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Reminder on design baselines
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= Base for the work is the US Muon Accelerator Program (MAP)
= High energy complex consist of a chain of rapid cycling synchrotrons (RCS)

Proton Driver Front End Cooling Acceleration Collider Ring
— g Ecom:
= = 23 o x| sl — ) Higgs Factory
& 2 |woE 2 S|E ® w @ w @ to
E o |80s ¢ 2|8 § = £ = ~10 TeV
= o - E_C g O| 0 o o a0 o [e]
wn 50 o | O Q o = oo o o
=] < 0o O p|l= v O g & O )
= o Sag n E T g TS =
< e L"JS 8 E = W 5 @a= o c
g (=) a | —= E [
> O

See Batsch’s presentation of Wednesday for
more details on RCS parameters [here]
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Part of interest for us

1 bunch per beam



http://map.fnal.gov/
https://indico.cern.ch/event/1250075/contributions/5349465/
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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 cm%s! 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



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

The high-energy complex

S
= Chain of rapid cycling synchrotrons, counter-rotating m+/m- beams
— 60 GeV — 314 GeV — 750 GeV —> 1.5 TeV —> 5 TeV

4 In same tunnel N

Muon source, cooling
& initial acceleration

to 0.06 TeV

= Hybrid RCSs have interleaved normal conducting (NC) and superconducting (SC)
magnets.

= This would be the first hybrid RCSs in the world!
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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+1.8T
Decided for realistic values: below saturation
of both technologies

= Beam orbit not constant during acceleration
—> Orbit length and frev # const.
—> fre tuning must be provided

o M




RCS Lattice

S\
= Currently, we assume the RCS is made of FODO cells with phase advances
of 90 degrees.
= \We assume we have nc cells of length Lc per arc and na arcs per RCS.
= The muon beams run nt turns of length LRCS.
= The number of cells has been optimized to maximize the arc filling ratio.

Lo/2

b
-

| e

e ———e




Trajectory during ramp

= From injection to extraction the )
trajectory goes from the inner
side to the outer side. RCS2 ¢
= The trajectory difference goes .
up to more than 13 mm. 1
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Path lenth variation
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= |nahybrid RCS, the path
length is not constant. RCS2

—>fqr tuning to be provided
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RCS2: variation with SC dipole field
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Total path length difference [mm)]
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RCS3: variation with SC dipole field
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Total path length difference [mm)]

NC Dipole length [m]
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RCS4: variation with SC dipole field
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Parameters and tools:

M General parameter

ollaboration

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 55

Energy gain per turn, AE [GeV]
Acc. gradient for survival [MV/m]

Acc. field in RF cavity [MV/m]

[EEN
\'

30

30 (45 optimistically)

i RCS.

108709585
313830

Saged |


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

) Parameters and tools:
M General parameter

ollaboration

Detailed parameter table: [link] —

[RCS1>314Gev | RCS2750GEY | e
Circumference, 2nR [m] 5990 5590 E:':“:}':! = ‘ = | =
Energy factor, E,/E,, 5.0 2.4 2.0 pEs 2=
Repetition rate, f,, [HZ] 5 (asym.) 5 (asym.) 5 (asym.) :’ :
Number of bunches lp*, 1w lp*, 1w Tt 1w T ‘?”’.,,;...?""
Bunch population >2 5E12 >2 3E12 2. 2E12 : R
Survival rate per ring 90% 90% 90% e R m’" wm
Acceleration time, t,. [ms] @ = E
Number of turns 17 =
Energy gain per turn, AE [GeV] H
Acc. gradient for survival [MV/m] 2.4 DE | £
= High AE = Vg - cos(¢ps) 2 Unique RF requirements such as high . £

synchrotron tune . - - R B

T —————



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

Synchrotron tune and number of RF stations

/‘\U&Er?:iﬁ‘l?q”é’!
Collaboration Courtesy: F. Batsch

= Number of synchrotron oscillations per turn proportional to vVVgg:

Qs = = = \/_ hne;/REg;S s X v/ VR cOS ¢g LHC: Q.,=0.005
m

Wwo

= Stable synchrotron oscillations and phase focusing only for Q, <« %

= RCSs would exceed this limit: 0.3 <Qs < 1.5 (T. Suzuki, KEK Report 96-10)
= Several longitudinal kicks per turn for small Qs between stations, i.e., small . o ROSL. o nbandit affecs
Qs BT [a re edyafes
= Distribute RF system over nRF sections _ o RCS3, no intensity effects
" nge.is an important quantity to determine! 5 | e
" nge gives also the minimum number of arcs. 0 5t



https://inspirehep.net/literature/423542
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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 O% O% 90% R

Acceleration time [ms]
Number of turns
Energy gain per turn, AE [GeV]

