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SPS RF Upgrade project (LIU)

LHC Injector Upgrade project (LIU)
Protons: doubling pre-LIU intensity [1, 2]

LHC

« 2.3e11 p+/bunch at extraction

« 25ns spacing, 72 bunches/batch, 4 batches

TT42

. [ 1976 (7 km) | \;’ AWAKE

Lead ions: 50ns spacing (100ns pre-LIU) [3]

HiRadMat
}Q{.z&

« 2.5e10 charges/bunch at extraction, 56 MEDICIS

bunches L1999 (152 m J 202061 _ ISE R
. . - @ — o I{SEC))({BIEE i East Area !
« Fixed-frequency Acceleration (FFA) o f _ P <

....................

«  Slip-stacking for 50ns bunch spacing

« Low RF noise (long injection plateau) " i - CLEAR
“?'.\:\': A
[ 1994 |

Figl — CERN accelerator complex
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SPS RF Upgrade project

Completely new RF system
 From 6 to 8 200MHz Cavities

 New 1.6MW solid-state amplifier

systems (2x) ﬁ7 V V ﬁ7 i
(T T T T ama - —

NeW digital LLRF > 200MHz Tetrodes D TWC 200MHz, 1 section
—l>_ 200MHz Tetrodes |:| TWC 800MHz, 1 section
»  MTCA for 200MHz Cavity- 7 soomerer | Vv QN
COntrO”erS (RF feed baCk) [4] Fig3 —SPS Solid-state mpllflr systems (32 towers of 140kW!) .

« MTCA for Beam control LS2 (2019-2020)
(beam based loops) [5]

I nfrastru ctu re LLRF LLRF LLRF i LLRF ;; LLRF i
« Huge decabling/recabling Beam |
. —REHERH [ 1 R - [ AR~
Campalgn —>—  200MHz Tetrodes D .
] _»_ 200MHa SSPA TWC 200MHz, 1 section
° IntegratK)n of Iegacy HW 4> soomHz 10T D TWC 800MHz, 1 section

Fig3 — SPS RF Upgrade in Long-shutdown 2 (LS2)

Figd — SPS low-level RF system (MTCA)
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SPS RF Upgrade project

SPS RF cavities

 Four — Six 200MHz travelling wave cavities (LS2)

- Two 800MHz travelling wave cavities (LS1)
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Fig5 —200MHz 3-sections cavity, Zg(f) Figb — 200MHz 3-sections cavity, Zb(f) real( red), imaginary (blue)

Z,(f)=R {sinc[r (f= )] ™0 s sine[ 2 (f + fo):le—jnr(f+f[))}_

Fig7 — 200MHz travelling wave cavity

Parameter 3-sections 4-sections
sinc® [ 7(f = f,) |+sinc* [ 7(f + ;) ] Zg (f) # Zb(f) [ Cavity filling time t (ns) 462 621 |
. . Resistance driven by generator R; 9851 13237
z,(f)=-R, ~ A=sinc[2z(f - f£,)] B A=sinc[2z(f+f,)] ¢ Q)
”T(f—fo) m(f+f0) Resistance driven by beam R, (©) 485202 876112
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SPS LLRF Architecture

Architecture based on White-Rabbit VME MTCA

o _ _ _ _ _ _ — — — — — — — — — — — — — —

+  White-Rabbit B-Train: Bending field :’ P\ A _ ) \: _
+ White-Rabbit RF-train: oo sraaal | e 873, oo dobod a0 T | TD
*  RF frequency (FTWs) @ frev RF-sCyF;nSchrfiFibersmmm T Beam Control ‘tpbeamcE< I e
«  Voltage setpoints | FfRffREV“@‘_ e FT\ZZWCE< i e
« Locked on low noise 10MHz Master clock el i Hl \ P A Setpoints WD | |
(GPS receiver) o ! | < RFtriggds| RF Diagnostic \i‘\lfv\l:cﬂl LTI 5
« Fixed latency, link stabilization [6, 7] ST | [P - ) 10Gbit i WL |
« Sampling clock re-construction from WR data stream in 3 i _ _;/ 2 0 i | i
all RF station/crate (1 fiber link for clock & data) s IS e
“““ e 3 1 o @PS)
Direct sampling at 125Msps of 200MHz RF i B [ B EE HE i i i
+ Fixed frequency sampling & processing clock i [ ] [ oo Rl cer ] e |
(Predictable, low noise clocks, easier for HW) | - - ___“____T_ﬂ,/ N /
« Higher complexity for DSP Surface building BA3 '7 \
(Resampler, variable fractional delay - VFD) [ I o - sls 3 § @z
10Gbits links L 5 TTTESTTTT B EEN
- Cavity voltages — Beam-Control (200MSPS) | __eean ToToT) [ToTh Ao i
« Long Damper — Cavity-Controllers (20MSPS) | “TWesoo | Twcsoo Radol  Prase uoy |
| = Pick-up(s) Pick-up(s) )

