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Introduction

SLS 1.0:
12/2001: 15t Beam
9/2023: Last beam

SLS 2.0:

1/2025: 15t beam after 1st dark time (15 months)
 New diffraction-limited storage ring in old tunnel (288 m)

PSI

e B
"~ Injection

,/ 100 Mev Booster”
Linac (2.7 GeV) '

fonTm) 12 Arcs; 12 Straights
i Circumference 288 m

500MHz /.
HOM cavities ™

"%_.-Booster cavity

TR ;-
A 7

Beamlines: N
#12inPhase 1 -
#7inPhase 2

Storage Ring
(~ 450 bunches)

Beamlines and
insertion devices

e Re-use linac & booster, new booster-to-ring transfer line
1-6/2025: Machine and beamline commissioning

7-12/2025: Internal user operation

(upgraded incrementally
\\ 2024-2026(+)

V. Schlott et al.,
poster MOPMO19

1-3/2026: 2"d dark time (3 months): Install super-bends, upgrade more beamlines/IDs, ...

4/2026+: External user operation (limited call for external users end 2025)
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 PSI

7-bend achromat

\
with reverse bends:

Lower emittance

re-using old tunnel
\ 8 Y

Parameter Units SLS 1.0 SLS 2.0

Circumference m 288

Beam Current mA 400

Injection Charge nC ~0.15 (1 bunch, 3 Hz)

Beam Energy GeV 2.4 2.7

Main RF MHz 499.637 499.654

Harmonic No. H 480

Hor. Emittance pm 5030 131-158 —<

Vert. Emittance pm 5-10 10

Ring BPMs H 75 136

Betatron Tunes H/V 20.43 /8.74 | 39.37 / 15.22

Ring Beam Pipe Stainless Steel | Copper (NEG)
65 x 32 mm 18 mm




Introduction  PSI
Minimal space between components: Combination of permanent
Price for re-using old tunnel & magnets (long. grad & reverse
wanting low emittance ... bend: NdFeB) & electromagnets

s e oty bty e e
Longitudinal Gradient Quad, skew quadjsteerers}
Bend, triplet (PM) & octupoles L

2.7 GeV Full 0.5mm stainless steel pipe only at ring BPM & Fast Orbit

Energy Booster Feedback (FOFB) dipole corrector (0.35mm laminated iron)
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Commissioning Phases
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 PSI

Injector Recommissioning

. e . . / &,=12 nm rad, combined \
Linac recommissioning 11/2024: funetion dipoles & correction

guads/sextupoles/dipoles.
Emittance exchange XY

e Beam commissioning: Design performance reached again in ~1 week successfully tested but not

L. . mandatory. /
Booster recommissioning 12/2024: %
Performance of original SLS 1.0 booster & systems O.K. for SLS 2.0 (emittance, stability, ...)

*  Only few modifications/upgrades (gun pulser, cabling, controls, ...)

—  Re-using SLS 1.0 BPMs/electronics, magnet PS (except 1000 A dipole power supply), RF, ...

— Upgrades (BPMs, power supplies, ...) planned 2026+ (maintenance reasons ...). Cables renewed
already (BPMs, corrector PS, ...).

e Beam commissioning: Design performance & extraction up to storage ring septum in ~1 week. Only
two minor problems (~1 day delay each):

— Beam lost after % turn: Inactive screen was in, not out (90% charge loss at 15t BPM after screen)

— Dipole and quadrupole current ramp accidentally misaligned - betatron tune runaway after
1500 turns (tune measured with BPM & pinger kicker, magnet currents with scope ...)
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Storage Ring Commissioning: New Systems

New ring components:

* Injection septum (thick tuneable permanent magnet & thin pulsed in series)

 BPM pickups & electronics, most beam instrumentation, all beam feedbacks

* Magnets & power supplies (in-house HW/FW design, 1000+ pcs!)

 Beam pipe (smaller aperture: ~18 mm), Multibunch Feedback (MBFB) kickers, ...
500 MHz RF cavities (HOM-damped) & LLRF & power amps (now solid state)

* Beam dump incl. dump kicker (smaller beam can destroy/ablate metal ...)

* Most electronics, controls, cabling & infrastructure (IT, cooling, ...)

Ongoing work on
ultrafast kicker (M.
Paraliev et al.)

Re-Used ring components:

e 3" harmonic cavity “3HC” (1.5 GHz, passive & superconducting)

e Injection kickers (traditional injection 4-bump over six turns like SLS1)
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 PSI

Storage Ring: Getting 15t Turns & Stored Beam

Prerequisites to getting first turns

*  Pre-beam RF-based BPM transverse offset calibration (pickup, cables, electronics)

*  Pre-beam mechanical alignment (laser tracker):

- Magnets, BPMs etc. mostly pre-assembled & aligned on girders outside PSI

- Girders them moved to & aligned in SLS tunnel

- Challenge: Very little space between components = limited access for laser tracker alignment
after machine was fully installed.

 Pre-beam tests of components (magnet PS, instrumentation, ...) and cabling (function, correct
destination, ...)

- Most problems (cabling errors, ...) found pre-beam
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Storage Ring: Getting 1% Turns & Stored Beam (Cont’d)  PSI

Getting first turns

. First turn needed only two corrector magnets near injection septum, thanks to alienment

* Plus tuning of booster energy & transfer line trajectory & injection elements

. Multiple turns with iterative orbit correction

*  BPMs: 4 Samples/turn, using DDCs with ~1.5 MHz -3dB bandwidth (1 MHz revolution period) -
good separation between turns, even before fine-tuning delays & syncing DDCs.

