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» RLC model of the accelerating cavity
with two input currents: generator
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RLC model of the accelerating cavity
with two input currents: generator
and beam;

Cavity voltage V is defined by the
sum current;

Low loading (75 < TG) — cavity
voltage is mostly defined by the
generator current;
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strongly modulated by beam current;

Transient beam
loading

Introduction
Beam Loading in Storage

Model Used

Beam Loading

Simulations
Gap Transients
Detuning

Optimization
Cavity Count
Fill Pattern

Summary




Beam/Cavity Interaction g

» RLC model of the accelerating cavity

Introduction

with two input currents: generator e
and beam’ Model Used
RF feedback Longitudinal . - . Beam Loading
loops dynamics » Cavity voltage V¢ is defined by the Simulations
sum current;
Io Iy » Low loading (/g < Ig) — cavity

. voltage is mostly defined by the =

; VI ¢ Zw % . generator current; summary

» High loading — cavity voltage is

strongly modulated by beam current;

» Like to think of the interaction as a
“feedback loop” — beam current
source is affected by cavity voltage,
while cavity voltage depends on the
beam current.




Why Worry about Beam Loading

» Two main effects of heavy beam loading:
» Synchronous phase transients;
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Why Worry about Beam Loading

» Two main effects of heavy beam loading:
» Transient modulation of longitudinal optics;
» Longitudinal coupled-bunch instabilities driven by the RF cavity
fundamental impedance
» Transient effects depend on

» Total beam loading;
» Fill pattern.
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Why Worry about Beam Loading

» Two main effects of heavy beam loading:
» Transient modulation of longitudinal optics;
» Longitudinal coupled-bunch instabilities driven by the RF cavity
fundamental impedance
» Transient effects depend on
» Total beam loading;
» Fill pattern.

» Fill patterns can be designed to mitigate transient effects;
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Two main effects of heavy beam loading:

» Transient modulation of longitudinal optics;
» Longitudinal coupled-bunch instabilities driven by the RF cavity
fundamental impedance

Transient effects depend on
» Total beam loading;
» Fill pattern.
Fill patterns can be designed to mitigate transient effects;

But longitudinal instabilities due to the fundamental impedance remain
an issue even with completely uniform fills;

Transient beam
loading

Introduction
Beam Loading in Storage

Model Used

Beam Loading

Simulations
Gap Transients
Detuning

Optimization
Cavity Count
Fill Pattern

Summary




Why Worry about Beam Loading

v

v

v

v

v

Two main effects of heavy beam loading:

» Transient modulation of longitudinal optics;
» Longitudinal coupled-bunch instabilities driven by the RF cavity
fundamental impedance

Transient effects depend on

» Total beam loading;
» Fill pattern.

Fill patterns can be designed to mitigate transient effects;

But longitudinal instabilities due to the fundamental impedance remain
an issue even with completely uniform fills;

Reducing beam loading in the RF system design helps both issues.
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Phasor Diagram
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» Phasors at RF frequency, cavity
voltage on X axis;

» Synchronous phase ¢g is determined
by RF voltage, energy loss per turn;
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» Phasors at RF frequency, cavity
voltage on X axis;

» Synchronous phase ¢g is determined
by RF voltage, energy loss per turn;

» For minimum generator power keep
loading angle ¢; = 0;
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Phasor Diagram
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Tror

i\‘ Lot = I+ I

Phasors at RF frequency, cavity
voltage on X axis;

Synchronous phase ¢ is determined
by RF voltage, energy loss per turn;
For minimum generator power keep
loading angle ¢; = 0;

Cavity is detuned to maintain proper

phase angle ¢~ between the total
current and the cavity voltage;
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Transient beam

Phasor Diagram o
H Introducti
» Phasors at RF frequency, cavity o s
LER; 8/0 powered/parked cavities; Vgap:4.5 MV; IO:SA;1722by2 fill Voltage On X aX|S, M.me‘ =
N g . . Beremn (et
» Synchronous phase ¢p is determined  [FEmads
by RF voltage, energy loss per turn;
» For minimum generator power keep Optimization