Fig8 — SPS low-level Architecture - platforms
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SPS LLRF Architecture v @*TQ

Distributed NCO'’s et A \

| f coaxial »TDC AT |
| C.e B . | WR
. Fibers to/from LHC ) B-field WR witc
» Every node has its own NCO (RFNCO) R rron| —coadal Top : ?E
7 |
H . | Fibers to/from beam < —|ADC < | WR
«  Running on fixed frequency clock (125MHz) K i ) e
: Vcav SRbeam (~|ADC | : Ref magnet
. . B-field
« Synchronous reset through White-Rabbit (WR) et l av, dP x Setponts "™ |
1 fRFan« | ‘ L
(fixed latency) vl R W \‘
C 1 Tamwe | s T
| | I WR |
| | by witc |
RF frequency o N |
| | Sur:face (lj)uilding ;3A3 B ~ |
. . | | araday cage | | |
* Revolution frequency (FTW) computed in Beam- = - oo 1 o e
Control (master) | R i
.y ) ' ] o |
-  FTWs distributed over WR (fixed latency) i | R i L o i
N ______F’j“}‘_Ef"__F'{_Ej‘L/ e /
Surface building BA3
[OsPsTumnel 1~ o+ .. —~— Y
: Beam ™ — :
! L :
: Radial Phase \wcm |
| Pick-up(s) Pick-up(s) |
N 6x 7/

Fig9 — SPS low-level Architecture — distributed NCOs
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SPS LLRF Architecture
Master Frev Frequency bump  Frequency

Numerical Control Oscillator Frequency (slippage) modulation

(NCO) /

IP Core in all RF stations

FTW,, =(—}—)-_>D a

+ Reference for RF synchronization >
H1 Accumutator

« Allow complex RF gymnastics required for ions
acceleration:

D Q

P

AFTWHLSIip — T

D

Amplitude & Frequency modulation used for fixed- Slip Accumulator
frequency acceleration, slip-stacking [8] -
Y + AFTW
, FTW. + H1,FSK A
« 5 Phase accumulators & 5 FTW'’s MM rsErw [T oot S PHIFSK
calculation i >
com —>
Revolution phase Pt comp i S |>t
ccumulator
Slippage phase (ions slip-stacking)
Frequency modulation A (010)
(PLO +- —COS(PL0

Demodulation LO FTWio _’@ ’\‘B” CORDIC .

2X S —>sin(¢Lo)

Modulation LO Rst LO Accumulator
\ LO Frequency (de)-

Figl0 — Numerically Controlled Oscillator diagram .
modulation (2x)
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SPS LLRF Signal processing__

Re-Sampler valid aD“na iz

dat.‘l is

FIR
FILTER
BANK

* Required for bunch-per-bunch signal processing [ we
-l
* Change from clock-synchronous data rate (125MHz) to bunch-
per-bunch data rate (200Msps), and vice-versa c1x
. dava £4[B-1] ata data [1] dava £4[0]
«  Synchronized to the NCO R é
° H data_f£={ [B-1] data f£f=1[2] data £={[1] dava_£= ([0]
Phase, radial loops are bunch synchronous - S 55 ] sees
. . . . — dly= | STRUCTURE
« Farrow based Variable Fractional Delay (VFD) filter with Horner-
architecture pOIynomlaI lnterpolatlon [9] Figll — Resampler, Farrow VFD with Horner architecture polynomialinterpolation
ol Hcomb _ bD i bl . z—(N+n) + bz . 2—2(N+u)
n i ag * Z—(N+n) f& a, Z—2(N+n)
Variable dela é}
y Setpoint | ~ x(n) -4 n(}i{) :(;) A Ea )
+ Some loops need an exact one-turn delay Gam rrcsoner | %
Hupr Heomb s Heav g “““““ b 12 g
+  One-Turn delay Feedback, One-Turn delay Feed-Forward [4, 10] Vca"—» 1/ A A A A -2 VZZi%e E m; oouTtFB wséHi SH
] = 8 PN )
« Variable integer+fractional delay 4 $ 4 | .
. . r ATrev "é@ ;\‘B‘- 43@*
* Integer delay: addressable shift register —_— = o
«  Variable delay: FIR, 4t order Lagrange polynomial interpolation N ) .
- Hcomb: Biquad with
Variable delay g

* No data rate change (125Msps) Variable delay

* Delay computed from FTW (NCO)

Figl2 — 200MHz RF feedback - Variable delay, Comb filter biquad
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SPS 200Mz Cawty-controller Hardware

