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Slow extraction methods at GSI SIS18

Spill Optimisation System (SOS) i
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GSI Accelerators

Slow extraction from SIS18

Main extraction scheme
(94% of user beam time in 2024)

Beam spills
Various lons & Energies
Typically 108 to 10° ions/s

Top Energy Intensity
SIS18 SIS100 SIS18 @ SIS100
Protons 4.7 GeV 28.8 GeV 10" 1013

Uranium = 1.0 GeV/u (U™*) = 2.7 GeV/u (U28*) = 4-10° = 3-10"

Source: https://indico.gsi.de/event/18184/contributions/76293
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Linear Accelerator

Ring Accelerator
UNILAC

@ Existing facility
@ Future facility
B Experimental setups

100 m

Storage Rings

15 weeks slow, 1 week fast extraction in user beamtime 2024
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Slow Extraction at GSI SIS18 F-\IR === 1

Third-order resonant extraction, two main schemes:

RF Knock Out extraction Quad-driven extraction

Extraction optics with
natural chromaticity

Fast quadrupole to
shrink separatrix

Beam-on-target drifts
Momentum drifts

x' [ mrad
Septum
x' [ mrad

Amplitude-driven extraction Separatrix-driven extraction
N Extraction optics with :
chromaticity corrected
' Stripline exciter controls
_2: 'ﬁ' particle amplitude
Beam-on-target fixed
Bl = Momentum distribution
T e preserved
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Spill structure

FAR ==

Extraction is very sensitive 1e Spill intensity
-~ 31 —— Count;
Spill rate drifts (t > ms) = |
AN o,
-E "JWM'“A wrw\m%"‘w
Intensity fluctuates (t < ms) o T ;3 T !
Atcount =1 ms Fectontimers SI1S18 measurement
Challenge: Minimize intensity fluctuations
Efficient beam usage (duty cycle, precise dose)
Avoid pile-up and interlocks
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Main Source of Spill Fluctuations F-\IR iI= 5= Il

Spill spectra from particle tracking simulation with Xsuite }X/ 't\
. . . . sulite
Extraction with/without ripples on quadrupole magnets (strength 10-°) A\ /
RF-KO extraction Quad-driven extraction
1 sinus excitation: Noise excitation: 1 —— Mains ripple
= 101 3 Maintst& noise ripple — Maini :ipple 3 mains &p:f!ise ripple
. Mains & noise ripple —— No ripple
a ] —— No ripple ]
- 100 . Mains ripple x10 4
8 Mains ripple x100 ‘ ‘ “
0 | ] llllnl,. ¥
] \ ‘ b
t ] ] L
& : ' L : e
10_2_: T T T I T T T I T T LR R | T T ™TTTrrr _: T T T rrrr| T T LB | T T T
10t 102 103 104 10° 107! 1072 103 104 10°
foamp = 327.7 kHz Frequency f/Hz Frequency f/Hz
Spill fluctuations dominated Spill fluctuations dominated
by excitation signal by quadrupole ripples

Philipp Niedermayer, Rahul Singh, GSI Helmholtzzentrum fiir Schwerionenforschung Slow Extraction Workshop 2025 8 October 2025 6


https://www.gsi.de/
https://fair-center.eu/
https://indico.bnl.gov/event/27693/

Spill Optimization System (SOS) F-\IR I=5= 1

s SPpill shape (5 ms average)

Developed to study excitation methods

Feedback controller for spill shape 7 151
Signal optimization for spill quality =10
ﬁ 0.5 Before
E — After
- i i O.D T T T T T T
Software-defined Radio 5 T 3 7 A :
Pulses »| Acquisition _y_bQuaht Optimizer |- > Excitation Signal Mo Priraction time. £/
~ and analysis |Rate : : .
. S8 === Controller 1e6 Spill quality (50 ps bins)
\\\\ » 6+
Detector \‘ 2
e =
Target rate Amplifier e
M-Septum TSI g
““““““ Exciter £
hhhh —— 0 T T T T T T
L == PR TTS  a ==— 4000 4005 4010 4015 4020 4.025
Aty =50 ps Extraction time t/s

E-Septum
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Spill Optimization System (SOS) F-\IR I=5= 1

