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@ D J'C Reminder on design baselines

International

UON Collider MuCol

Collab ration

» 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/
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» Design oriented on reaching the performance parameter [webpage]
* The relevant target parameters are:

Repetition rate of 5 Hz

L 1034 cm2s? 1.8 20 > RCS
N 10%2 2.2 1.8
f Hz 5 5
<B> (average) T 7 10.5
g (norm, 10,0;) MeV m 7.5 7.5
og / E % 0.1 0.1
o mm 5 1.5

z
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@ J'C Top level requirements for the high
JBEE Mucol energy complex (RCS)

* Goal: Accelerate one single bunch beam of p+/p-
« with a charge of about 2e12 muons/bunch.
« with a repetition frequency of 5 Hz.
« from about 63 GeV to 5 TeV.

* Figure of merit:
» Fast acceleration (the muons decay).
« Feasible (if possible :-)).
 Cost efficient (should be more inexpensive than a 100-km-long linac).
» Power efficient (do not use a nuclear plant to power the RCS!).
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O M How fast?
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* Muons decay very fast (Rest lifetime: 2.2 ps).
» We should accelerate as fast: 7,.. as low as possible.

Tacc

—E"’"‘> wu(vexevinj) for g linear ramp

. N
« Muon survival: = = (
inj Einj
 If we assume only one RCS, we should have t,.. = 10 ms for a transmission of 65%.

* The order of magnitude of the total acceleration time is 10 ms!

» To decrease cost operation, we should:
« Minimize the total voltage and thus energy gain per turn.
« = RCS as small as possible = high average field.
« = Ramp quasi-linear = Optimize the dipole ramp to minimize the power consumption.
» Find the best ratio extraction/injection ratio between the different acceleration stages.

 Tradeoff to find between RF and dipole powering costs.
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@ O The RCSs ramping
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Unchanged RCS chain: 60 GeV — 310 GeV —» 750 GeV — 1.5 TeV — 5 TeV

In same tunnel

Optimization problem for up-ramp between sinusoidal optimum Normalized gradient linear vs. sinusoidal
for magnet powering and linear optimum for RF

Linear ramping
—> constant Vg, simplest RF solution, best for p

Normalized gradient

- unfeasible for magnet powering 2 B s

. . . Ratio: Gacc,slnIGacc,lin
* Non-linear ramping - reduced peak power £ magnet powering !
costs, but RF efficiency decreases )

2 I [{._I/kf:” 8 10
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@ J'C The optimization problem
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» Goal: cost-optimized compromise with quasi-linear magnet and RF ramping

50% extra RF voltage
10+5+8+45 = 68 GV

Courtesy: Rt- Batsch

Extra voltage for the 4 RCS

«
> 0.0
<

sin X Iin\ Parameter space
ramping for optimization

 The required extra voltage is the sum of the gradient reduction due to
nonlinear ramping and changes in the synchronous phase =

/4 Tacc,lin(X)
AVor = Voo - acc
RF 2-arcsin(x ) RF Tacc,sin(X) T

100

as (%)

50

AVre/Vre,

0

15 25 35 45 55 65 75
¢s (deg)
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- Magnet optimization focus on RCS2 as it has the highest ramp rate B of all hybrid RCS

* ‘Quasi-nonlinear’ RF necessary - lower RF voltage at beginning and end of the ramp,
one maximum within for a chopped sinus, two maxima for a double harmonic approach

« Maxima define costs!

Courtesy: F. Batsch Example for double-harmonic, RCS3
Sinusoidal ramp in RCS2 2- E | | E | ]
5— : — linear E 0 : :
: /\ — sinusoidal @ " : :
—_ 4 1 1 LT 1 1 7
v | | ; S - :
E 3 Injection t [ms] Ejelltion
= . ey
g 2 oo | <
1 £ o / \
0 . . ] . %-2000- / | ; \ ]
0.000.250.500.751.00 T I R 5
t (mS) t[ms]
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RCS parameter software

» The repository is located at
https://qgitlab.cern.ch/muon-

collider-bd/rcsparameters

* It is currently “Internal”

accessible

to any person with a CiERN

account

master v | resparameters | | +

Name

Badocs

I examples

B resparameters

Eatests

© gitignore

W gitlab-ci.ymi

%3 LICENSE.txt

T MANIFEST.In

+ README.md

& mypy.ni
pylintre

2 setup.py

Last commit

nation for the B_NC_dol_facto

overage of acceleration.py

bk files from drawio ad

Add MIT license

o RF parameters

Implement Gitlab C1 integration

changed runing, no

thout strict flag

Implement Gitlab C1 integration

addressed #13

d 1o gitignare, added mome.