FTCI (CERN, EDA-04141) S
‘ = = ® .'5' Center
HE N 5 ] & 2 Power Coaxial loop
N EECEET T 0525 < e
— ] ) avity
WR switch Bl Bt I T T 19T T T 1] [ ls
¥ B e e e e Ty —| Pick-up |
= Tir\—l—ln—rlr\—rs Tlr'\Tlr\Ti'\T
2 ¢
- \ z \
Icfwd2 IcFwd1 Vcav ‘ Pickup
v A PreDriver ‘
Local Interlock Cavity-controller Pick-up
Interlock box BPF Front-end Front-end
(i T~ T~ T " r-Troa Tttt 1|
. : RF switch Vector i : REF |
! RTM e Modulator 11 LO/REF I eRTM
BF MTCA crate : 1 & |
— I 7y !
| ] I
| |
| |
| |
1| | CLK| Cleaning |
: PLL :
AMC { S
| | TN
| White-rabbitl _ |/ wR
| receiver | C network W
I .
| |
| |
|

RF front-end
(1 cavity)

to/from
beam control

Figl4 — 200MHz Cavity-Controller diagram & hardware [4]
RF front-end

(1 cavity)
LO/REF : 223.5MHz
CLK: 125/500MHz
AMC card [11]
. . " eRTM14-15[13]
Figl3 — 200MHz Cavity-Controller MTCA crate + Analog Front-end (CERN, EDA-03849/50)
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SPS 200MHz Cavity-controller - Feedback loops

1. Polar-loop

1. Gain & phase loop e
2. 20us response time (CL) Frequency (FTW) &5
3.  Reduce amplifier noise Voltage Setpoints _
% _Pickup
4.  Compensate amplifier gain/phase drifts {E OTFF
2. RF feedback (OTFB) long damper o
Setpoint
1. One-Turn Delay Fdbk, BW = 4MHz \F,ggsgegm : Pol
olar
2.  Reduce transient beam loading Cavity Voltagey— Loop
3. One-Turn FeedForward (OTFF) il vl L FegaTt;chk Ay T
1. Measure beam current /
2. Reduce transient beam loading =
Surface |  SSST——— T ]
4. Longitudinal Damper Tunnel wback c
avity~ -~
1. Dipole mode (phase modulation)

11 October 2022

Figl5 — 200MHtz Cavity-Controller feedback loops [4]
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RF Frequency and RF (de)-modulation

Synchrotron —» RF ramp . -
« Sweeping RF (avg) = 200+/-2 MHz, BW = 4 MHz " i
« AM & FM modulation for ions accelerations r(\?qmgllg I
RF demodulation (input) - o
* Direct sampling of 200MHz RF at 125MSPS
(fixed frequency) -
+ Alternative with down-mixing with LO at ~223.5MHz © |

(LO fixed freq, optimized for IF harmonics aliasing)
Figl6 — 200MHtz Cavity-Controller Vector modulator

RF modulation (output)

« Single-side band transmitter scheme

. REF=LO at ~223.5MHz, IF at ~23.5MHz +/-2MHz RF
« External BPF on VM output to remove LO leakage and image BPF,;"'J \‘\
frequencies _,’J T
REF g

Figl7 — 200MHtz Cavity-Controller vector modulator spectrum
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SPS 200MHz Cavity-controller - Phase noise

RF Phase noise is critical for ions acceleration T ——
. Long injection plateau (>20$) 7701E+1 1E+2 1E+3 1E+4 1E+45 1E+6
* injection synchrotron frequency ~1kHz f,;=200.1 MHz
20 RMS jitter: 140 fsec (100Hz to 1MHz)

*  Goal: fs=300Hz to 2kHz, <-120dBc/Hz

90 200 Hz : -120 dBc/Hz
1 kHz :-128 dBc/Hz

-100

LO/REF (223.5MHz)

.+ -127dBc/Hz @ 1kHz
. 63fs (100Hz to 10MHz)

-110

-120 %\&‘

-130

Phase noise [dBc/Hz]

A
v

«  -128dBc/Hz @ 1kHz 140 Polar Loop BW
«  140fs (100Hz to 10MHz)

-150
Frequency offset [Hz]

HL-LHC requirements are ~20dB lower @8kHz

Fig18 — 200MHtz Cavity phase noise (without beam) OTFB gain at k*43.3KHz

11 October 2022 CERN SPS Low level RF | LLRF workshop 2022




Cavity Phase pickup : Frequency (FTW)
Radial pickup = '€/d  Voltage Setpoints

SPS Beam-Control - Hardware "% 7" | 71

Cavity Beam WRB
Controllers || |Phase/Pos. network
Fig20 — SPS Beam control diagram [5] r’ Tj ]