Acc. gradient for survival [Mv/m]  Fast ramping within B, = +1.8 T

002575 Mev ™ 0075 o025

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

o e - Ll



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

Fast ramping considerations

/“\l?é‘i%iﬁi?q”é’!
/Collaboration Courtesy: F. Batsch
= Ramping times = cavity filling time: : —
Example for RCS3 Function from F. Boattini
tacc =0.3ms = & =0.27ms —— linear I I | il
w 2r harmonic : : i
= Optimization problem between magnet E o : :
powering and RF “ I :
_2- 1 1 B
= Linear ramping - constant Vg - simplest 0 1 T 5 3 T 1 c
RF solution, best for n Injection t [ms] Ejection
= Non-linear ramping > decrease peak power : + : . +=:>-,|55@®\a@

2000 r|— linear . | 1
harmonic [~ \

2 magnet powering costs significantly (see talk
by F. Boattini)

= Sinusoidal ramp function 2> performance
decrease of 50%

Ramp rate [T/s]
o

- Study quasi-linear ramping by e.g. natural t [ms]
resonant discharge of e.g. two harmonics

o M



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

RF requirements with non-linear ramping —

International

ﬂUONCoIIi_der .
f Collaboration Courtesy: F. Batsch =

14

= V.. and G,,. must be increased by 12% to achieve the same 7, © #200% Hii

as for a sine-like ramp! o

0.9

0.8

Example for RCS3 o .
160
—— harmonic
12 — ‘ / 155 — linear
—linear . 1‘2 ) i
11 == e Average gradient over ring 150
2 ; e T N 11 & for 90% survival
8 11— === . = — 145
\ £ e
/-gM/ ‘\ ' E 'G;’ 140
af s
e} f \ 0.9 o
o 135
Constant Sosf ) '.‘ g
gradientfor € |} : O‘Bg 130
A o U.
linearramp = ,,' 1107 125
ooy o6 o | os 1 15 2
0.5 : : ' t[ms]
0.5 1 15 2 - —
t[ms] | #, 0= T - 45° for linear, above transition |

= Powering and ramping function optimization ongoing, combined with
gynlc:hrgnous hase and RF voltage optimization (see talk by F. Batsch and talk
y F. Boattini).

S M



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

Energy against magnetic variation

The magnetic field is varying quasi-linearly.
The beam energy has a step-wise shape: energy bump at RF stations.

Bp

t

t[rlns]

If we consider RCS1: acceleration 60 = 314 GeV in 17 turns and 32 RF stations.

314-60
= 0.8%!
17X32X60

M+ and J- are propagating in 2 opposite directions: impact of this variation to be discussed.

o M

In the first arc: energy of 60 GeV but relative variation of the field of
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Summary and outlook

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

The synchrotron tune mitigation implies a large number of RF stations and
thus arcs (about 30).

We still need to optimize several acceleration parameters: RF voltages,
synchronous phase, acceleration time = decay.

Still a lot of remaining questions: impact of power supply errors on the orbits,
required reproducibility? Beam trajectory with quickly varying dipole fields?
Field quality to be discussed this afternoon.

That is crucial to discuss between RF, magnet, beam dynamics,
shielding, and optics people!

N M




Tentative RCS parameters

International Example parameters for the muon RCSs
ARG _
Hybrid RCS
= Detailed parameter table (by F. Batsch): Circumference [m] 5990 5990 10700 26659
https://cernbox.cern.chiindex.php/s/I3VplTn Injection/extraction energy [TeV] 0.06/0314 0314/075 07515  15/4.2
M Survival rate [%] 20 20 90 90
= Parameters of the 4" RCS under study. Acceleration time [ms] 0.34 1.10 2.37 5.75
Number of turns 17 55 66 65
Energy gain/turn [GeV] 14.8 7.9 114 41.5
NC dipole field [T] 0.36/1.8 -1.8/1.8 -1.8/1.8 -1.8/1.8
SC dipole field [T] - 10 10 16
NC/SC dipole length [m] 2.6/- 4.9/1.1 4.9/1.3 8.0/1.3
Number of arcs 34 26 26 26
Number of cells/arc 7 10 17 19
Cell length [m] 21.4 19.6 20.6 45.9
Path length diff. [mm)] 0 9.1 2.7 9.4
Orbit difference [mm)] 0 12.2 5.9 13.2
Collective effects and < Min. dipole width [mm] 17.4 19.6 10.7 18.8
shielding not included Min. dipole height [mm] 14.8 6.4 4.2 4.4

et P T IR e


https://cernbox.cern.ch/index.php/s/I9VpITncUeCBtiz

Thank you to Fabhian Batsch
for providing most of the slides
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