Implemented with
Maintainable open source software and commercial hardware

Standalone all-in-one system
Flexible digital signal processing on CPU & FPGA

SOftware'deﬂne({..F.{??i? ...... Optimizer »| Excitation Signal & GNURadio System parameters
: ] f Latency: 1.5 ms (CPU)
t rat Feed d
; arget rate | eedforwar | 30 lJS (FPGA)
' X idth-
Rx—'» 1 -’ Kcalibration »g'» KPID ‘»-I-g_ KN _> 1 + 1 ] BandWIdth 5 MHZ
ADC Pulse counter Norm DUC DAC Frequency: 0. .30 MHz
Feedback Controller
Process
K etector Kn article Kexci er Kam <
secctor [ 4 Spill rate porcce [ _ N - Latency: ~3ms
Detector Particle Beam Exciter Amplifier
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Spill Optimization System (SOS) F-\IR I=5= 1

vz Published under GPLv3 at
B, git.gsi.de/p.niedermayer/exciter

Implemented with
Maintainable open source software and commercial hardware
Standalone all-in-one system

System interfaces
Measured rate input: NIM (scaled)
Dynamic rate control input: NIM
Interlock and Trigger: TTL
Output: 0 .. 30 MHz, 10 dBm
Control: GUI, ZMQ API or FESA (ongoing)

S0S - Spill-Optimization System

Industrial PC
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Spill Optimization System (SOS) F-\IR I=5= 1

Implemented with

Maintainable open source software and commercial hardware
Standalone all-in-one system e

™
Data Plotting opt
[~ Auto update data [ w Data time range: 0 s
mJ 130933 ko_fb_wobble_ko2sines Spill rate resolution: [Te3 | s [~ Cumulative
th Feedback & op - ] 12150 o o Spill spectrum:  [1e5 | Hz [Logscale ]
: [~ Show duty factor [~ Show set rate
Input | Expert J [ Autoscale
Measured value: 1.021e+06 particles/s Detector: | Spill rate (IC/SEM/PC) ~ Detector calibration: |1
Targeted value: 1.000e+06 particles/s Dynamic target rate (incl. spill pausefabort) ~Target signal scale: 0. 10 MHz ~ A€ +Q=
Spill rate Spill spectrum
Data saving Filename: |tmp 2= P 100 pep
s
2 10m
Excitation Signal | Level Control | Automatic Optimizer = Expert e Eouk
r S5 10 -
v E
Particles stored: |1e+07 Target rate: |1e+06 particlesfs - spill: 10.0s Rise time: [0 ms 84 g ou |
£ M
[}
Feedforward: | Off - a0: al: a2 a3: 51 t2 Fit mem. 2 HE
. . 3 . " 0 10°
Feedback control: | On ~ Kp: [0.14 Ki: [70 /s Kd: 05 Ta:[0.1ms 5 a5 it fi5 3y 5 B " o ot
Extraction time / s
Frequency / Hz
Controller value: 0.000000 Limit: |1 Abort burst at limit At =1ms
Controller output spill quality
Global level normalisation: |5 150 2
125 e
Output 100 g0
utpul 2
p _ \ 5 os
) - Sors H
v/ Enable external trigger Enable interlack Manual trigger K] l{m‘ 2 os |
€0 ; 0.4
Spill duration: V! Auto duration (trigger gate) Trigger count: 35 0as 5 |
| £ 02
Output RMS: 0.257123 v Overload: 0.000000 % | 0.00 8
Output active i 00 05 10 15 20 zs 105 10~ 107 102
0 02 04 06 08 1 o 0 20 30 40 Extraction time /5
O i i il i T e i | . . Time resolution At/ 5
— Dtevatiats =50 Bte
Loaded trace 0 from /homel usrpexciter/data/240608/130983_ko_fb_ wobble_ko2sines 200kSps.complex6d =
Loaded trace 2 from /home/ usrpexciter/data/240608/125159_ko_fb 200kSps.complextd
Configuration: |1 = | Info: (GSI Experiment - Au 600 MeV/u Save config Restore config | ¥/ Allow remote control ™ e ps-comp g
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Spill Optimization System (SOS) F-\IR I= 5= 1L

i 05) @
Spill Optimization System (SOS)

Menu View language Help 27FPs @) 2025-07-2111:1835

| HTC via TH (KO) | System status Measured rate Output power
Active

| Uos S04 R [ ok 0020/ @Iy
Output overload %Wi
L 2

Trigger: - Target rate
0.0e0/s

Detector: | HHD Scintillator (GHHDDIZP) - Configure
Spill Intensity Control | Spill Quality Optimization Spill rate | Spill quality | | Spill quality Il | Spill spectrum
Excitation Signal Preset.. ¥ Radio band: 0.. 0.0 MHz e 100 ™S LIS Save jo file
B paall Refl |v |® Refz ¥ | © Refd v
V| 1) Noise signal Tune Q:| 0.327 Width AQ: | 0.015 Ampl. ratio: 40 % .
g G Spill Rate
V| 2) Sine signal Tune Q:| 0.67 Ampl. ratio: 30 %
£ 2.065
V| 3) Sine signal Tune Q:| 1.671 Ampl. ratio: 30 % =
o L5E8
v/ 4) RBPSK signal  Tune Q:| 0.327 Width AQ:| 0.015 Ampl. ratio:| 50 % ‘@
L.0ES
=
E 5.0E4

Automatic Optimizer | Preset..

