Argonne &

NATIONAL LABORATORY

APS-Upgrade

RF System Simulations*

T. Berenc, M. Borland, J. Calvey

Accelerator Systems Division
Argonne National Laboratory

19 October 2017
LLRF 2017 Workshop

*Work supported by the U.S. Department of Energy, Office of Science, under Contract No. DE-AC02-06CH11357



Introduction

The APS-U presents new challenges for the APS RF systems

= A passive 4" harmonic 1.408 GHz superconducting bunch lengthening cavity in the
Storage Ring to alleviate lifetime and emittance concerns

= Interacts with main 352 MHz RF system

= Reduces synchrotron tune
- increases sensitivity to low-frequency noise
- interaction with new Longitudinal Feedback system

= x10 amount of beam-loading in the injectors (20nC vs. 2nC)

= 200mA in Particle Accumulator Ring h=1 (9.77MHz) and h=12 (bunch shortening)
= 16mA in the Booster (352 MHZz) with large injection transients

Needed: thorough understanding of interaction between the RF systems & beam
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Birth of Beam/Cavity analysis: Robinson’s stability criteria
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Today: powerful tools elegant/Pelegant used at APS
Data Processing performed with SDDS toolkit
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Booster with RF Feed-forward

T. Berenc et. al., APS-U RF System Simulations




RF Control Model in elegant
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RF control model in elegant

= |nitial motivation was to understand double RF system for APS-U
- Bunch lengthening cavity contributes growth of Robinson mode
- Main RF contributes damping, but LLRF feedback reduces this

- Main RF uses asymmetric amp/phase feedback vs. |/Q feedback, hence it's
difficult to analytically calculate stability of beam/cavity interaction

= Additionally

- Due to the low synchrotron tune (and wide spread), how susceptible is the
system to RF noise (e.g., 60 Hz line harmonics from the klystron power supplies)

- How does that RF noise affect operation of the longitudinal feedback system
(i.e., determine whether noise reduction is needed for the APS-U)

- Study beam-loading compensation strategies for the injectors
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RF control model in elegant

Accelerator
Physics
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» RFMODE element simulates a generator and beam-driven TM monopole
mode of a RF cavity with LLRF feedback

= electrons interact on a turn-by-turn basis with the RF cavity including
beam-loading and generator induced voltage

= Beam interacts with entire machine lattice and comes back into cavity
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RF control model in elegant

Accelerator
Physics

> Generator
Induced
» Voltage

________ Cavity
TM Monopole
mode

» Typical baseband model of the cavity dynamics simulates cavity response

to generator current changes

= Sample rate of cavity model can be set to any number of rf buckets

Side Note:

Charles Proteus Steinmetz
(1865 — 1923)
Introduced Phasor Notation
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RF control model in elegant
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= Generator parametric and additive noise can be input as time-domain
data files.

» This input is generic and can be used to inject feed-forward signals
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RF control model in elegant
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= 1/Q feedback filters are input as coefficients of a digital filter
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RF control model in elegant
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= Receiver parametric and additive noise can also be input as time-domain
data files.
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RF control model in elegant

In-Phase + V| set
Feedback 4—@4—
Filters - T T T T T T T
V. | dl | Generato_r Gengrator
set | Go| | Parametric Additive |
| _ _Noise Noise _ ! _| Accelerator
+ Amplitude 4 I 1 :_ I Cavit | Physics
n; (t Y
b Feedback : [1+ag(t)] P ® I : Dynamic Veay
I - Filters * + | : [ | : | Model pininininieiuieinls Bl -
| | |
Vet Polar - | Cartesian [ Polar LV > Generator | Ve 4+ Vg| :
To To | : | To | : | | Induced —><><— Cavit | Is
(pset Cartesian > | Polar 4,_'_>§>_:> Cartesian : | IQ VQ :; Voltage avity |
[ | [
+ I I I .
+ Phase . I I | I ;
| V Cavit
Feedback I n. (t) 1 cav y
é_» i [ L_(p_g(E)_J !__C'_QJ ' TM Monopole
-4 Filters + L I
ZVget Quadrature RF_ée_ngr_at_or_ ___________ mode
Llg, Feedback e
Filters I Additive Parametric :
| Noise Noise |
| r====  -====n
s IO H1toe(D]] |
VQset | : | : | 1
dl | | | [ Vv
Q (2 ) Polar Cartesian [+—
o | To : Lol To
] : s Cartesian ! : Polar |«
|
dQ| | : | [ VQ
1ol | | [
< |
‘%’4_ Cartesian [* : L _eq_(tz i L _(PE(_) - JI :
To (1 e e a