[ T T =11k s TEE O b 11
| b T - olofolal |
I %) %) (%) L L L L I |

RTM | g e ] e ] nn|n|wn ¥ «ospPLL| | | ERTM

| A I 1
i - Frfey | ,
| I A |
| I clock |
1 |
| |
{ _ |
E | Cleaning |
q PLL |
i | |
AMC ol A |
Y . 1 |
Ao | : White-rabbit] |
s 0 X receiver [ |
Fig19 — SPS Beam control crate Digital [/O’s 125Msps | : :

1. MicroTCA Advanced Mezzanine Carrier FMQ L e _T
(AMC) with a Zynq UltraScale+ (AFCZ) s || e

4-channel ADC r
125 Msps, 14 bits = '

LO/REF : 223.5MHz %.  1

2. Beam-based loops
CLK: 125/500MHz

B L
32 Digital I/0 —— >
interface [16] - : - = eRTM14-15[13]

v (CERN, EDA-03849/50)
AFCZ MicroTCA carrier [14] ~ QSFP-SFP RTM[15]

3. Frequency program
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SPS Beam & results

Protons

r1.75 MV

* Intensity achieved for LHC beam: 2.5e11 p/bunch, 21 inj: +750kV]
48 bunches/batch

1.5 MV

* 1.84e11 p/bunch, 72bunches, 25ns spacing

1st inj

 1.4e11 p/bunch, 4x 72bunches, , 25ns spacing
« HL-LHC target: 2.3e11 p/bunch

1.25 MV

N ——mF1mv 1 MV
% Amplitud dulati ith OTFB
* 100% Amplitude modulation wi

F750 kV

500 kv

100% AM
250 kv
= . . - = r - - —— B
0.035 0.040 0.045 0.050 0.055 0.060 0.065 0.070 0.075
—— VcavAmp.Cl @ LHC1 —— VcavAmp.C3 @ LHC1 VcavAmp.C4 @ LHC1 —— VcavAmp.C5 @ LHC1 —— VcavAmp.Cé @ LHC1

—— VcavAmp.C2 @ LHC1

Fig21 — Cavity voltage with Beam loading, 100% AM
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SPS Beam & results

lons

« Cauvities splitted into two groups (2 RF frequencies)

=
<

== Bl
: : : 164 . M :
»  Fixed-frequency acceleration with OTFB - ) )
_ _ e Voltage functions
* 100% Amplitude & Frequency modulation E (group 1 & 2)
S 10
» slip-stacking from 100ns to 50ns bunch spacing [8] 08
. . . . 80|00 BZIOO 84|00 86I00 BBlOO 90I00 92'00
e Beam commissioning on-going = Radial pos
£ 27 &/\(group 1)
e T _.-~""Radial pos

8500 —4 \" _________ ” (grOUp 2)

) 8000 8200 8400 8600 8800 9000 9200
E — Bl ,,xx"*"‘“““"‘%\ Frequency bump
e "ol UOUD 2] e g

7000 .5; 0.0 - )()( i(

o 1

6500 A \_/(Frequency bump

6000 (group 1)

: - " e 200 o 8000 8200 8400 8600 8800 9000 9200
Fig22 — Fast BCT during slip-stacking, 2 batches of 4 bunches Fig23 — Frequency & voltage functions for slip-stacking
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Conclusion

Steep learning curve Almost two years of operation
 MTCA platform * Pre-upgrade performance exceeded
* Fixed sampling & processing clock « Ramping up towards HL-LHC intensity

« Resampler, fractional variable delay

Future CERN LLRF projects on MTCA

Good architecture choices *  High-Lumi LHC (crab-cavities)
=> much high RF noise requirements

« PS 200MHz Cavity-Controllers
«  AWAKE2 (S and X-band linacs)

« Fixed frequency clock, RENCO flexibility

White-rabbit for clock and data transmission

We benefit from MTCA (PCle) White-rabbit
»  Fastbus bandwidth (Long acquisition buffer for «  Much improvements to achieved the clock phase reproducibility,
troubleshooting) target < 13ps (1deg @ 200MHz)
. Compactness, diagnostics, HW hot-swap, Achieved: 6=16ps, and few erratic jumps of 75ps under
Redundancy (PM) investigation (GTXEZ2, Kintex), but none with GTXE1 (spartan 6)
«  Use of COTS (Home-made HW in LHC or L4) * In depth WR/clock performances under characterization
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Cavity voltage in AM (3-sections, no beam)

623kV

e Frf_inj=~198.5MHz
* Frf_on=200.2MHz

() + RF ramp on/off 1us
g S SATWO200_expertVSPAmP.C5-ACQ/Acquis tionSdata ¢ MOdUIation at 1*Frev
= | — + Pulse ~11us
a » Polarloop + OTFB closed
< = (\ 4kV /\
O]
7))
®©
e
al

Fig24 — Cavity voltage in Amplitude modulation, no beam, 3-sections cavity
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