Getting stored beam & accumulation

 Ring RF phase alignment & booster energy tuning with dispersive ring BPM - beam for several
milliseconds (several synchrotron oscillations periods)

 Tuning of injection elements (kicker bump, ...), orbit correctors, betatron tune, sextupoles, ...
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PSI

Storage Ring: Getting Stored Beam & Accumulation

Beam accumulation & lifetime optimization

. BPMs & BLMs: Increased beam loss at taper before 3™ harmonic cavity due to misaligned beam pipe = Fixed by
beam pipe realignment
. After successful accumulation: “Vacuum laundry shifts” (cleaning pipe with SR photons) to reach design lifetime
at 400 mA
. Machine transversely & longitudinally stable up to 400 mA without Multibunch Feedback (MBFB)
. 3HC & bunch gap (one or two gaps of 30-50 buckets out of 480) sufficient for 400 mA (avoids ion instability)

Booster-to-ring (stored beam) charge transfer efficiency

e Initially only ~40%
e BPMs and beam loss monitors show increased loss in injection area

* Found and fixed misaligned valve
e Now achieved 97% with “injection tuning feedback” (thermal drift of booster extraction septum, ...). Still
typically ~95% without feedback (manual tuning).
e Dynamic aperture of ring less critical than expected (by me), injection comparatively tolerant
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Storage Ring: Charge Transfer Efficiency and Beam Losses

Fast Libera BLM (turn-by-turn)
sum signal before valve
realignment in injection area ....

... and after valve realignment: Losses in
injection area much smaller (also visible on
BPMs & slower CMOS based BLMs)
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ABODI-DFBL-0100
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Storage Ring: 1t Turn Orbit (X = Horiz., Y = Vert., Q = Charge)

s-di_bpm.py S - B
File BPM Settings Panels Scale View Plot Reference |Interface Status Feedback Analysis Help

:DAQ-BEAM-STGO-X-MAX

-2.071 MM @ ARS01-DBPM-0760 (BPM, DBPM3) 0, -1.0 Hz

ARS01-1--0760 (BPM, DBPM3, 0)

4 n " T - o e T .".,_;-.__"7_7_'."'7_liir_‘“
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/ ) \ 1l 7]71
15t Turn of beam (after 5 0 65 70 75 80 85

mechanical realignment . BPM No.
in septum area: valve, ...): :DAQ-BEAM-STGO-Y-MAX

0.935 MM @ ARS01-DBPM-0760 (BPM, DBPM3) 0, -1.0 Hz
No more beam loss at

first BPMs & 60-90% : N e
booster-to-ring injection : H [\\'AM}/}A m [\
efficiency (before: <40%) - oA V UV”\]”\ W

K 100 :.lOS 110 1;.; -120 125 130 13

44.132 pC @ ARS01-DBPM-0760 (BPM, DBPM3) 0, -1.0 Hz Yalve Flosed
(intentionally)

:DAQ-BEAM-STGO-Q-MAX [ N

" 33AARiRANN NAEAY UAAA INARNANAAAAAA IRANINANAAAAA IARNNNNNANNARAANAR
. . ,,,,'nll‘_,'..”h.l",“.- .'..,,}ut,-,‘i,u.}l,iyil_-'l'..,.{ PRETPEBEREED .-.'l'.”. LU TTETTT il I EIENA NN NN NENAEEE
Charge calibration wasw L % i T T ‘ FH i Esne INRENNNNE IREE
H : = 20 SRR RN AT R ERRR SRR R T
notyetoptlmal s / 4 R RRAR"  (MERINNANARANANANANANEENNMENGNANOS RRAAEANANN SRNNRANEANSNENANENINEINENANARANNREN REN —&l.' ....... 1"‘TI.TW]".Til'lli._.l'>_]fm_____
| I | | | | | REa] !

-5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 9 95 100 105 110 115 120 125 130 13
BPM No.

Interface: PyEpics (for 76.51h); Python: 3.8.11; Uptime: 76.51h; CPU Load: 4.1% @ 1Hz; Data Time: 21.02.2025 14:53:00
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Storge Ring: Vacuum and Beam Lifetime

Average pressure and beam current SLS 2.0
Jan. 25th to April 15th

y PSI

April 5, 2025: 400 mA

March 11: BPM charge signal
design current stored stably (4 samples/turn): Beam dump
l l R e kicker kills beam after turn 3.
3.5 . . | / . .
ARSO1-DBPM-4X20:Q 4 MSPS ———
31 i I i
(o 1E-9 - \ [\ i\ |
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» l Rcii
1 . 1 L 1 O : Py B gy
0 20 40 60 8 0 1 2 3 4 5 6
ime (days) Turn no.
January-March: Self-imposed limit of ~25 mA (beam March 11: Beam dump kicker tested
dump kicker not ready, beamline safety, ...) successfully > permit for higher beam currents
Courtesy R. Ganter / SLS2 VVacuum Team
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Storge Ring: Vacuum and Beam Lifetime (Cont’d)

July 2025: <4E-10
mbar @ 400 mA.
Beam lifetime ~8-9
hours.
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Courtesy R. Ganter / SLS2 Vacuum Team
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Storage Ring: Optics, BPMs & Orbit Feedback

PSI

e Optics measured & tuned, to get close to design optics (beta beat correction, chromaticity, ...)

