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WP2: Low Level RF controls 23.04.2026
PP .\ DEsy, Hzs, CNRS
W Convener & deputy: Julien Branlard (DESY) & Christian Schmidt (DESY)

Main contacts with other partners: Axel Neumann (HZB), Christophe Joly (CNRS)

WPO02’s task with iSAS
Main goal:
Investigate and demonstrate techniques to achieve of SRF cavities
through

* improved algorithms to achieve RF field control

* improved algorithms to achieve resonance control

* improving efficiency of RF sources and their usage

* investigation of what can be achieved with FE-FRT for resonance control

* improving diagnostics (detuning measurement and fault detection) making use of Al / ML

J.Branlard - iSAS WP2 LLRF - Berlin, Apr. 2026 2



WP2: Low Level RF controls 23.04.2026
] DESY, HZB, CNRS

P
W Convener & deputy: Julien Branlard (DESY) & Christian Schmidt (DESY)

Main contacts with other partners: Axel Neumann (HZB), Christophe Joly (CNRS)

Task 2.1: Coordination of R&D on LLRF - M1-M48

Candidate declined position = load on other members  [FAZAMUCEICUEINPES due/submitted Feb 2026 ‘/

Milestone M24 coming up -2 risk analysis (contact Adele regarding form of deliverable)
WP02 meeting next week for status update

Task 2.2: Efficient field control for high loaded-quality factor cavities — M1-M48
Test ongoing, publication pending — On-track for milestone M30 due Nov. 2026

Task 2.3: Vibration analysis and detuning control of cavities — M1-M36
Measurement on-going, report this year

Task 2.4: Integrated LLRF control using Ferro-Electric Fast Reactive Tuners— M13-M48

Task 2.5: Energy efficient supervisory control and fault diagnosis— M1-M48
No recent progress. Next point of focus due Aug. 2026
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W . WP2 - LLRF: status/evolution of Task 2.1

Coordination of R&D on LLRF - M1-M48

* Past developments
* Organization of meetings, deliverables, document sharing structure, ...

* Euclid Techlabs is WP2’s industrial partner '
euclid

* overlap with FE-FRT development TECHLABS

* DESY iSAS hire

* Mona, Bachelor student to support with iSAS related cryomodule tests and data analysis

* Plans to follow up with a consulting position for a soon-to-be retired RF expert

Mona Eberenz

* Preparation for iSAS 15t reporting period review on June 1%t
* RP1 submitted

J.Branlard - iSAS WP2 LLRF - Berlin, Apr. 2026
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Efficient field control for high loaded-quality factor cavities — M1-M48

* Past developments
* Developed prototypes to externally shift the Qext to higher range

* Tests with Q-corrector show factor 5 reduction in forward power for only 8% coupler temperature
increase (slides 7-8)

* Developed techniques to drive high loaded-quality factor (narrow bandwidth) cavities (not using

self-excited loop or PLL), adapted to pulsed and vector sum operation (i.e. interesting for XFEL
upgrade) (slides 9-10)

J.Branlard - iSAS WP2 LLRF - Berlin, Apr. 2026 6
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Efficient field control for high loaded-quality factor cavities — M1-M48

Developed prototype to shift Q.,, to higher values (i.e. narrower cavity bandwidths)

XM99.C5 - Qcorrector (Nov. 2025)
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Efficient field control for high loaded-quality factor cavities — M1-M48

Operating at higher Qext can potentially bring significant RF power savings

XM99.C5 (Nov. 2025)

13 2500 XM99.C5 - Q-corrector tests XM99.C5 (Nov. 2025)
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Currently : investigate if coupler heating is safe for coupler ?
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. WP2 - LLRF: status/evolution of Task 2.2

Efficient field control for high loaded-quality factor cavities — M1-M48

 Resonancefilling : model-based approach

Step 1: identify RF-to-detuning and
piezo-to detuning transfer functions

i

W = Ym .

Step 2: fit model to experimental
transfer function

Pﬁ’ﬂvr’“ 'M“WW
= | \ 45

Currently acquiring experimental data. Next publish'!
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Step 3: compute piezo and RF drive
(given power limit) to bring cavity to
target setpoint in allocated time
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Courtesy : Bozo Richter
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Adaptive resonance filling

» Cavities with narrow bandwidth experience during field ramp-up a 0

detuning induced by Lorentz forces equivalent to tens of bandwidths 10 -
(i.e. several 100 Hz compared to BW = 20 Hz)

Consecutive

* The frequency of the RF must be modulated to always drive the
“learning” pulses

cavity on resonance during the fill time (in pulsed mode): so called
“resonance filling”

Amplitude [MV]
o

» Use iterative learning techniques to learn this frequency modulation in 2
a robust and reproducible way

Demonstrated at DESY’s cryomodaule test stand (paper in preparation)

Courtesy : Bozo Richter

J.Branlard - iSAS WP2 LLRF - Berlin, Apr. 2026 10
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Task 2.3: Vibration analysis and detuning control of cavities — M1-M36
Measurement on-going, report this year
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Vibration analysis and detuning control of cavities — M1-M36

* Past developments

» Energy efficient Lorentz force detuning compensation at EUXFEL - presented at Padova 2025 + published at IPAC 2025
Developed an observer-based measurement of cavity detuning = accepted for publication at Phys Rev Accel & Beam