W Polar | LLRF Receiver

» In lieu of 1/Q feedback, amplitude and phase feedback can be used.

= Amp / Phase feedback filters are also input as coefficients of digital filter
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Storage Ring System
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Storage Ring with Bunch-Lengthening Cavity
Workflow: Perform first order calculations of

R F SyStem param ete rS Instantaneous Bunch Current
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Storage Ring with Bunch-Lengthening Cavity
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Storage Ring with Bunch-Lengthening Cavity

Workflow: Measure RF noise and inject into elegant to see beam response

... Bunch Time Distribution ., Bunch Energy Distribution
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Storage Ring with Bunch-Lengthening Cavity

Workflow: Measure RF noise and inject into elegant to see beam response

Bunch Time Fluctuations Bunch Energy Fluctuations
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Storage Ring with Bunch-Lengthening Cavity

Workflow:

= Simulate effects of RF noise on the
longitudinal feedback system (LFB).

» Simulated existing noise and 0.1x noise
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Storage Ring with Bunch-Lengthening Cavity

g Oz s=d+n :Q € .

Noise reduction option: adaptive notch filter

» Achieved >30dB suppression at select lines (\/n -
» Can expand to additional lines as needed @
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Booster System
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Booster 352MHz System (4 cavities)

= | arge beam-loading and injection transients require

Al

.= exploration of beam-loading compensation strategies

=488 . Total (R/Q), ~5600 W, Q_~20e3 => Ra =112 MW !!

\ = Beam induced voltage at resonance, ~1.37 MV @20nC
@ = Injection voltage ~650 kV
T

ey ~1.23 msec,

T, Cavity time-constant: t, ~15to 18 msec

Booster RF Ramp

« 90% fill in ~28 to 34 turns
« 99.9% fill in ~84 to 100 turns

Beam-Loading Factor Estimates

, Example: V,; = constant + 4" order . Across the Cycle
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Booster: Beam-Loading Compensation Simulations

= use Generator Additive Noise to apply feed-forward Example
= yse RF EFeedback Generqtor Current Phasor
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Booster

Simulation .
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F1eﬁed—Forward + Feedback
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Booster: Cavity Detuning Option

= Simply using large cavity detuning at injection time is an option to reduce the
beam induced voltage.

= However, this would require adding dynamic tuners to the cavities since the
detuning must be small at extraction time to reduce generator power.

100 ' ' ' ' ' —1-30 kHz
—20 kHz

g 0.8 & 1—10 kHz
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0 0.4]
C
o |
= 0.2]
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Booster: Momentum Sweep and alternative feedback

A momentum sweep is being explored to give good Booster injection efficiency
while providing low emittance to the Storage Ring f f Afcav
inject extract

This implies a positive drive frequency sweep A

Dfext—»f  fa—

- Dfinj

- fsweep:~20kHZ —>

One could take advantage of the resultant dynamic detuning, but we would be on
the wrong side of the conventional Robinson Stability criterion.

A comb-filter can restore stability for positive detuning.

Growth Rate vs. Detuning Injection Efficiency
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Conclusions

* Inclusion of RF Feedback/Feedforward in elegant has opened the door to
sophisticated simulations of the RF system / beam interaction

- Itis guiding the design of the APS-U RF systems
- Can analyze interaction with other systems (e.g., longitudinal feedback)
- Equipped to simulate RF system noise impact

 Interaction with the physicists early in the design process is strongly encouraged

- System design decisions obviously have a huge impact on hardware
(e.g., Booster momentum-sweep and dynamic tuners)

« Simulation efforts will continue to guide RF system and LLRF control design
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