115 BPMs & 115 corrector dipoles per plane for orbit feedback, plus some out-of-loop &
special purpose BPMs

 BPM centers (relative to adjacent quadrupoles) measured with BBA
* 1-6/2025: Slow global orbit feedback, sufficient for machine commissioning

* Since 6/2025: Fast orbit feedback (FOFB) operational, used for pilot user experiments 7/2025

e (Centralized AMD Zynq UltraScale+ MPSoC (MultiProcessing System-On-Chip) for FOFB
Engine

e Receiving data via multi-gigabit fiber optic links from BPMs (reflective memory network,
in-house design)
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PSI

Storage Ring: RFSoC Measures Filling Pattern Via BPM Sum Signal

fpfb-interleaved _adc_data.ui (on sls-lcBa.psi.ch) - o x

Interleaved ADC data (64GS/s)

owwmm“

& P._Baeta et al.,
I poster MOPCO12

Some users want

“isolated” bunch in

-4000 — ~30 bunch gap
(“camshaft mode”)

P

=]

=]

=
l

ADC 16-bit

-6000 —

I | I | I | I |
5408.94 7211.92 9014.89 10817.9
#samples

Average over: |90 turn acquisitions
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Storage Ring: RFSoC Measures Filling Pattern Via BPM Sum Signal PSI

[ Feedback loop closed last week! ]

Charge in bunches: Line plots rinalFiui

& et R'"EJF'"'”Q Pattern - " RFSoC measures over 16

Eile Settings Panels Scale Vie turns interleaved: 64
SLS Ring Overall = 20.543 nC ~ 21.384 mA GSPS. Additional 100x

g © WWVMWWWW\W\WW averaging: 276 fC charge

5 o | resolution at ~50pC

S o bunch charge

& 25 40 [510] 80 100 120 140 160
... and bar chart plot ] Bunch (No)

Bunches: Max=62.6pC, Mean(All}=42.8pC, Mean(Filled)=45.5pC. Filled Buckets = 451 of 480 = 94.0%

g 60

o 40

E 20

S

0 20 40 60 80 100 120 140 160 180 P. Baeta et G/.,
Bunch (N poster MOPCO12
Charge Change: RMS = 0.076pC, Mean = -0.004pC ~ -0.004uA
g 1 |
6 1 /‘

o 20 40 60 80 100 120 140 160 180

( Lifetime measurement
from FP

BTNy

CPU Load: 16.7%, RAM Usage = USEEF\Qﬁ?é}?)a?l%deﬁeg%%AFa%fﬁégwefmi r%Beam urrent = 21.384 mA Lifetime = 4.905h U
shows FP noise & real injected charge or loss
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Storage Ring: 3D Beam Size Measurement y PSI

Since May: Also X-ray Fresnel Zone Plates:
Continuous transverse 2D beam size @ 2 locations
Beam size 10.2 um x 10.4 um @ 100 mA (800 ms exposure time)

Bunch length (Streak

Visible light pi-polarization for Camera) @ 400 mA:
vertical beam size (first 27ps (3HC on),
commissioning phase) 10ps (3HC off)

Courtesy C. Ozkan et al., poster MOPMQ04
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Feedback: Priorities

Prio 1: Filling Pattern (FP) Measurement & Control/Feedback

. BPM based measurement since day 1. Safety: Dumps beam when single bunch charge exceeded limit.
Complementary photon based system was ready some weeks later.

. FP Control: 1%t via Python & event master (FP control), now via RFSoC (FP control or feedback)

Prio 2: BPMs & Orbit Feedback

e Vital for fast 1%t turn & stored beam, complemented by BLMs, screens, ...
e |Initially slow orbit feedback (SOFB) via EPICS, now fast orbit feedback (FOFB) for user experiments

Prio 3: Multibunch Diagnostics and Feedbacks
e Prio 3a: Multibunch diagnostics requested by RF, operational since permit > 25mA (RFSoC direct sampling)
e Prio 3b: Multibunch feedback (MBFB) not needed for stable 400 mA as predicted, only backup

* Prio 3b1l: Basic transverse MBFB operational (but bunch gap(s) sufficient to handle ion instabilities)

e Prio 3b2: Longitudinal MBFB. Ready except modification of SLS 1.0 analog upconverter to drive kicker
(SLS 1.0: 1.375 GHz, SLS 2.0: 1.875 GHz). Decided to skip this (unless need turns up) & do direct RFSoC
synthesis of kicker signal instead. Lab test successful, implementation of operational system pending.
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Bunch by Bunch Feedback

X position — feedback OFF

Tau = 341 turns = 0.33 ms

MBFB: PSI implemented 3D multibunch feedback on single RFSoC chip.

PSI

Y position — feedback OFF
Tau = 287 turns ~ 0.28 ms

%o 0 e BPM Data
/ 0.6
RFSOC Box Transverse MBFB operational,
PSI RFMC CARD q q
ADCD DACD plot shows test with pinger i
ADC1 DAC1 .
ADC2 bAC2 ccecec kicker. Could also be used to B
Avor DACE damp leakage of injection 5 oy
DAC5 Q -5
s DAGS \_ kicker bump. Z
ADC7 DAC7 o~

Transverse
Kicker
Amplifiers

il ;“ It ': i
y CTRL ADD-ON CARD ] 0.0 - y
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Control
System

X Y's
SLS1.0 ANALOGUE

RFFE
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-0.2

¢ BPM Data
Fit

iii.. i
f Mh s
m «'{ Imrlm b

X position — feedback ON
Tau = 210 turns # 0.20 ms

Y position — feedback ON
Tau = 134 turns ~ 0.13 ms

OB ‘sa *  BPM Data

Kicker

0.4 . \EIVH: n
MBFB RFFE (future direct sampling version, now still

using SLS 1.0 analog downmixing version) 55 5]

