitudinal Dynamics code)
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= Using the BLonD code to observe effects of
= Synchrotron tune Q,
= Choice of synchronous phase
= Short-range wakefields
= Beam loading at fundamental frequency
= |nduced HOM powers

= Nonlinear ramping functions (RF and magnets)

CERN
;: 3 F. Batsch ﬁl E' .



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