History | Find file

Lastupdate

4 weeks age

3 wesks ago
17 hours ags

18 hours aga

1 manth ago

21hours age

2 months ago

3 weeks ags

|RCS chain (all)

Computes the global structure of the RCS chain
Inputs: Number of stages, global acceleration parameters
Oulput:

RCS1

(resz] |

RCS3

RCS4

[RCS Acceleration (David-Fabian)
Enmpulas the basic parameters for a given RCS

Bsc

3 type, Einj, Eext, Bcm:
Dulpul pocinjlext, Binjlext, gammainj/ext, Tramp. L_NC, L_SG, etc.

[Bref_pulse (Class) (Marce, Fulvie et Al)

|Computes the appraximated Brel otal profile which s s
Jsines wilh difterent Irequencies. (the damging is ingored);
linputs: Biry, Bext, Tramp, Toulse, dBial max

joutp, Bret aigesraic equation

[Ring geometry/Optics (Antoine et Al)
the .

ompute

(Output: Dipole/quadrup length and number,
Idipole and quad gap dimensians, ...

[computation of AF system: (Leonard, Fablan,
Haiko, Alexs)..)

inputs: Bl ..

|outputs: Pawer number ef caviles, .., Cost

11 l—

Dipole (Class){Fulvio st Al
fooraai acrs i FEMAY o it st

Dipoisinputs, Kparaled circuits, ri. Be, Tramp, Tpuise, FEMMInpuss,

: Dools amonsions, Tal i curoe, B1o | 1o, Losss (oo
Feranoon Rmag, L

e T

(Switched_Resonance (Class) (Marco, Fulvia et All:

lcapacitar after presoading, specic: cost and size parametors
lOutputs: ret agebraic equaton), Bref (sigebraic equation), Cload, Vioad 0.
(Chioosi. vbsost 0, Cost

Inputs: Binj, Bet, Tramp, Tpuise, B/t max. Lengm of magnets, Nssctar, Noaralk
INcariell, Rmiag por meer, Lmag per melar, B to | ratio, factor of nergy left in load

[Computation of Impedance: (Erik-David..)
Inputs:

(Outputs: .......Cost of vacuum chamber?

Courtesy: F. Boattini

cea
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RCS Parameters to be fixed

Parameters set as global

parameters:
* Circumference

« Bunch population at injection

* Number of RF stations nge

» “Centre” synchronous phase

* Minimal required bucket area /

RF filling factor

* Injection and ejection B fields
« Maximum ramp rate B?

E.g. 3to 4 KT/s

Circumference, 2R [m]
Bunch population [1012]
Survival rate [%]

Acceleration time, t

acc [ms]

Number of turns

Energy gain per turn [GeV]
Avg. acc. gradient [MV/m]
Acc. field in RF cavity [MV/m]
“Centre” synchronous phase
Minimal bucket area [eVs]
Injection B field, NC [T]
Ejection B field, NC [T]

5990
<2.7

~90
0.34
17
14.8
2.4

30 (45 optimistically)

45
0.6?
0.36
1.8

<2.2
~90
2.37

(o2}
()}

11.4

A~ W P
o o i

0.8?

o IS
®
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_ RCS1->314 GeV RCS2->750GeV | RCS3->1.5TeV
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%&% /MUCCO What RCS shape?
Courtesy: F. Batsch //\\

« Number of synchrotron oscillations per turn proportional to VVgg: Number of
_ ws hneVRrr cos ¢g \/— - straight
Qs = w_o =4/ ImED? X v/ VRF €OS ¢g LHC: Q,=0.005 sections: 2
(T. Suzuki, KEK Report 96-10) p)
_— . 1
 Stable synchrotron oscillations and phase focusing only for Q; « - U
* RCSs would exceed this limit: 0.3 < Q. < 1.5
« Several longitudinal kicks per turn for small Qs between stations, 30| » T it ey e
i.e., small Q /Ny, ~ . 0 ACS5. hointenaty efects
- Distribute RF system over ng sections 2201 o
4 a8
101 o
a3
NI T ST
0 20 40 60 80 100

