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SPS RF Upgrade 2019-2020 (Ls2)

High Lumi LHC Beam requirements
- Proton [1]:
Doubling intensity — 2.5-10" p+/bunch
- lons [2]:
« 50ns bunch spacing — slip stacking
long injection plateau (~40s) — low noise

L 100
Main limitations ", 100ns
_ 66000 ................... .‘... ........
- Beam-loading . 06 Ve
° VRF=1 MV, ~2MV beam induced .................. Ge ................. ..... ................
- Longitudinal instabilities (impedance)
............................ 00000 ...
00000

Fig2 — lons Slip-stacking [3]
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CERN

SPS RF Upgrade 2019-2020 (Ls2)

RF systems :

- 4x 200MHz cavity — 6 cavities
- 2x 800MHz Cavity ’E LLRF

7
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200MHz Tetrodes, 1.05MW peak, 700kW CW
200MHz SSPA, 1.6MW peak, 1.0MW CW
800MHz 10T, 240kW peak D TWC 800MHz, 1 section

LLRF LLRF LLRF LLRF

Ibeam
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Fig3 — SPS Power upgrade
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SPS 200MHz Cavities

4 Travelling wave cavities (TWC200)
— Splitted into 6 cavities after LS2

(Better compromise with beam loading & Cavity Voltage)

Drift tubes structure

Fig4 — SPS TW(C200
CE{W | | |
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SPS 800MHz Cavities

2x 800 MHz Travelling wave cavities (Tunnel)

4x 60kW IOT amplifiers per cavity (Surface)

Centerfreq

Phase advance per cell
Group velocity vq/c
Cell length

Totallength L (37 cells)

Series impedance R,

Disc-loaded structure

_ V200
Vgoo = q0

800.888MHz o Rt B-
! , ) p—
/2
+0.035
93.5mm
3.460m

0.647 MQ/m?

Fig5 — SPS TWC800

LHC proton beam (2-3-1019 protons/bunch) unstable without 800MHz system
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C

SPS 800MHz Cavity Voltage

Voltage created by the generator

Zif(Af)

Impedance [Ohm]

Forward impedance Zrf

1.5¢10°

5%10°

~3.15.10° 3.15-10°

Zeros at
+3.15MHz

el

Impedance [Ohm]

— 5¢10°

~ 5x10° 0

April 20

5¢10°

Fig6 — SPS TWC800 Impedance

Voltage created by the beam

Beam transfer impedance Zb

~3.15.10° 3.15.10°

~ 5x10°

0 S5x
Af

Freq [Hz]

V : Cavity voltage

T . Total phase slip for ultra relativistic p+

18
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SPS 800MHz Vector Surr

NWA Artefact!

TWCB800 Vector Combiner (cavity 1)
2 MHz
+—>

Mag [10dB/div]

E/RW Fig8 — Vlector Sum response Freq [HZ]
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SPS LLRF Upgrade

Fig9 - Current SPS Beam Control Systems

ERN
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SPS LLRF Upgrade

Current system :
NIM, Custom 6U Europa crate, VME
Mostly analog
Some designs from 1970s
Only electronics for 4 cavities at 200MHz Ay == )
- (6 cavitiesinstalled after LS2) " EOE: o fa
Lack of control 1l
« No cycle-cycle settings (PPM)

« No remote control, no built-in diagnostic
« \ery time-consuming setting-up

........

Fig10 - Current SPS 20()MH2 RF feedbacks
Upgrade foreseen in LS2 (2019-2020)

Beam loading compensation MUST be improved to cope with 2x Iggay (HiLumi LHC)
Bunch per Bunch Beam Phase & Radial position measurement — 5-10GSPS
Fixed-frequency acceleration (FFA) for ion acceleration — FPGA

Fixed-frequency sampling clock (lower noise) — COTS

Deterministic serial link for RF frequency distribution — White-Rabbit

Momentum slip-stacking for 50ns ion bunch spacing, — SoC (FPGA+ARM, eg: ZYNQ)

CE/RW | | |
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SPS LLRF 200MHz cavity Controller
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Figl2 — SPS 200MHz Cavity Controller (Direct sampling)
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SPS LLRF 200MHz cavity Controller

Polar loop:

« TXnoise

* Openloop phase
* Gainlinearity

XA =
—splitter — Coaxial line Cavity (TWC)
A TXB —| Pick-up |—>
— Power
amplifiers
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SIS8300-KU Fig13 — SPS 200MHz Cavity Controller (Direct sampling)
‘ (Desy/Struck)
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SPS LLRF 200MHz cavity Controller

RF Feedback

« |Q feedback

» Transient beam loading (Frev)

* Impedance reduction at synchrotron sidebands

15 I~ (fs, 2:s)
4 —»Splitter FHV ; b Cavity (TWC)
: T T T L1 [rolt
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| :
i ' design
|
: Cuk| Cleaning |
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SIS8300-KU Fig14 — SPS 200MHz Cavity Controller (Direct sampling)
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SPS . LRF clock Generation/Distribution

Fixed-frequency sampling

. Big paradigm change for CERN
synchrotrons

. Simplify clocking scheme

. Better noise performance (clock)

. Higher complexity in signal
processing for bunch synchronous
processing

White-rabbit support

. Reconstruction of sampling clock
from White-Rabbit

. Aim for <130dBc/Hz
(from 100Hz offset range)

. Scalable system

LLRF Backplane (Desy) compatible

\

April 2018

MicroTCA RF Backplane

Slot #14: WR Main Board
This board can operate in standalone mode (without RF board).