Cavity Gount

loading angle ¢; = 0;

» Cavity is detuned to maintain proper
phase angle ¢~ between the total
current and the cavity voltage;

» PEP-llexample: Is =6 A, Ig = 1.7 A;

Summary




Phasor Diagram

LER; 8/0 powered/parked cavities; Vgap =45MV; |0 =3 A; 1722by?2 fill

Phasors at RF frequency, cavity
voltage on X axis;

Synchronous phase ¢ is determined
by RF voltage, energy loss per turn;

For minimum generator power keep
loading angle ¢; = 0;

Cavity is detuned to maintain proper
phase angle ¢~ between the total
current and the cavity voltage;

PEP-ll example: I =6 A, Ig=1.7A;
To compensate fill pattern
modulation, when /g goes to 0 in the
gap, /g would need to match /7!

Transient beam
loading

Introduction
Beam Loading in Storage

Model Used

Beam Loading

Simulations
Gap Transients
Detuning

Optimization
Cavity Count
Fill Pattern

Summary




Outline

Introduction

Model Used

Transient beam
loading

Introduction

Beam Loading in Storage
Rings

Model Used

Beam Loading

Simulations
Gap Transients
Detuning

Optimization
Cavity Count
Fill Pattern

Summary




Transient beam

The MOdG' loading

Bi(s)
Introduction
Beam Loading in Storage
Rings
@47 Model Used
Beam Loading
8 Simulations
e GG\(s) GB(s) Gap Transients
Detuning
i B Optimization
GG(s) Gla(s) Cavity Count
Fill Pattern
ag G50 6B () Summary
eI \@/ Eae)

» Small-signal model developed by Flemming Pedersen;
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» Small-signal model developed by Flemming Pedersen;
» Model extended to include low-frequency coupled-bunch modes;
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» Small-signal model developed by Flemming Pedersen;
» Model extended to include low-frequency coupled-bunch modes;

» Using reduced version that assumes no amplitude or phase modulation
from the RF system.




Synchrotron Frequency and Bunch Length
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» Start from computing large-signal
operating point (cavity detuning, RF
power);
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» Start from computing large-signal
operating point (cavity detuning, RF
power);

» At that operating point, set up the
small-signal model;
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» Start from computing large-signal
operating point (cavity detuning, RF
power);

» At that operating point, set up the
small-signal model;

» Compute ay and py at 130680 points
spaced by Tgg;
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Synchrotron Frequency and Bunch Length

Bi(s)

G (s)

Gra(s)

Gip(s)

Gia(s)

Start from computing large-signal
operating point (cavity detuning, RF
power);

At that operating point, set up the
small-signal model;

Compute ay and py at 130680 points
spaced by Tgg;

For each bunch calculate

W = |/ B Vi sin o

k Qg
g, = —(0
z = KUE
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Model Verification

Bunch current (mA)

HER; 26/0 powered/parked cavities; V= 15.9723 MV; |, = 1.4332 A; 66by2 fil
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» The model has been developed for ALS
and PEP-II;

» PEP-Il HER measurement and model
output;
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» The model has been developed for ALS
and PEP-II;

» PEP-Il HER measurement and model
output;

» Reasonable overall agreement;
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Model Verification

HER; 26/0 powered/parked cavities; V= 15.9723 MV; |, = 1.4332 A; 66by2 fil

o

Bunch current (mA)

0 1 2 3 4 5 6 7 8

. Transient is 907(?3’“:9‘9}::)95 peak-to-peak
1 L nnttl

Phase (deg@RF)

EY
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“_{\
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—— Model ’»
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Time (us)

The model has been developed for ALS
and PEP-II;

PEP-Il HER measurement and model
output;

Reasonable overall agreement;