Courtesy: F. Batsch
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& ‘* D’ J'C What RCS shape?
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Courtesy: F. Batsch

Number of synchrotron oscillations per turn proportional to VVgg:

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

Wo
(T. Suzuki, KEK Report 96-10)
Stable synchrotron oscillations and phase focusing only for Q, « %

Number of
straight
sections: 2

7

RCSs would exceed this limit: 0.3 < Q. < 1.5

- Several longitudinal kicks per turn for small Qs between stations, 0! o 2 e ot ey e
i.e., small Qy/Nge _ ‘ 5 Rcan. na ntencty ffct
- Distribute RF system over ngp sections £20 °3
=}
* Nie IS @n important quantity to determine! : 10 33 :
« > 32 for first RCS, 24 for higher energy. "B g I
%5 20 40 60 80 100

Nge gives also the minimum number of arcs.

Courtesy: F. Batsch
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\6\ E/ J'C RF parameters to be optimized

* Need for optimization of voltage distribution between the RCSs (i.e.,
different decays per RCS, but same total survival rate):

S =T

Circumference, 2ntR [m] 5990 10700
Bunch population [10'?] <2.7 <2.2
Survival rate [%] ~90 ~90
Acceleration time, t,.. [ms] 0.34 2.37
Number of turns 17 66
Energy gain per turn [GeV] 14.8 114
Avg. acc. gradient [MV/m] 2.4 1.1
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@ F Synchronous phase choice

__160
« Adjusting the RF voltage by allowing ¢ to change <140
 Need for optimization of synchronous phase and bucket area 245 05 10

t (ms)

=2 V(t) and ¢¢(t) define available bucket area Ag(t) and bucket filling factor

— bunch emittance 1'00 — REF filling factor
7.5_ — bucket area 0.75
[aa]
< 0.50]
W
0.25;
~ 0.31 eVs
%80 0.5 1.0 0-9%0 0.5 1.0
t (ms) t (ms)
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QO X Example of optimization with
B Muco! genetic algorithm

* Thanks to the class properties of the rcsparameters software, it is easy to
change input parameters and see the impact on following properties.

* This opens the way to optimization tools: notebook example of an
optimization using MOGA — allows to explore a wider range of
parameters for our RCS chain

 The values shown afterwards are just for example
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Case 1: LHC tunnel for RCS 4

» Objectives: Maximize final energy and minimize average gradient to keep

Courtesy: D. Amorim

« The maximum energy reached is 4.1 TeV, keeping the dipole packing
factor in the RCS below the 70 % asked in the simulation parameters The
overall muon transmission rate is 0.83x%0.92x0.94x 0.95 = 0.68.

the total number of RF cavities low.

Parameter Symbol  Unit RCS1 RCS2 RCS3 RCS4
Parameter RCS 1 RCS 2 RCS 3 RCS 4 Injection energy Einj [GeV /u] 63 305 742.4 1500
Circumference [m] 5990 5990 10700 27600 Ejection energy E; [GeV/u] 305 7424 1500 4100
Normal-conducting magnet field [T] 1.8 1.8 1.8 1.8 Energy ratio Eej/ Ei; -] 4.8 2.4 2.1 2.7
Super-conducting magnet field [T] 10 10 10 16 Survival rate Nej/Niwmj [ 0.83 0.92 0.94 0.95
Total transmission N, /N > 0.65 Acceleration time Tace [ms] 0.603  0.867 1.4 3.0
Maximum pat‘]{lng factor 0.66 0.66 0.66 0.7 z‘\l\.'erage accell grﬂ(llpnt Gavg [\_[\('r/nl] 13 1.7 19 28
Ejection energy [GeV] 250:450] [500;1100] [1150;3000] [3500:5000] ~ Lamp rate Bxe [kT/s] 24 4.2 2.5 12

Pack fraction - [] 0.59 0.61 (.66 0.70

Transmission rate [-]

[0.8;0.95]

[0.8:0.95]

[0.8:0.95]

[0.8,0.95]

Table 1: Parameters used for the "RCS 4 in LHC tunnel” optimization.