QSH Cable The connector is

Slot #15: RF Board .
This board require a WR Main Board 120 pins

to operate correctly.
Board-to-board connector =

Power & Management |« 1| 1T
I

]
HEl Clock Synthesis
o (PLL+OCXO)
i
Distribution z
RF Power
Monitor

designed to support up

RF Distribution REF
Generation

CLKA & CLKB are 1-PPS aligned and independent
CLKA frequency: 62.5MHz/125MHz/250MHz/500MHz
CLKB frequency: 62.5MHz/125MHz/250MHz/500MHz

LO & REF frequency: up to 230 MHz
CAL is not generated nor distributed. LO or REF can be programmed to generate a CAL signal

Fig15: eRTM for SPS LLRF (Courtesy Mattia Rizzi)
Fermilab - slip-stacking 16



SPS LLRF Beam control

Beam based loops
B-field reception (White-rabbit)
RF freq calculation (FPU)

RF freq distribution (White-rabbit) cavty ||| Beam :
Synchro Loop '

£

o o
[T L
[%2] (2]}
€} ¢}
-

Phase loop R
Radial loop R
Cogging /Rephasing (extr. to LHC)
Slip stacking (lons 50ns)

» QSFP [«

[ SFP
> SFP |
[ SFP
[ sFP

eRTM

AMC: Amc
FMC Carrier, 2x FMC (HPC) Digital 1/0's
SoC (FPGA+ARM) Fmg:'
White-Rabbit (2x) rminge | | Exem ExtormalRF
MTCA 4 -
RTM:

Fig16: Beam control in MTCA.4 (Courtesy A. Spierer)
4x SFP+, 3xQSFP+

MTCA.4.1 (optional)

CE/RW | | |
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SPS LLRF Beam Phase, Radial Position, Intensity

- Signals received from beam position monitors typically cover several GHz
- SPS RF frequency: 200 MHz — bunch spacing 5 ns

- Direct sampling of beam signals with fixed sampling clock at >> GSPS

- Beam synchronous feature extraction in digital

- Beam instantaneous frequencies received via WR link

- System clocks are deterministic for every cycle

(“absolute time”, based on WR) o
“‘ Coaxial Transmiss ion Line J :B _»X% : ADC : E)I:teraat::’sn ™ Sararm 1
Hardware Parameters: Seam 1 Data
Input channels =2 ~ comeiner
° n U C —_— .4 ~ L P am=2
p . L Coaxial Transm ission Line > 9B ™ % ‘.I: ADC : Ezteraatcli::n OOOOOOOO
- Samplingrate =5 GSPS B ]
. Analog BW >1 GHz - Observation
. . White-rabbit > Memory
. Vertical Res. > 8 bits Rl BN
- Data output 200 MSPS
. Clocks derived from WR (125 MHZ) Figl7: Beam phase, Radial pos, Intensity
(Courtesy G. Kotzian)
C\@ ‘ April 2018 Fermilab - slip-stacking 18
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SPS LLRF wmtca.4.1 Equipment

MTCA9U
Crate

MCH (crate controller)

Fig20: NAT-LLRF-Backplane (DESY, N.A.T. GmbH)

CE/RW | | |
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C

CERN SPS-LIU Schedule

We are here

1

Beam for physics

l

2015 2016 2017 2018 2019 2020 2021 H Long Shutdown
Q1{Q2iQ3/4|Q1{Q2iQ314|Q1/Q2{Q3104|Q1/02{Q3i04|Q1/02/03{Q4|Q11Q2/03{Q4/Q11Q2/Q3/Q4 Commissioning
tHc | | M Operation
Injectors . B Technical Stop
Fig21: SPS-LIU Master plan
- Q1 2018: MTCA Cavity controller tests on 200MHz cavity

- Q2/Q3 2018:

- End 2018:
- 2019-2020 :
- Q4 2020 :

- Q1/Q2 2021:

E/RW

Prototype HW for Beam control (FMC carrier)

MTCA HW for Beam phase/Intensity measurement
CERN Accelerator complex stop — Long Shutdown 2
LLRF Upgrade

LLRF commissioning

Beam commissioning & Run 3

0.55ADC — 1.1ADC (HiLumi LHC)

April 2018

Fermilab - slip-stacking
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SPS LLRF 200MHz cavity Controller
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Fig22 — SPS 200MHz Cavity Controller (Direct sampling)
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SPS LLRF 200MmHz cavity Controller

From Beam @ Serial link 1Qibeam

Control TlORX
@ i Voltage Setpointt. ~ y
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080 os6 Fig23 — Cavity Controller, FPGA processing
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SPS LLRF 200MHz cavity Controller

bo +b1'Z_

H -
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Fig24 — One Turn Delay feedback with triple comb
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SPS LLRF 200MmHz cavity Controller

MIMO feedback

From Beam (O) > RX I1Qipeam FPGA (AMC)
Control l
From Beam ‘ ‘ ) dV,dp ; )

» RX > : B IcFwd
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SPS LLRF 200MHz cavity Controller

XC7KU040 FPGA
> A -» DDR Memor
DDR4 controller y

Xilinx XDMA DMA
PCIE Gen3 x4 <>l el =g ivio e

Core Control Regs Crossbar

AXI
Crossbar

System Top Level

User Top Level

WR Link (SFP
(SFP) < WR Core AXI/WB to Cheburashka
SPI/12C System MCU e
(AD9510, *
AD9268, etc). ADC interface
ADC/DAC < The LLRF
Raw data DAC interface

<« AXI4 Full, 512 bits, 125 MHz
AXl4 Lite, 32 bits, 62.5 MHz

Fig26 — SIS8300 Firmware (Courtesy T. Wlostowski)
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SPS LLRF 200MHz cavity Controller

IF processing to be studied
(Down-converter)
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Fig27 — SPS 200MHz Cavity Controller (Down converter)
(Desy/Struck)
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