0.0E0
. 05 10 15 2.0 25 3.0 35 40 45 50 55 6.0 65 7.0 75 80 B5 9.0 95
Parameter Min Max Value Extractiontime t/s
1) Noise signal - Tune Q 0.32 0.36 Atpin = 1ms
1) Noise signal - Width AQ 0.005 0.02 Spill intensity fluctuations
2) Sine signal - Tune Q 0.63 0.68
3) Sine signal - Tune Q 1.63 1.68 c L5
8
.EE' 10
Time resolution: = 100 ps. Time rangein Spill: | 0.3 to| 0 s ;'
Zos
Objective to minimize: | Spill intensity fluctuations (CV =std/mean) ~
0.0
Spill-by-spill optimization = Objective value: 0 Optimize
Time resolution (binning) At/s
a1= 10244t
11:16:57 - New context selected: (FAIR. SELECTOR.C=26:T=464:5=3:P=5). Subscribing to FAIR.SELECTOR.C=26:5=3. a
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Spill Optimization System (SOS) F-\IR I=5= 1

Amplitude-driven extraction

Two similar systems .
RF-KO (excitation signal): in regular user operation )
Quad-driven (quadrupole set-point signal): demonstrated ] Separatrxdriven extraction

-10 0 10 20 30
x/ mm

x'/ mrad

Software-defined Radio

PUlses 4 Acquisition ﬂja—“w—} Optimizer |- > Excitation Signal ] ------ > Wobble Signal
. and analysis [Rate »| Controller
Detector \“ T

Target rate Amplifier V Amplifier

s
-~
.."-
~

Exciter Quadrupole

E-Septum
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Feedback-Controlled Spill

RF Knock Out extraction

Stored (DCCT)

Scale: | 1.32E8 + A
C L\ =T sym | H
Under Range | Over Range I Data Error

1 . 04 E 8partic|es(@extr.)

Extracted (SEM)

Scale: | 1.00E8 A
c 2| (=T ovm | H
Under Range | Over Range | Data Error

5.40E7.......

2024-06-08 13:09:33.030 T=300:C=B:5=6:P=46 - 5I518_KO_HHD_20240608_Feec

[particles]

[Particles/s]

1.25E8

— 9.5E7

-

3.0 2.0

3.0 2.0

1.3E7 —

1.0

|

0.0

Time [s.
2024-06-08 13:09:33.030 T=506:C=8:5=6:P=11-5I518_KO_HHD_20240608_Feec
iute

0.0

Time [s]

FAR ==

Quad-driven extraction

Stored (DCCT)

Scale: | 1.71EB + | A
C BE| =] sym | H
Under Range I Over Range | Data Error

1.31ES8

particles (@extr.)

Extracted

Scale:

C

(SEM)

1.00E8 A

o=l oM H

Under Range | OverRange | Data Error

7.46E7

Particles|

Measurement at SIS18, coasting 238U73* beam, Ey;, = 500 MeV/u, p = 259 GeV/c, Bp = 11.8 Tm
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2024-06-08 12:50:02.834 T=300:C=9:5=4:P=29 - 5IS18_SLOW_HHD_20240608_F

1.5E8

1.25E8

1.0E8

[particles]

4.0 3.0 2.0 1.0 0.0

Time [s.

2024-06-08 12:50:02.834 T=506:C=9:5=4:P=8 - 51518_SLOW_HHD_20240608_Fe:
ptfer

[Particles/s]
=l
=
]

4E7
3ET7
2E7
1E7
0.0E0
3.0 2.0 1.0 0.0
Time [s]

DCCT = DC Current Transformer
SEM = Secondary Electron Monitor
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Feedback-Controlled Spill F-\IR == 1l

Stable “DC” beam: drifts = 10 ms suppressed AtenSiyinEol 18 o

HADES: 40% more events

Spill-to-spill reproducibility

HADES: overall factor > 2 more events

Measurement, '97Au®%*, 800 MeV/u
45000 400000

40000 3500080

35000 300000

30000

— ~ 250000
Z 25000
] w 200000
£ 20000
5 150000
“ 15800
100008
legea
5000 50000

0 50 100 0 50 100
Time [s] Time [s]
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Spill Quality Improvement F-\IR iI=5= 1L