In the recent history, the model has been

used to simulate BEPC-II transient
behavior, more on that later.
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Transient beam

Parameters losding

» K. Oide, “FCC-ee Conceptual Machine Design - CDR Plan and Status”,
» A. Butterworth, “Cavity design and beam-cavity interaction challenges”

Introduction

Parameter Value Beam Loading
Energy 45 GeV

Energy loss per turn 36 MeV -
Momentum compaction | 14.79 x 107° e
Energy spread 3.8x 10 S
Radiation damping time | 414 ms

Gap voltage 255 MV

Harmonic number 130680

Buckets filled 70760

R/Q 43.5Q

Qo 2 x10°

Coupling factor! 11784

'Optimized for zero reflected power at 1390 mA



https://indico.cern.ch/event/556692/contributions/2483406/attachments/1466449/2267364/FCCee_Oide_170529.pdf
https://indico.cern.ch/event/556692/contributions/2484361/
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Sl ng | e Tra' ﬂ Transient beam

loading

FCC-ee; 88/0 powered/parked cavities; Vgap =255 MV; |, = 1.39 A; 70760by1 fill
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. . Transient beam
Single Train loacing

FCC-ee;,88/0 powered/parked cavities; V.
5% 10

=255 MV; |, = 0.3 A; 70760by fill
‘9ap 0
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Beam Loading
Simulations
2r 1 [cELRIEUSENS

Bunch current (mA)

Detuning

. . . Optimization
N » Single train is unphysical; Gaity Gourt
0 50 100 150 200 250 300 350 Fill Pattern

Time ) » At 300 mA it is slightly more realistic; — |S—,

Transient is 87.6171 degrees peak-to—peak

Phase (deg@RF)
o
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Single Train

Peak-to-peak bunch length spead 40.69%
3.4 T T T T T T T T

3.2r 4

Bunch length (mm)
N N
() @

g
>

N
N

N

20 40 60 80 100 120 140 160 180
Time (us)

o

» Single train is unphysical;
» At 300 mA it is slightly more realistic;
» Bunch length is all over the place;
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Transient beam

Single Train loacing
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Simulations
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As is the synchrotron frequency.
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Uniform Trains: 2 us Abort Gap

» 66 trains of 1072 filled and 908
empty buckets (2.7/2.3 ps);

» 70752 filled buckets;

T



Uniform Trains: 2 ps Abort Gap L

FCC-ee; 88/0 powered/parked cavities; \/gap =255 MV; || = 1.39 A; 66 trains fill

0.02 .
Introduction
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E Model Used
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» 70752 filled buckets; Optimization
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Uniform Trains: 2 us Abort Gap

Peak-to-peak bunch length spead 0.02%

21128 » 66 trains of 1072 filled and 908
. empty buckets (2.7/2.3 ps);
i » 70752 filled buckets;
é » Smaller phase transient, within
£ reason — 47.9 ps peak-to-peak;
@ avvery » 0.2% bunch length variation
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Uniform Trains: 2 us Abort Gap

Peak-to—peak synchrotron frequency spead 0.02%
127.065 T T T T T T T

» 66 trains of 1072 filled and 908
empty buckets (2.7/2.3 ps);

» 70752 filled buckets;
» Smaller phase transient, within
reason — 47.9 ps peak-to-peak;

» 0.2% bunch length variation
127.035F (peak_to_peak);

S A S T S S S » Same range of variation for
0

1 2 3 4 5 6 7 8 9

Time (i) synchrotron frequency.
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Uniform Trains: 1 us Abort Gap

FCC-ee; 88/0 powered/parked cavities; Vgap =255 MV; |, = 1.39 A; 135 trains fill
0.02

Bunch current (mA)
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Transient is 3.3637 degrees peak-to—peak
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» 135 trains of 524 filled and 444
empty buckets (1.3/1.1 ps);