Position (mm)

MBFB RFSoC Back-End (19" unit with ZCU111
operational, upgrade to newer ZCU208 in progress)

0.0 i ‘|"l>

-

-0.2
I I 1

BPM Data
—— Fit

‘H”["“ i 'iin ia o
| SRS

e

i
IIF"
1 1 1

0.00 0.25 0.50
Time (ms)

P. Baeta et al., poster MOPCO12
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Bunch by Bunch Feedback: Longitudinal

Ethernet

<« Jthernet AXI Bus
se—— PS [ ——
] AXIS DAC[0:1]
DAC[0] @ 3.75GS's h '
DAC]1 3.75GS/s
( > 1 @ Ll
E AXIS
S, | ¥ |eaw . £-% |2 EE
£2| £ o 2l |28
2% | 8 [loan o] £ | 2|5 32|5 =3 =
23] : AEREE B EEE
5 [anas Z 5 E E Sol|3 =z
B— E Agi-[-’] § S|l e | & &E| (G}
- 2 . rim i
e A
N . L -
> E P = S ¢ SN
ADC]7] = g " - - Xel”

Successful lab test: RFSoC drives real longitudinal

MBFB power amplifier and kicker magnet with

directly synthesized 1.85 GHz signal. Working in

feed-forward mode, now need to integrate into
\_ MBFB feedback loop firmware (stable latency, ...)

Full-Scale (%)

Bunch(N+1)
X  Bunch

Configurable
Amplitude and
Phase
[ A

op—-———4H————L———
[ RFSoC can kick each bunch individually, little crosstalk |t P ?‘12-02 | |

-4 2 0 2
1oor | Ts000 | '
ey T
-12.69 [ -3.73 % 97 -1.74€
1 : o
-4 2 0 2 4 6
time(ns)

B. Keil et al., https://accelconf.web.cern.ch/ibic2024/pdf/WEP42.pdf
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https://accelconf.web.cern.ch/ibic2024/pdf/WEP42.pdf

7
a

Longitudinal & Transverse Kickers

Bunch By Bunch Feedback

F. Marcellini, S. Dordevic, M. Dehler et al.

18.11.2025
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Bunch Arrival Time & CBM Analysis via RFSoC Direct Sampling y PSI

5LS Ring Bunch Arrival Time - o x

File Panels Scale View . \

- , Old SLS 1.0 MBFB: Analog mixer 1.5 GHz
_ Bunch Arrival Time (Minus Common Mode) ) ) )
B 10 | . to baseband: Proportional to arrival time
£ by, , [ LT VT SV * bunch charge [nC * ps].
® = MW A . . .
£ a0 | _ SLS 2.0 RFSoC: Pure arrival time in [ps] by
0 100 200 200 400 direct sampling of BPM sum signal

Bunch (MNo)

/

Arrival Time Variation {Mmus Common Mode): Mean(Abs)=0.9ps

MWWWWW*—WWM b

400 \
Bunch (MNo)

Long. CBM spectrum calculated from RFSoC

Delta Arrival Time (ps)
F=N S ) O [ =

Coupled Bunch Mode Spectrum (No Common Mode) e Sampling SRl (no analog mixer. No

100 MM%MWMWWWWWW instabilities observed yet (thanks to 3HC & HOM
damped cavities). Detection threshold sub-ps,
=3 >100x below danger threshold (~60ps)

Mode (No) j

Bunch Charge

Delta Arrival Time (fs)

%: | g A i Ayt
3 o L } | \ f ’ ' P. Baeta et al.,
5 ° 0 100 200 300 400 poster MOPCOlZ

Bunch (MNo)

CPU Load: 4.5%, RAM Usage = 0.90% (0.14 GB), Plot Counter: 1750
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Orbit Feedback  PSI

Fast Orbit Feedback (FOFB) Operational for 15t Pilot User Experiments 7/2025

115 BPMs & 115 correctors per plane (vs. 73 at SLS 1.0)
* Only one type of corrector:

 Fast enough for FOFB
* Strong enough to get stored beam (X/Y: 600/400 prad, extra X windings can be bypassed later)

« Magnet & girder realignment ongoing to reduce corrector strength for static corrections

Using measured SVD-inverted response matrix with Tikhonov regularization

 Initially wanted to use separate X (horizontal) and Y (vertical) matrices

 Measured & inverted & used coupled X/Y matrix for fun. Surprise (to me): Working well & very
stable &> SOFB/FOFB using it for months now.

* Using separate X/Y matrixes may still be useful for higher correction rate (now max. ~100 kHz)

« SVD eigenvalue spectrum not too different from SLS 1.0 - BPM & corrector locations & optics O.K.

e Can have any desired beam position at any FOFB BPM (fast)
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 PSI

Orbit Feedback: SLS 1.0 vs. 2.0 Response Matrix Eigenvalues

SLS 1.0 Model Orbit Response: Horizontal SLS 2.0 Measured Orbit Response: Horizontal
Eigenvalues Eigenvalues
1000.00% 100.00%
0 20 40 60 80 100 120 140

100.00%

80 10.00%
10.00%
1.00%
1.00%
0.10% 0.10%
SLS 1.0 Model Orbit Response: Vertical SLS 2.0 Measured Orbit Response: Vertical
Eigenvalues Eigenvalues
100.00% 100.00%
0 30 40 60 70 80 0 20 40 60 80 100 120 140
000 SLS 1.0 FOFB: SLS 2.0 SOFB test: a=0.4% of
.00% a . 10.00%
S_inv=diag(1/S) max. eigenvalue
No eigenvalue cut-off S_inv=diag(S/(S2+a2))
1.00% 1.00% Tikhonov regularization
0.10% 0.10%
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Fast Orbit Feedback (FOFB): Topology & Bandwidth