Table 2: Summarized results of the "RCS 4 in LHC tunnel” optimization.

15/05/2024 @
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@ X Case 2: SPS tunnel for RCS 1 and
Mz wecor RCS 2, and the LHC tunnel for RCS 4

Collaborallon

» Objectives: Maximize final energy and minimize average gradient to keep

the total number of RF cavities low. Courtesy: D. Amorim

« The maximum energy reached is 4.15 TeV, keeping the dipole packing
factor in the RCS below the 70 % asked in the simulation parameters The
overall muon transmission rate is 0.92x0.93x0.88x% 0.90 = 0.68.

Parameter Symbol  Unit RCS1 RCS2 RCS3 RCS4

Parameter RCS 1 RCS 2 RCS 3 RCS 4 Injection energy Ei; [GeV/u] 63.0 3735 853.0 1602

Ejection energy Eg; [GeV/u] 373.5 853.0 1602 4152
Circumference [m] 6900 6900 10700 27600 Fnergy ratio Ey/Ewmi F 5.9 93 19 26
Normal-conducting magnet field [T] 1.8 1.8 1.8 1.8 q g“ 1 r_ N \f" ,\I,-l_nj_ H {; ‘)2 0 (;; 0 é% 0 ;)0
Super-conducting magnet field [T 10 10 10 16 purvivat rate Nej/Nini o -
Total transmission Na/No > 0.65 Acceleration time Tace [ms] 0.284 0.939 3.2 5.6
Maximum packing factor 0.66 0.66 0.66 0.7 Average accel. gradient  Gayg MV/m] 3.6 L7 078 15

Ramp rate Bre kT/s] 5.3 3.8 1.1 0.64
Ejection energy [GeV] [250:450]  [500;1100] [1150;3000] [3500; 5000] Pack fraction _ [] 0.63 0.59 0.65 0.70
Transmission rate || [0.8:0.95] [0.8;0.95] [0.8:0.95] [0.8,0.95]

. . Table 4: S arized results of the "RCS 4 in LHC t 1" optimization.
Table 3: Parameters used for the "RCS in the SPS and LHC tunnels” optimization. aple ummarized results of the "RC m et optimization

15/05/2024 @ Top-level requirements for RCS, optics and aperture / Antoine Chance 17 ’



@ X Case 2: SPS tunnel for RCS 1 and
Wrem wecor RCS 2, and the LHC tunnel for RCS 4

» Objectives: Maximize final energy and minimize average gradient to keep

the total number of RF cavities low. Courtesy: D. Amorim

« The maximum energy can reach 5 TeV if packing factor up to 80% and a
peak NC dipole field of 2.0 T instead of 1.8 T.

NC magnet Pack fraction

Parameter RCS 1 RCS 2 RCS 3 RCS 4 field [T] RC'S 4 Energ}-‘ reach [TP\"E]
Circumference [m)] 6900 6900 10700 27600
]\‘Iormal—condlu?ting magnet field [T] 1.8 1.8 1.8 18 0.7 4.1
Sup?r—condllc:‘rn'lg mavgnevt field [T] 10 10 ‘ 10 16 0.75 13
Total transmission N;/N > 0.65 1.8 s .
Maximum packing factor 0.66 0.66 0.66 0.7 0.8 4.5
Ejection energy [GeV) [250;450]  [500;1100] [1150:3000] [3500; 5000] 0.7 4.5
Transmission rate -] [0.8;0.95] [0.8;0.95]  [0.8:0.95] [0.8.0.95] 0.75 4.8
2.0 o )
Table 3: Parameters used for the "RCS in the SPS and LHC tunnels” optimization. 0.8 5.0
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@ J'C Genetic optimization
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» Alot of parameters of the RCS chain can be quickly computed given a few
input parameters:

Top level parameters of the RCS Chain and of each RCS

Normal conducting magnets ramp profile and powering requirements

RF cavities properties and associated hardware requirements

The cost models are also included in the tool

» This can be used for general optimization of the RCS chain, or specific
optimization for each RCS

» The genetic optimizer coupled with the rcsparameter software enables a great
flexibility for the optimization of the parameters.

