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@ /"C Cavity voltage amplitude/phase gE/RW

Internatiqnal . . . \_/
s wecor - modulation during the acceleration
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Injection at nominal Voltage and O cavity phase leads to a non-nominal equilibrium voltage
- Why is this the case?

Implementation follows the description in [2] |. Karpov, “Transient beam loading and rf power evaluation for future circular colliders”
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@ D ) J'C Beam loading compensation (i@

« Two parameters can be used adjusted to reach optimum power efficiency:
Loaded quality factor Q; and cavity detuning Aw

« Both parameters have an optimum point, for which the generator power
and reflected power are minimised.

[V ' VAw |
_ : : _ (R/Q)IFplIp, (®5)
I, = 2(R/0)Q, + Iy pcFp sm(cps)_ + 1 _Ib,DCFb cos(¢s) o(R/Q), Awqpr = Wy bvfalj,c cos (12)
[ v ] VAw | v
L. = — I, pFy, sin( )—il Fy, cos(¢s) — = e 13
" 2(R/Q)Q, PCP Ps bpcFp COS(Ps w(R/Q)] CLope = 2(R/Q)|Fp |1, pesin(P@y) (13)

« BUT: the optimum of Q; Is dependent on the chosen Aw
 Since we will change the Aw to make the acceleration stable, the Q; must
be adjusted as well.
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& MC Cavity voltage amplitude/phase S
s wecor - modulation during the acceleration =

“Optimal” Quality factor Corrected Quality factor
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Equilibrium is closer to the setpoint (green dashed line), but not oscillating around it.

Implementation follows the description in [1] |. Karpov, “Transient beam loading and rf power evaluation for future circular colliders”
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@ JMC  Transient beam loading in the )

MBI MU Col Muon Collider >

 In the Muon Collider, the entire beam charge is concentrated in 2 bunches, leaving the rest of
the ring empty.
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» High difference between average and peak current in the MuCol.
« Simulation assumes only slow changes of the beam current per simulation step
—> not the case for MuCol.

* Solution: - increase time resolution of the simulation from 1 ¢, to 0.1 ¢,f
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Corrected Quality factor; Time resolution = 1 ¢,.¢ Spread out beam
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With an averaged beam, the amplitude is exactly on the setpoint voltage

100
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@ MC Ca\_/ity voltage_amplitude/phase gE/RW
JABEEE MuCol Increased time resolution =~

Corrected Quality factor; Time resolution = 1 ¢, Time resolution = 0.1 ¢,.f
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Now, the voltage amplitude is oscillating around the setpoint, as expected
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@ J'C Cavity voltage amplitude/phase S
JNEER Mucol Increased time resolution =

Time resolution = 0.1 t,. Beam in 10 rf buckets and Time resolution = 1 ¢,
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Having the beam spread out over 10 buckets has the same effect as increasing the time resolution by a

factor of 10 BUT: saves simulation time

The formulas of the cav. phase and amplitude are coupled: the per-timestep change cannot be too large
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@ /"C Cavity voltage amplitude/phase gE/RW
SRR Muco Lowering the setpoint s

» As the cavity voltage is partially above the setpoint during parts of the
acceleration, the setpoint needs to be lowered

» - slightly more cavities are required
Cavity amplitude RCS2 ; maximum = 31.742 MV Cavity amplitude RCS2 ; maximum = 31.183 MV
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Injecting at equilibrium 7

34

Voltage in [MV]
w w w w
o = N w

N
[{e]
1

« To avoid the voltage change at the beginning of the acceleration, one can
Inject at the equilibrium voltage directly.
Cavity amplitude RCS2 ; maximum = 31.742 MV
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Resulting parameter changes

CERN

NS

RF powering parameters before the changes

RF powering parameters including adjustments

Unit RCS1 RCS2 RCS3 RCS4 All Unit RCS1 RCS2 RCS3 RCS4 All
Synchronous phase [ 135 135 135 135 - Synchronons phase [°] 135 135 135 135 -
Combined beam current (gt and p~) [mA] 43.3 389 19.8 5.5 - Combined beam current (pt and p™) [mA] 43.3 389 19.8 5.5 -
Total RF voltage [GV] 20,9 11 16 0() 138 Total RF voltage [GV] 20.9 11 16 90) 138
Total nmumber of cavities - I 670 360 516 2890 4136 Total number of cavities - G683 366 524 2033 4506 I
Total number of cryomodules - 7h 11 a8 322 496 Total number ol eryomodules - 76 11 2l 326 a2
Total RF section length [mn] 949 519 T34 4074 6275 Total RF scetion length [m] 962 519 746 4125 63561
Combined peak beam power (ut and g ) IMW] 80 39 28 44 - Combined peak beam power (pt and p ) [MW] 80 39 28 44 -
Total peak RI" power [MW] 1023 499 360 561 Total peak RI" power [MW] 1020 499 363 563
External Q-factor (1< 108 0.711 0.790 1.558  5.605 External Q-factor [1x10° 0696 0.775 1.533  5.522
Cavity detuning for beam loading comp. [kHz| -1.294  -1.164 -0.590 -0.164 - Cavity detuning for beam loading comp. [kHz] 1320 -1.186  -0.600 -0.166 -
Total number of klystrons - 112 52 37 57 258 Total number ot klystrons - 14 b a8 a7 262
Cavities per klystron - 6 7 14 51 - Cavities per klystron - ti 7 14 02 -
Beam acceleration time [ms)] 0.340 1.099  2.356 6.421 - Beam acceleration time [ms] 0340  1.099 2356  6.421 -
Cavity filling time [ms] 0.174 0193 0381  1.373 - Cavity filling time [ms] 0171 0190 0375 1.352 -
RF pulse length [ms] 0514  1.292 2737  7.794 - RF pulsc length [ms] 0510  1.289  2.731 7073 -
RF duty factor (%] 0.190 0572 1222 3369 - RE duty factor [%] 0.188 0570 1219 3359 -
FPC peak power (kW] 1150 1035 524 145 - FPC peak power kW] 128 1017 516 144 -
Cavity power incl. distib. losses kW] 1484 1336 (77 188 Cavity power incl. distib. losses kW] 1455 1312 GG6 185
Average RF power [MW] 1.042 2851  4.304 18.806 28.082 Average RF power [MW] 1.919  2.844 4427 18.921 28.112
Average wall plug power for RF System [MW] 2 U8 4.386 6760 29070  43.204 Average wall plug power for RF System [MW] 2.953 4.376 6.811 29110 43.250

« Slightly higher number of cavities

+ Different Q-factor and detuning
« Resulting power consumption is not differing by a lot
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MRS MuCol Conclusion and Outlook

* Adjustment of @, _,,: In dependence of Aw was performed.

* Time resolution of the simulation was increased to reach the anticipated
equilibrium voltage.

Voltage setpoint was lowered, which led to a slight increase in required
cavities.

Integrate transient beam loading calculation into beam dynamics
simulation.

Perform simulations for CERN-site based options.
Perform simulations with different cavities.
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) /A Changing cavity voltage (last turn cE)
MR Muco of RCS2) -
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In order to keep the same
. energy gain, a change in the
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Veay beam phase Is necessary:

AE

> Videal ®,, = arccos | ——= | + P, (t
b A(t) cav( )
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@ JAC  Changing cavity voltage (last turn S
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