Fiber optic network FOFB

(protocol in FPGA, Engine
interface SFP+)

Switch Switch Switch
e-BPM e-BPM e e-BPM p-BPM Magnet Magnet
Component Bandwidth [Hz]
SLS 1.0 SLS 2.0 (Today) SLS 2.0 (Final)
BPM DDC Filter(-3 dB) (Programmable) ~700 ~4’800 ~8'000
Corrector Power Supply + Magnet + Beam Pipe >1000 ~3’000 ~5’000
FOFB Closed Loop (0 dB Point) ~100 ~400 (X) , ~500 (Y) ~1000
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Fast Orbit Feedback (FOFB): Latency

New SLS 2.0 FOFB operational since 6/2025

Correction rate now 40 kHz. Final version (only via firmware/software upgrades): Goal 80-100 kHz

0dB correction bandwidth now 400/500 Hz (horizontal/vertical). Final version: Expect > 1 kHz

Very low latency
(8 us) of FOFB
algorithm
implemented in
FPGA (VHDL)

J

SLS 1.0 SLS 2.0 SLS 2.0
(Today) (Final)
Component Latency [us]
BPM RF Cable <0.2
BPM Electronics (ADC, ...) <1 <1
BPM DDC Filter <600 ~75 ~25
(Programmable) (~4.8 kHz) (~7.9 kHz)
BPM - FOFB Transfer <250 <4
FOFB Algorithm <250 <8
FOFB - Magnet PS Transfer <100 <4
Magnet PS Internal <50 <10
Overall excl. DDC <650 <28
Overall incl. DDC <1250 <103 <53

B. Keil et al.,

https://accelconf.web.cern.ch/ibic2024/pdf/WEPA41.pdf
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https://accelconf.web.cern.ch/ibic2024/pdf/WEP41.pdf

Ring Orbit Perturbations: FOFB Data Stream (20 kSample/s)

320 ms booster ramp period

PSI

3----

DBPM3_B

Only in first months,
_0G5_BEAM_DATA.ui {on sls-lc8a.psi.ch) now 74 kSamples/s

____S__

ARS06-DBPM-5880:
X/Y Position [ Z Crosscheck

Storage ring: ”Q\
um peak-peak orbit
perturbation in X
and Y plane,
frequency ~ 3 Hz,
caused by ramping
booster dipoles &

KIOOOA current rodsj
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Horizontal RMS [um]

Vertical RMS [um]

Orbit Perturbation @ Out-of-Loop BPM Not Used by FOFB

0.4

0.3

0.2

0.1

FOFB off
booster ramping

0.38um

\>(

me

- " kHz l v
auili >3unﬁ

%V,_f

-
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kHz

0.3

0.2

0.1

0.8

0.6

0.4

0.2

FOFB off
booster stopped

0.32um

1 10t

>lum

90 Hz: Known
girder vibration

|

0.01

1 102

FOFB on (40 k corrections/s)

0.14

0.12

0.1

0.08

0.06

0.04

0.02

booster ramping

~3 kHz BPM
| bandwidth
- (-3dB)

A oy

0.01 0.1 1 10t

kHz

FOFB 0 dB point: Now 400 Hz (X) & 500 Hz (Y). Goal: Improve ~2x by higher BPM data & FOFB correction rate,

higher BPM filter bandwidth, and advanced corrector power supply regulation (developed in-house by PS group)




Ring Orbit Perturbations: FOFB @ 37 kHz, Booster Ramping

Analysis of 16k samples of 130 BPMs, horizontal (X) plane: Eigenmodes & their spectra
FOFB off: 564 nm RMS 115 in-loop and 15 FOFB on: 144 nm RMS Factor 4 lower

(booster not ramping) out-of-loop BPMs (booster ramping) (3 Hz - 3 kHz),
] including BPM
Freq. Spectrum (Linear): RMS=564.0 nm RMS Freq. Spectrum (Linear): RM5=144.3 nm RMS —eree
—w— Comp. 1 [426.3 nm AMS] 40 —w— Comp. L [116.9 nm AMS]
300 —s——Comp. 2 {259.0-nm-RMS) I 4 —=— Comp. 2 {52.8 nm RMS)
—s— Comp. 3 {157.5 nm RMS) —w— Comp. 3 (41.7 nm RMS)
= 200 == Comp- 4 {136 0-nm RMS) E 04 Comp. 4 [25.7 nm EMS)
= —w— Comp. 5 [73.9 nm RMS) = Comp. 5 [19.8 nm RMS)
10 -
0+ \[
||||1 T T T T T T T |||||||3 |—|—|—|—|—n—|-|‘—|—|—|—|—| T T —T T T T —T T T T T Synchrotron
10 107 10 10¢ 100 107 100 10*
Freq. [Hz] Freg. [Hz] (energy)
Freq. Spectrum (Log): RM5=564.0 nm RMS Freq. Spectrum (Log): RMS=144.3 nm RMS oscillation gone
’
—m— Comp. 1 (426.3 nm RM3] —s+ Comp. 1 {116.9 nm RMS) .
10t = b Comp. 2 (259.0 nm AMS) 100 —w' Comp. 2 [52.8 nm RMS) when LLRF is off ...
—=— Comp. 3 [(157.5 nm RM5) - —s— Comp. 3 (41.7 nm RMS)
s 10-1 4 —si— Comp. 4 (136.0 nm BMS] = - —w+ Comp. 4 {25.7 nm RMS)
c —s— Comp. 5 (73.9 nm RMS) = 107 —w. Comp. 5 (19.8 nm RMS)
1073 + .
107 A
) T i Ty T T T T — T T T T — T T T
10t 107 10° 10 100 10¢ 107 10t 10° 10° 104 100 100 107
Freq. [Hz] Freq. [Hz]
Freq. Spectrum Integral (RMS) RM5=564.0 nm RMS Freq. Spectrum Integral (RMS) RMS=144.3 nm RM
"""""""""""""" —— Comp. 1 {426:3 nm AMS) T — Comp. 11116.9 nm RMS)
—7— Comp. 2 (253.0 nm AM3] — Comp. 2 (52.B nm RMS}
—— Comp. 3 {1575 nm AMS] — Comp. 3 (41.7 nm RMS)
= = Comp. 4 [136.0 nm BM5] —— Comp. 4 {25.7 nm RMS)
S N 1 I | AR ETEEET| ATETTTLLET CESETT —— Comp. 3 [73.9 nm RMS) . —— Comp. 5 (19.8 Am AMS)
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10° 10¢ 10° 100 107 10° 10° 100 107
Freq. [Hz] Freq. [Hz]