» We can also include constraints on the maximum field slope, maximum peak field,
maximum RF gradient (linked to the pack factor)...

. \I/QV(%SCSE’m also explore other scenarios: 2 RCS in LHC tunnel, different circumference for

15/05/2024 @ Top-level requirements for RCS, optics and aperture / Antoine Chance 19 )



@ J'C What RCS pattern?
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« We assume an RCS made of FODO cells with phase advances of 90°.
* The number of cells has been optimized to maximize the arc filling ratio.

High Energy Orbit
T ——

Lc/2

Dipole

Y YY)

e ————
Low Energy Orbit
Low energy beam is /
SC NC SC RF bend too much But normal magnets
\MN bend back Significant aperture required to
—eeeey

accommodate different beams

D3

| Lnc ] |

! o |

2xne . R

« How many cells per arc? How many dipoles per cell? = /\
 Which field? 2 |
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International
UON Collider
Collaboration

ey

— 1024
= 10
E
w
o
@ —— 3 dipoles SC
g —— 5 dipoles SC
£ —— 7 dipoles SC
ag ——- 3 dipoles NC
S —=—-5 dipoles NC
= —=—=17 dipoles NC
s
(]
a
£ 104
T T T T T T T T T
8.0 8.5 9.0 95 10.0 105 11.0 115 12.0
Superconducting dipole field [T]
6 — 3 dipoles 5C
—— 5 dipoles SC
—— 7 dipoles SC
54 ——- 3 dipoles NC
-=-- 5 dipoles NC
=== 7 dipoles NC
~

NC Dipole length [m]
w -~

T T T T T T T
8.0 8.5 9.0 9.5 10.0 105 11.0 115 12.0
Superconducting dipole field [T]

| Reminder RCS2:
wyariation with SC dipole field (to be updated)

2754
25.04
2254
20.04
17.51
15.04
12.5 1

10.04

Horizontal trajectory difference [mm]

7.5

—— 3 dipoles SC

\ —— 5 dipoles SC
W —— 7 dipoles SC
\ --- 3 dipoles NC
A\ -== 5 dipoles NC
=== 7 dipoles NC

8.0 8.5 9.0 9.5 10.0 10.5 11.0 115 12.0
Superconducting dipole field [T]

40 -

35 A

30 A

254

20

Minimum dipole full aperture [mm]

154

—— 3 dipoles SC
b\ —— 5 dipoles SC
W —— 7 dipoles SC
R -—- 3 dipoles NC
\\‘\\\ -=-=5 dipoles NC
—=—=- 7 dipoles NC

T

T T T T T T T
8.0 8.5 9.0 9.5 10.0 105 11.0 11.5 12.0
Superconducting dipole field [T]

See Soubirou’s presentation about the good field region

3.01

2.51

2.0

1.54

SC Dipole length [m]

1.0 1

0.5 1

N —— 3 dipoles SC
. —— 5 dipoles SC
AN —— 7 dipoles SC
e ——- 3 dipoles NC

S -=--5dipoles NC

. —=—=- 7 dipoles NC

T T T T T T T
8.0 8.5 9.0 9.5 10.0 105 11.0 11.5 12.0
Superconducting dipole field [T]

10*3_

6x107*

4x107*

3x107*

2x107*

—— 3 dipoles SC
—— 5 dipoles SC
—— 7 dipoles SC
——- 3 dipoles NC
—=-=-5 dipoles NC
—=—~-7 dipoles NC

T T T T T T T
8.0 8.5 9.0 9.5 10.0 105 11.0 11.5 12.0
Superconducting dipole field [T]

D
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Total path length difference [mm)]

10" 4

NC Dipole length [m]

—— 3 dipoles 5C
—— 5 dipoles SC
—— 7 dipoles SC
——-3 dipoles NC
-=-- 5 dipoles NC \
=== 7 dipoles NC
T T T T T T T T T
8.0 8.5 9.0 95 10.0 105 11.0 115 12.0
Superconducting dipole field [T]
—— 3 dipoles SC
6 —— 5 dipoles SC
—— 7 dipoles SC
——- 3 dipoles NC
5 —-- 5 dipoles NC
——~ 7 dipoles NC
—~
4
3
2