Spill smoothing with and
Both reduce intensity fluctuations in either case

%108 RF-KO extraction Quad-driven extraction
1.0 A — Initial '
—— With tune wobbling
——— With sine excitation
- 0.8 - —— With both methods
IU'I
= 0.6 -
8
©
; 0.4 -
‘o
wn
02T
00 T T T T T T 1 H£ T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Ateount =1 Ms Extraction time t/s Extraction time t/s
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Measurement at SIS18, coasting 238U73* beam, Ej;, = 500 MeV/u

[1] doi.org/10.1103/PhysRevApplied.13.044076

[2] doi.org/10.1038/s41598-024-60966-y

-
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Spill Quality Improvement F-\IR iI= 5= Il

Tune wobbling best for Quad-driven extraction
Sine excitation best for RF Knock Out extraction

RF-KO extraction Quad-driven extraction

1.4 Initial ] 2 34 9%

g = With tune wobbling
i With sine excitation | | E )
S 1.2 — With both methods 4al%
s E50% 5
5 g
> 61 % O
5 g
€ =74% 3
Q =
t E 0, 3
% 86 % &
S - 96 %
10> 104 103 1072 10> 1074 103 102

Atayar = 1000 Ateount Resolution Atcount /' S Resolution Atcount /' S
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Spill Quality Improvement

FAR ==

PS ripples stronger for Quad-driven extraction
Feedback faster for RF Knock Out extraction

RF-KO extraction

Quad-driven extraction

1 T
7 Initial

10 —— With tune wobbling
= ] 150 Hz With si itati 150 Hz
c ith sine excitation v
=) ] M —— With both methods 50 Hz

: v

< 10° 4 1
- 3 Wobble Wobble
] w
5 ]
2 105 - 3
c ] ]
o ]
©
= ]

10% 5 3

] T T T T T LR | T T LR | T T LR | T T T TT T T T T T T T T T T T T T LI LR | T T T
10t 102 103 104 10 102 103 104
foamp = 200 kHz Frequency f/Hz Frequency f/Hz
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Spill Optimization System as “Toolbox” F-\IR iI= 5= Il

Different operation modes (depending on user needs & beam energy/intensity)
E.g. “Full extraction and improved quality” at high energy/intensity
E.g. “Partial extraction and ultimate quality” at low energy/intensity (if power insufficient)
In the future also: “Excitation at high harmonics” for better spill quality with low power

GS09DT ML 2024-06-08 13:09:33.030 T=300:C=8:5=6:P=46 - SIS18_KO_HHD_20240608_Fee 2024-06-08 13:29:12.285 T=300:C=8:5=6
— 1.25€8 Range: 0.01A
Mode: | Calibrated e 12565 F@W min.:5.17E-05A
- il raw max.:1.51E-03A
Scale: | 1.32E8 - |+ [A 1.0E8
1.0E8
c el s | H B oom i
=) =
Under Range | Over Range | Datakrror | 2 g 7SE7
g 2
5.0E7 S.0E7
1 - 04 E 8pamc\es (@extr.) 2567 2.5E7
0.0E0
30 2.0 1.0 0.0
Time [s
GHHDDI2S 2024-06-08 13:09:33.030 T=5061C=8:5=6:P=11 - SIS18_KO_HHD_20240608 Fee 2024-06-08 13:29:12.285 T=506:C=8:5=6
VY. 1.0000000000p0...
Mode: | Calibrated ~ || [T 9E7 9E7 S
BET
Scale: | 1.00E8 -+ ]aA oE7
TE7 7ET
= —
c |+l s G oo ® 6E7
kY g
UnderRange | OverRange | DataError e "-—EJ_ S5.0E7
@ 47 S aE7
5.40E7 T w J
o Particles| 267 2E7
1E7 1E7
0.8EQ 0.0E0
3.0 20 10 0.0 15
Time [s Tmek]
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Summary F-\IR I= =1L

Slow extraction at GSI: RF Knock Out and Quad-driven

s SPill shape (5 ms average)

Spill Optimisation System (SOS) ‘  Spill qualty soys bins)
Feedback — stable & reproducible spill rate T
Optimizer - improved spill quality I
‘ ' Extrazctinn t\m: ts ! ’ E o I‘WWWM

4000 4005 4010 4015 4020 4025
Extraction time t/s

Software-defined radio module -
Flexible digital open-source solution buses || Aapution Q_S't;:o:fdf: Exetation Sigrel |
Minimize time from machine study to daily operation S =
Interest to use it at your lab? Get into touch!

Detector

-:fi-':, Published under GPLv3 at —_

*x¥ git.gsi.de/p.niedermayer/exciter E-Septum RAAS
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