Ring Orbit Perturbations: FOFB @ 37 kHz, Booster Ramping

Analysis of 16k samples of ~130 BPMs, vertical (Y) plane: Eigenmodes & their spectra

400
300

€ 00

10

1

nm

1=

10

00

400 +

nm

200 +

FOFB off: 648 nm RMS

(booster not ramping)

Freq. Spectrum (Linear): RMS=648.0 nm RMS

—s— Comp. 1 [SB7.5 nm RMS)
—w— Comp. 2 [234.7 nm RMS]
—si— Comp. 3 [103.8 nm RMS)
—si— Comp. 4 (497 nm RMS)
—w— Comp. 3 {37.9 nm RMS)

T T LI B B B RN | T L B e A RN | L e L
10 107 104 10
Freq. [Hz]
Freq. Spectrum (Log): RMS=648.0 nm RMS

—si— Comp. 1 {5B7.5 nm RMS)
—w— Comp. 2 [234.7 nm RMS)
—w——Comp. 3-{103-8 nr-AMS}
—w— Comp. 4 (49.7 nm RMS)
== Comp- 5379 nm RMS)

T L | L | T TorTTTTT T LR |
10t 10° 10° 10* 10° 10° 10°
Freq. [Hz]
Freq. Spectrum Integral {(RMS) RMS=648.0 nm RMS

OO L

Comp. 1 [5B7.5 nm RMS)
Comp. 2 (234.7 nm RMS5)
Comp. 3 (1033 niri RMS]
Comp. 4 [49.7 nm RMS)
Comp. 3 [37.9 no RMS)
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10t 107 10° 10¢ 107 10¢ 107
Frea. [Hz]

FOFB on: 91 nm RMS

(booster ramping)

Freq. Spectrum (Linear): RM5=91.2 nm RMS

—=— Comp. 1T[74.3 nm RMS]
—s— Comp. 2 (30.B nm RMS)
—s— Comp. 3 (14.0 nm RMS)
—s— Comp. 4 (121 nm RMS)
—s— Comp. 3 (11.2 nm RMS)

T — T T T T T T T T T T — 1 T T 1T TTT
1ot 10 108 10
Freqg. [Hz]

Freq. Spectrum (Log): RMS=91.2 nm RMS

—#— Comp. 1 [74.3 nm RMS)
—— Comp. 2 [30.BE nm RMS)
—— Comp. 3 [14.0 nm RMS)
—s— Comp. 4 [12.1 nm RMS)
—— Comp. 3 [11.2 nm RMS)

100 107 10° 10¢ 10°
Freq. [Hz]
Freq. Spectrum Integral (RMS) RM5=91.2 nm R
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e Comp. 2 [300E e RMS)
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PSI

Factor 7 lower
(3 Hz - 3 kHz),
including BPM

noise

Corrector magnets:\
Vertical 400 prad,
Horizontal 600 urad.
Extra horizontal coil
for 1t beam, to be
bypassed later, then
also 400 prad &
faster/better

S
I"Qorizontal correctiory




% Position RMS [um]

¥ Position RMS [um]

Storage Ring: BPM Electronics Noise

Preliminary default setting for user operation ]

BPM noise @ 400 mA, f pilot =f beam + 2.551 MHz, ADC 433 MSPS (31% full scale: 20% beam, 11% pilot),
DDC @ 74 kSPS (-3dB BW ~4.8 kHz), crossbar on: 260 kHz, FOFB on (40 kHz). Screenshots taken sequentially.

from beam signal

X/Y position calculated ]

Horizontal (X): DAQ-BEAM-5TG1-X

4 —t
0.04| 1/ |
0.02| | \‘-H |
B i N i
0.001 001 0.1 1 100
kHz
Vertical (Y): DAQ-BEAM-S5TG1-Y
0.1} L "
o NI
[T
s e AL st
0.001 001 0.1 1 10
kHz
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signal: noise <40nm RMS 1-3000 Hz

0.04

0.02

0.04

0.02

X/Y position calculated from pilot }

Horizontal (X): DAQ-PLTO-5TG1-X

L s
0.001 0.01 0.1 1 107
kHz
Vertical (Y): DAQ-PLTO-STG1-Y
—_— )(,.-*"
’ .-f x'.‘"-. .
_==ﬁ_.—_——|-___ il | ..x"'-
0.001 0.01 0.1 1 102
kHz

difference of beam and pilot signal

X/Y position calculated from ]