T T T T T T
8.0 8.5 9.0 9.5 10.0 10.5 11.0
Superconducting dipole field [T]

| Reminder RCS3:
wyariation with SC dipole field (to be updated)

SC Dipole length [m]

Horizontal trajectory difference [mm]

\‘ —— 3 dipoles SC
144 \ —— 5 dipoles SC
—— 7 dipoles SC
——- 3 dipoles NC
12 === 5 dipoles NC
=== 7 dipoles NC
104
s
6 -
44
8.0 8.5 9.0 9.5 10.0 10.5 11.0 115 12.0
Superconducting dipole field [T]
4.5 -
AN —— 3 dipoles SC
4.0 1 . — 5 dipoles SC
\\ —— 7 dipoles SC
3.5 Ny -=-- 3 dipoles NC
O —-=-=-5 dipoles NC
3.0 1 R --- 7 dipoles NC
2.5
2.01
1.5
1.0
0.5 T T

T T T T T T T
8.0 8.5 9.0 9.5 10.0 105 11.0 115

Superconducting dipole field [T]

22 4 —— 3 dipoles SC
E —— 5 dipoles SC
E 204 —— 7 dipoles SC
3] ——- 3 dipoles NC
£ 18 -==- 5 dipoles NC
g ——- 7 dipoles NC
]
E 16
Q@
g 144
©
E 124
E
= J
< 10
8- T T T T T T T T T
8.0 8.5 9.0 95 100 105 11.0 115 12.0
Superconducting dipole field [T]
—— 3 dipoles SC
3x107*% — 5 dipoles SC
—— 7 dipoles SC
——- 3 dipoles NC
2x107* -==5 dipoles NC
- —=—=- 7 dipoles NC
1074 4
6x107°

T T T T T T T
8.0 8.5 9.0 9.5 10.0 105 11.0 115

Superconducting dipole field [T]
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ey

102 4

1014

Total path length difference [mm)]

—— 7 dipoles SC
=== 3 dipoles NC
——- 5 dipoles NC
—=~ 7 dipoles NC

T T T T T T T

14 15 16 17 18 19 20
Superconducting dipole field [T]

16

14 A

12 A

10 A

NC Dipole length [m]

—— 3 dipoles SC
—— 5 dipoles SC
—— 7 dipoles SC
——- 3 dipoles NC
—-- 5 dipoles NC
—=~ 7 dipoles NC
—_—

Superconducting dipole field [T]

| Reminder RCS4:
wyariation with SC dipole field (to be updated)

SC Dipole length [m]

Horizontal trajectory difference [mm]

Momentum compaction

—— 3 dipoles SC
22 4 —— 5 dipoles SC
—— 7 dipoles SC
201 --- 3 dipoles NC
184 === 5 dipoles NC
=== 7 dipoles NC
16
14 -
12 1
10 A
84 R S
14 15 16 17 18 19 20
Superconducting dipole field [T]
N —— 3 dipoles SC
4.0 4 AN — 5 dipoles SC
\\ —— 7 dipoles SC
3.5 1 e ——- 3 dipoles NC
Sae --- 5 dipoles NC
3.0 1 S~ el -—- 7 dipoles NC
2.5
2.0
1.5 1
1.0 1
T T T T T T T
14 15 16 17 18 19 20

Superconducting dipole field [T]

Minimum dipole full aperture [mm]

s0.04 —— 3 dipoles SC
' 3 —— 5 dipoles SC
1N —— 7 dipoles SC
215 -—- 3 dipoles NC
25.04 —-=-=-5 dipoles NC
—=—=- 7 dipoles NC
22.54
20.04
17.5
1504 0 TeIT====-=-=
1254 TEmea
T T T T T T y
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@ A® Geometry in Xsuite
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* First tests in Xsuite using the geometry class

» Study: RCS2, hybrid synchrotron C=5990m
* FODO cells: u=90° n, = 26 arcs
° StUdy of a half-cell. n.=8 cells per arc
P
QP e pattern: [SC,NC,SC]
Lsc : Lnc / Lsc
| ]
Half-cell L./2
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QO M RCS 2, hybrid