» 70740 filled buckets;
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Uniform Trains: 1 us Abort Gap Tiansient beam

loading

FCC-ee; 88/0 powered/parked cavities; Vgap =255 MV; |, = 1.39 A; 135 trains fill

00 T . . Introduction
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Uniform Trains: 1 us Abort Gap Tiansient beam

loading

FCC-ee; 88/0 powered/parked cavities; Vgap =255 MV; |, = 1.39 A; 135 trains fill

00 T . . Introduction
» 135 trains of 524 filled and 444 seanLodrg S
2" 1 empty buckets (1.3/1.1 ps);
= . Beam Loadi
» 70740 filled buckets; Simulations.
é . Gap Transients
C : L ] » If gap transients are matched (two
rings with identical fill patterns, RF, e
o E e e 4 4 total currents), collision point shiftis |
eliminated:; Summary
R Transient is 3.3637 degrees peak-to—peak

» Such matching is difficult to maintain
in practice;

Phase (deg@RF)
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Transient beam

Uniform Trains: 1 us Abort Gap s

Introduction

» 135 trains of 524 filled and 444 Seam Loxdngn S
empty buckets (1.3/1.1 ps);
> 70740 filed buckets; e
o » If gap transients are matched (two e
_2109 rings with identical fill patterns, RF, Qpimization
Samnee total currents), collision point shift is

Summary

eliminated;
» Such matching is difficult to maintain

21105 in practice;
::ZZ » 0.1% bunch length variation

0.5 1 15 2 25 3 35 4 4.5

Time (us) (peak—to-peak);




Uniform Trains: 1 ps Abort Gap L
. . Introducti
> 135 trains of 524 filled and 444
empty buckets (1.3/1.1 ps);
Peak—to—peak synchrotron frequency spead 0.01% . B Loadi
— » 70740 filled buckets; Simulatios.
. [cELRIEUSENS
127134 1 » If gap transients are matched (two
g rerzy rings with identical fill patterns, RF, e
§ wonnof total currents), collision point shiftis [
= i . S
§ ol eliminated; ummary
[ » Such matching is difficult to maintain
in practice;
1271241
S A » 0.1% bunch length variation
o 25 3 35 4 45

éTime (us) (peak'to‘peak);

» Same range of variation for
synchrotron frequency.
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FCC-ee; 88/0 powered/parked cavities; Vgap =255 MV; \0 =1.39 A; 66 trains fill
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Detuning

1000

gap

FCC-ee; 88/0 powered/parked cavities; V. =255 MV; \0 =1.39 A; 66 trains fill
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» At 1.39 A detuning is 8.3 kHz;
» That is 2.7 revolution harmonics;

» Full loaded shunt impedance crosses
2 upper synchrotron sidebands;
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How Does Fill Pattern Modulation Work?

» Two fill patterns used earlier:
» 65140by2: one long train of

0 e~y 65140 bunches every other RF

10°8 \w bucket and 400 bucket gap;

- ] » 65340 density mod: long train
with density modulation.
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Summary

» FCC-ee (2) is heavily beam loaded;
» RF system design should be driven by the beam loading considerations;

» Aggressive RF feedback loops will be needed to bring the longitudinal
growth rates within the reach of the bunch-by-bunch feedback systems;
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FCC-ee (2) is heavily beam loaded;

RF system design should be driven by the beam loading considerations;
Aggressive RF feedback loops will be needed to bring the longitudinal
growth rates within the reach of the bunch-by-bunch feedback systems;
Fill pattern uniformity is critical for achieving acceptable synchronous
phase and bunch length transients;
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FCC-ee (2) is heavily beam loaded;

RF system design should be driven by the beam loading considerations;
Aggressive RF feedback loops will be needed to bring the longitudinal
growth rates within the reach of the bunch-by-bunch feedback systems;
Fill pattern uniformity is critical for achieving acceptable synchronous
phase and bunch length transients;

Fill pattern density modulation can shift the transient effects to a small
subset of filled buckets.
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