Horizontal (X): DAQ-DIFFO-5TG1-X

0.06 __‘—-.,-____ _____g-""-_

0.04 [ _-——-"';{ — [
—ft

g e = 0

0 T LI L ,hl_ ] ul

0.001 0.01 0.1 1 107
kHz

Vertical (Y): DAQ-DIFFO-5TG1-Y

'D.l T _l: B T
X
CI ..-r___:i J g g * I x“'\-_
0.001 0.01 0.1 1 10t
kHz



Storage Ring: BPM Electronics Noise

2x less RFFE attenuation (ADC 62% full scale)

from beam signal

X/Y position calculated }

Horizontal (X): DAQ-BEAM-5TG1-X

¥ Position RMS [um]

signal: noise <30 nm RMS 1-3000 Hz

X/Y position calculated from pilot }

Horizontal (X): DAQ-PLTO-STG1-X

y PSI

difference of beam and pilot signal

X/Y position calculated from ]

Horizontal (X): DAQ-DIFFO-STG1-X

¥ Position RMS [um]

_ 1L _ 0.03 S — 0.06 ————] e
i AL | 0.02 ~ O a.o4 (L1 | ___::DR_ |
-\ | ' . — .
‘d‘ : - 0.01 | - f_f_.x/\ 0.02 [— ,_J’r = LT
[N il | h' \\“\__ 0 HL__._]--——"‘_d_# - 0 : 1] ,,I | L \
0.01 0.1 0.001 0.01 0.1 1 107 001 0.1 1 102
kHz kHz kHz
Vertical (Y): DAQ-BEAM-STG1-Y Vertical (Y): DAQ-PLTO-STG1-Y Vertical (Y): DAQ-DIFF0-STG1-Y
0.1~ Lt e 0.03 |= - L 0.1} = : -

| R ] ’ =TT
T 0.02 S

11! A
1 \ 0.01 | | Lt ==ss | T iy
Sl - . Hi i ——— \ - H.--““H
0 e | 0 e 1 M 0 e Ik,
0.1 1

0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10% 0.001 0.01 10t
kHz kHz kHz
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 PSI

Summary And Outlook

After 1t Beam Mid January 2025

e Stored beam and accumulation in < 2 weeks

400 mA design current in < 3 months

« ~8-9h lifetime and pilot user experiments in July
* Including fast orbit feedback, now mandatory for top-up operation (booster-ring crosstalk ...)
* No CBM instabilities thanks to 3HC & HOM-damped cavities. Bunch gap(s) avoid ion instab.

Next Steps:

Extend functionality & optimize performance of systems & complete systems not needed (yet)
 Add exception handling, system monitoring for easier maintenance, post-mortem data, ...

e Study of long-term stability (just starting ...)
* Incrementally add more IDs including photon BPMs (R&D on SiC XBPM, ...)

*  Upgrade some less critical re-used SLS 1.0 systems with new systems (linac/booster, ...)
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PSI

Summary And Outlook (Cont’d)

Crosstalk at SLS 1.0 estimated in old
memo that was forgotten & found
again after 15t SLS 2.0 beam ...

Lessons Learned - What | (Personally) Did Not Expect

- Significant time after 1t beam spent on mechanical (re)alignment

- Valve, taper, girders, components, ... - still ongoing
- Ring orbit perturbation by 3 Hz booster dipole stray fields several times larger than SLS 1.0

+ Injection into ring & charge transfer quite robust (dynamic aperture, ...) | First FOFB beam tests with
fast data transfer in June ...

+ 15t turn with only two corrector magnets per plane near septum
+ FOFB improving short-term RMS 4-7x (booster off) to ~ 1% of beam size (preliminary HW/SW/FW)

+ Vacuum improving and beam lifetime recovering quite fast (incremental ID installations ...)

Pro’s & Con’s of “Early” 15t Beam:

Keeping 15t beam date & pilot experiments & inauguration was politically important, but caused additional
work after 15t beam. But this was anticipated: Machine commissioning was mix of beam time & shutdown

weeks for expected and unexpected work ...
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Storage Ring: DBPM3 Turn-By-Turn Data (4 Samples/Turn)

ARS01-DBPM-0390:

DBPM3_BUT_0G5_BEAM_DATA.ui (on sls-lc8a.psi.ch)

BPM-X

X/¥ Position [ Z Crosscheck
)

BPM-Z

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

—————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Window Offset [samples]: |a

Threshold Q:

X/Y/Q @ Charge Index: MaxQ

Charge Index:
Charge Q:
Position X:
Position Y

X/Y/Q @ Offset Index: +

Charge Q:
Position X:
Position Y:
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PSI

Turn-by-turn data of one BPM
(DBPM3) in storage ring injection
kicker bump:

e Green = horizontal
e Red = vertical

e Blue = button crosscheck (A+C-
B-D, should be 0)

e BPM: Betatron oscillations
after injection - kicker bump
is not fully closed in X and Y

e X/Y emittance blow-up for few
milliseconds

* Has already been improved by
optics tuning. Possible further
improvement by kicker roll
angle realignment



PSI

Ring Orbit Perturbations: X01DA Photon BPM During First FOFB Tests

Plot shows early measured horizontal and vertical photon beam position vs. time in seconds
(arbitrary units, still uncalibrated, low beam current, low BPM ADC levels, ...)