Mz wecor  Pattern of half-cell: BSC, BNC, BSC

ollaboration

Trajectories from injection to extraction Path length variation from injection
231 01 — Tracking
10.0 - ® Geometry
— _2 7
£
7.5 1
E ]
=
5.0 1 2
- s}
£ o _6-
£ 251 2
k4 ;C_, -8 -
0.0 2
. A <
ok Inj £ -10+
2.5 5
~5.0{ — Xsuite —127
« Geometry
—?5 = T T T T T T _14 _ T T T T T T
0 2 4 6 8 10 0.0 0.2 0.4 0.6 0.8 1.0
s [m] Time (normalised)

Consistent with results from geometry class ! o
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@ J'C Preliminary optics of RCS2

Ite nation al

Horgc olider  MuColl
At injection RGS 2
o C=5990 m
80+ .Sy
n, = 26 arcs
70 - o4
60 | n. = 8 cells per arc
E ] 7 * FODO structure
< a0 S * Thin multipole
<3N r0.2
301 approximation
201 s * Dispersion suppressor for
1o RF insertion
N 0.0 e Cavity in RF insertion +

Kick in energy integrated

s [m]

Courtesy: L. Soubirou
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§ ) J'C Optic and machine parameters

UON Collider MuCol

Collabo ration

RCS 2

Momentum compaction factora,  0.00032
Horizontal tune Q, 67.775
Vertical tune Q, 58.552
Natural horizontal chromaticity -101.7
Natural vertical chromaticity -80.8
Synchrotron tune Q, 0.181

Total Voltage 11.22 GV
Synchronous phase ¢,  45° ($=180-45°)

Frequency 1.3 GHz

Normalized integrated 1/m

strength of quads

Quad FODO +/-0.116
Quad DS foc 0.114, 0,138, 0,121
Quad DS defoc -0.108, -0.116, -0.051

15/05/2024
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@ J'C Summary

» Atool has been developed to help in determining the RCS parameters.
There is still a room for optimization but the main lessons/needs are:

The ramp should be as linear as possible to minimize the total RF voltage.

To reach a total survival rate above 65%, we need pulsed magnets with a peak slope
of 3-5 KT/s.

Higher peak field, especially for the RCS4, helps in reaching higher extraction
energy.

We need to distribute the RF along the RCS to avoid losing the beam or a dramatic
longitudinal emittance growth. The RF cavities should be integrated in the lattice.

The hybrid cell begins with a SC dipole instead of a NC dipole: the trajectory
variation will be much larger in the NC dipole.

15/05/2024 @
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@ J'C Dipole aperture

International
’ lUON Collider M u C O|
Co

llaboration

 The current lattice is very preliminary and needs some optimization
(chromatic terms) + we need to compare with other cell structures (multi-
bend,...) but only the beam size has been considered.

* The aperture for the beam is rectangular because of the horizontal
trajectory variation but we need:

To evaluate the minimum required beam vacuum radius for collective effects.

Due to the trajectory variation, the aperture needs in the SC and NC dipoles are
different. What are the allowed transitions between the vacuum chamber in the
pulsed magnets (Eddy currents) and the one in the SC dipoles?

Can we move transversally the center of the vacuum chamber from a dipole to
another?

To integrate the needs for machine protection and radiation issues.
To ad some margins due to the jitter on the pulsed magnet field.

15/05/2024 @
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Case 1: LHC tunnel for RCS 4

Parameter Symbol  Unit RCS1 RCS2 RCS3 RCS4
Injection energy Eiy eV/u]  63.0G  305.0G T7424G 15T
Ejection energy Ee; [eV/u] 305.0G 7424G 15T 41T
Energy ratio Eej/Emj [] 4.8 24 2.1 2.7
Injection Lorentz factor “Yinj [ 597.3 2.9k 7.0k 14.6k
Ejection Lorentz factor Yej -] 2.9k 7.0k 14.6k 388k
Survival rate Nei/Ninj ] 0.83 0.92 0.94 0.95
Acceleration time Tacc [s] 603.4u  866.9u  1l4m  3.0m
Average accel. gradient Yave [V/m] 1.3M 1.7M LOM  2.8M
Ramp rate Bxe [T/s] 2.4k 4.2k 2.5k 1.2k
Machine radius R [] 053.3  953.3 1.7k 4.2k
Circumference 2R (] 6.0k 6.0k 10.7k  26.6k
Pack fraction - - 0.59 0.61 0.66 0.70
Bend radius B [m] 565.3  580.0 1.1k 3.0k
Total NC dipole length Lnc [] 3.6k 2.5k 47k 149k
Total SC dipole length Lsc (] 0.0 1.1k 2.4k 3.7k
SC dipole field Bse [T] 10.0 10.0 10.0 16.0
Average Injection dipole field By [T] 372.4m 1.8 2.2 1.7
Average ejection dipole field By [T] 1.8 4.3 4.6 4.6
Injection NC dipole field Byemy  [T] 372.4m  -1.8 -1.8 -1.8
Ejection NC dipole field BNe o [T] 1.8 1.8 1.8 1.8