il

-370000.000 | FOFB running FOFB off FOFB running

-380000.000 e

~390000.000 -800 -600 -4p0 -200 0
X01DA-FE-XBPM:PosX:MeanYalue RBV : Time (s)

80000.000 | ]

78000.000 | ikt o PR TL L T IR
F6000.000

] e gy

800 -600 460 | -200 0
X01 DA—FE—:{EF'M:Fnﬁ‘r‘:l'u'lean‘ufalue_ﬂhv : Time (s)

1
< S
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Orbit Perturbations: Eigenmodes & Frequency Spectrum

PSI

Method: Take 16k orbits (here: at 20 kSamples/s); determine 5 dominant (orthogonal) spatial orbit
perturbation modes; project each mode vector on 16k orbits; make FFT of result 16k vector;

Freq. Spectrum {Liyaj)

3 Hz (booster dipole ramp) ]

FFT of each mode (projection of mode
vector on 16k measured orbits)

... logscale FFT ...

Integral of FFT (power spectrum), forward
(dotted) and backward (solid line)

5 dominant spatial orbit perturbation
eigenmodes (normalized to same length)

|

— —— Comp. 1 (0.002453 of AMS)
0.0015 ~ Comp. 2 (0:000705 of RMS)
—— Comp. 3 (0.000401 of AMS}
2 00010 4 = Comp. 4 0:000180 of AMS)
o —— Comp. 5 (0.000147 of AMS)
0.0005
0.0000 i e V) ! : :
10! 102 10° 10
Freq. [Hz]
Freq. Spectrum (Leog)
— —— Comp. 1 {0.002453 of RMS}
107 A YA Comp. 2 (0.000705 of RMS]
" —— Comp. 3 (0.00040L
2 10 —— Comp. 4 (0 000139 of RM5] —\
- —— Comp. 5 (0.000147 of RMS}
1010
T T T T T
10 10° 10° 10° 10°
Freq. [Hz]
Freq. Spectrum Integral (RMS)
—— Comp. 1(0.002453 of RMS}
0.002 Comp. Z [0.000705 of RMS]
—— Comp. 3 (0.000401 of RMS]
8 —— Comp. 4 (0.000189 of RMS)
o 0001 = Comp. 5 (0:000147 TTRIET |
0.000 - —
10
— Comp. 1(94.0% of RMS)
024 Comp. 2 (27.0% of RMS)
— Comp. 3 (15.4% of RMS}
d — Comp. 4 [7/2% cikmt
0.0 RN —— Comp. 5 [5/6% of AMS]
-0.2 : :
0 120 140
0.0050 —— Tomp 110002453 of RMS]
Comp. 2 (0.000705 of RMS]
00025 5 —— Comp. 3[0.c0c4c1g
> —— Comp.4 1 e
o] -
o 00000 ~—— Comp. 5 (0.000147 of RMS] \
-0.0025
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5 dominant spatial orbit perturbation
eigenmodes (normalized to amplitude of

perturbation of each mode). Pattern shows

betatron tune (here: horizontal)




Ring BPMs Electronics (PSI Design): Crossbar Switch + Pilot

All storage ring use new DBPM3 electronics (platform also used
for SwissFEL & upgrade of proton accelerator BPMs). Linac &
booster still have SLS 1.0 system, upgrade to DBPM3 2026+

[ Internal beam/pilot combiner ] [ 2x2 crossbar switch (now: active, 260 kHz) }

1

X
iiH

INTERN

 PSI

Digital Back-end with AMD Zynq UltraScale+
Multiprocessing System-on-Chip (MPSoC) = FPGA + two
CPUs + multi-gigabit links + ... on same chip

2nd Gain Block

| External Heateru:

EXTERN

PILOT 1
Switch Matrix
PILOT 2

PLL

PLL

L, ]

(0| ©@

Pilot SMA output (for RF cable drift
compensation via optional external
beam/pilot combiner, not yet used.
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2 pilot tone generator PLLs. Beam operation:
Only PLL2 enabled (+2.551 MHz). Lab test:

{ ADC
16'Bit-‘ JESD204B

500Msps

J -

[ < Aapc CTRL g

[«}]

SW_CLK E

(=]

o

12C

CTRL ~

o

i)

(@]

REFCLK @

-

c

(=]

(W]

Three RF Front-End modules

Also PLL1 on, simulates beam

inserted from rear side (live
insertion possible)




BPMs: Leakage of Booster High Power RF to Ring BPMs

* Early March: Booster : | S ey -t
File BPM Settings Panels 5cale View Plot Reference |Interface 5tatus Analysis Help
high power RF leakage -POS-STG2-I

0.000 MmA @ ARs01-DBPM-0390 (BPM, DEPM3) 0, -1.0 Hz

to storage ring BPM
system: ~70nm variation
of BPM readings at
400mA (initially worse,
was improved by
shorting differential
modes on BPM RF cable
shields)

 RF group achieved

ARS01--0390 (BPM, DBEPM3, 0)

0.003

mA

leakage reduction - 4 wil|L it
now negligible impact | / L T TVt T L et AT TR et
on BPMs for user datl b fV\T- M | ﬁ,"& &l w\j \f\?f"i’f‘%ﬁ'ﬁ‘/*\fl\\i‘ﬁ_ [V e i N T
) g \*".“',/'x'" f"\fv = -"‘ | .N,-" e 1 0 e A\f' Thetet
operation : I |
Interface: PyEpics (for 0.01h); Python: 3.8.11; Uptime: 0.01h; CPU Loald: 11.2% (@ 1Hz; Data Time: 04.02.2025 14:50:20
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