Table 6: Detailed results of the "RCS 4 in LHC tunnel” optimization.
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—_ /“‘( Case 2: SPS tunnel for RCS 1 and
Muza: wucor  RCS 2, and the LHC tunnel for RCS 4

ollaboration

Parameter Symbol  Unit RCS51 RCS2 RCS3 RCS4
Injection energy Ein [eV/u]  63.0G 373.5G 853.0G 16T
Ejection energy Ee [eV/u] 373.5G 853.0G  1.6T 42T . H
Energy ratio Eo/Biwi [ 5.9 2.3 1.9 2.6 Cou rtesy' D' Amorl m
Injection Lorentz factor Vinj -] 597.3 3.5k 8.1k 15.2k
Ejection Lorentz factor Vej -] 3.5k 8.1k 152k 39.3k
Survival rate Nej/Ning -] 0.92 0.93 0.88 0.90
Acceleration time Tace 5] 2834.4u  938.8u 3.2m 5.6m
Average accel. gradient Gave [V/m]  3.6M 1.7M  778.0k  1.5M
Ramp rate Bne [T/s] 5.3k 3.8k 1.1k 638.0
Machine radius R [m] 1.1k 1.1k 1.7k 4.2k
Circumference AR [m] 6.9k 6.9% 0.7k 26.6k
Pack fraction - -] 0.63 0.59 0.65 0.70
Bend radius B [m] 6924 6489 1.1k 3.0k
Total NC dipole length Lnc [m] 1.4k 2.8k 44k 148k
Total SC dipole length Lsc [m] 0.0 1.3k 2.6k 3.8k
SC dipole field Bsc [T] 10.0 10.0 10.0 16.0
Average Injection dipole field  Biy; By 304.0m 1.9 2.6 1.8
Average ejection dipole field B [T] 1.8 4.4 4.8 4.7
Injection NC dipole field Brncing  [T] 304.0m  -1.8 -1.8 -1.8
Ejection NC dipole field BNCej Y 1.8 1.8 1.8 1.8

Table 7: Detailed results of the "RCS 4 in LHC tunnel” optimization.
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QO M Quiality factor optimization
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Decrease @ away from optimal value to (partially) mitigate multi-turn beam loading, even
though the reflected power is increased:

RCS1 power usage for two bunches

12000
—— Reflected power Alternatively:
10000 - —— Generator power Increase RF voltage
to compensate
8000 - beam loading
)
= ; 6
= 6000 - Optimal Q. =0.9-10
z
o
o
4000 1
2000 From L. Thiele, see his
presentation afterwards
0- T T T L L | T T L |
10° 10° 107
it Q [1]
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https://indico.cern.ch/event/1325963/contributions/5806752/

§ ? /MC Overview over RF calculations

A«Hogcnd MuCol

Overall flow in the python package:

B(t), B(t) (and parameters from higher instances)

1 Bh(u'm(t) 1
'71mrm( ) = Yinj + ("/cj = '71'.111') * 5 ( +1

B.;
ej = Ying) My erm t Y(t)’ E(t)’ G (t)
Gharm (1) = (72—7) e ( ’Be,-( )> e !3 Max. gradient & number of
1 cavities for costs
¢s(t) = arcsin (Bh“””(t) - sin qbs,u) ¢s(t)’ Vacc(t)
Bltn(t)

!

Bucket area Ag(t),
bucket filling factor
and other criteria
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