Assessment of microphonics level at XFEL See poster from J. Einstein Curtis
* relevantinformation for EUXFEL CW upgrade
* (slides 13-15)

Exploring Al-based method to achieve detuning compensation To be presented and published at IFAC 2026
* (slides 16-19)

Implemented an narrow bandwidth active noise compensation To be presented and published at IPAC 2026
algorithm, tested in CW at LCLS-II (SLAC)

* (slide 20)

J.Branlard - iSAS WP2 LLRF - Berlin, Apr. 2026 12
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Vibration analysis and detuning control of cavities — M1-M36

* Assessment of microphonics level at XFEL
* Microphonics measured without RF, using installed piezos during last year summer shutdown

* |dentified vibration source at cryostring junction (propagating up-/down-stream) coming from flow sensor

% 2025-08-13 XFEL w.o. AH1, A7S, A24

CS# = CryoString#
A# Accelerating RF station (4 cryomod. =32 cav.)

612
N
z
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g n n n n n n n
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LL u u u u u u n n n
Al P A2 I A3-A4-A5 I AG6-A7-A8 I A9-AT0-A11 I A12-A13-A14} A15-A16-A17 : AI8-A19-A20 i A21-A22-A23 i A24-A25
v - v - v - - v - >
0 200m 400m 620m 760m 910m 1060m 1200m 1350m  tunnel
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Vibration analysis and detuning control of cavities — M1-M36

* Assessment of microphonics level at XFEL

* Microphonics measured without RF, using installed piezos during last year summer shutdown
* |dentified vibration source at cryostring junction (propagating up-/down-stream) coming from flow sensor

Flow sensor ON Flow sensor OFF
795 795
734 734
673 __ 673
~ 612 ~ 612
L 551 I 551
=, 489 = 489
£ 428 c 428
$ 367 ¢ 367
o 306 o 306
L 244 L 244
= 183 % 183
122 122
61 ——— —— 61

D T T T D T T T
C7.M3.A11.L3 Cl1.M1.A12.L3 c2.M2.A12.L32 C7T.M3.A11.L3 Cl.M1.A12.L3 C2.M2.A12.L3

Coriolis flow sensor
Courtesy Josh Einstein-Curtis

* No directimpact on current operation of the EUXFEL but valuable information for the upgrade.

J.Branlard - iSAS WP2 LLRF - Berlin, Apr. 2026 14
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WP2 - LLRF: status/evolution of Task 2.3

Vibration analysis and detuning control of cavities — M1-M36

1. Al-based detuning compensation

Exploration of Al-based methods for RF detuning compensation

Detuning [V]

Uncertainty [a.u.]

144

a ) ‘ o —o— (st

° Ctrans

Courtesy A. Maalberg

—= i = | ¢ Pesigned ahybrid dynamical model architecture
“KIND: a Kalman-inspired adaptive estimator for SRF cavity
detuning” , accepted

= To be presented (+ proceeding) at IFAC 2026
&
g * Proved stability under recursive model rollout
= “Stable multi-step rollouts via uncertainty guided hybrid
dynamics”, under review
Figure: Rollout behavior of a KIND model on measured SRF gun
3 cavity data.
= (a) On nominal data: hybrid model parts - stationary and
§ transient - track the ground truth.
g (b) On transient data: compared to transient model part,
nominal part misses the right dynamics.
b) In both cases hybrid parts are correctly blended to produce the

final prediction.

J.Branlard - iSAS WP2 LLRF - Berlin, Apr. 2026 16
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Vibration analysis and detuning control of cavities — M1-M36

2. observer-based detuning estimation

Exploration of observer-based methods for RF detuning computation, at the EuXFEL NRF gun
* One challenge comes from the double input coupler architecture of the NRF gun
» After parameter identification, a model-based observer provides online detuning estimation

v
‘ F/L Courtesy M. Herrmann

t NORMAL CONDUCTING GUN

| MODEL
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| ﬁ: 1 q |/; i
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7
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To be presented (+ proceeding) at IPAC 2026
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Vibration analysis and detuning control of cavities — M1-M36

3. wavelets-based detuning estimation

Exploration of wavelets for RF detuning computation, at SeaLAB, HZB

Classical Fourier analysis provides a global description that does not retain temporal information.

Short-time Fourier transform (STFT) introduce time localization by applying the transform over sliding windows, but uses

a fixed window length, leading to a trade-off between time and frequency resolution that remains constant across all
frequencies.

Benefit of continuous wavelet transform (CWT): provides a time-frequency representation with adaptive resolution.

Microphonics measured at SEALab‘s photoinjector

Detuning input signal Fast Fourier Transform 1 00 t—b
Y y *
10 I = 0.6 T(Cl,b) = f x(t)ﬁﬁ ( )d[’
3 5 Va J—eo a
2 (.
= o4
£ o
§ éo.z 2875 e 1 2niFt —t°/B
S LR | g | Y(t) = —e e
Range of detuning: | 1017.30 Hz1320.70 Hz
_10 min.= -9.575 , max.= 12.711 | 0.0 Wbl . A\ /ﬂ-B
00 25 50 75 100 125 150 175 0 500 1000 1500 2000 2500
Timg:ds) Frequency;{Hz) Morlet wavelet offers a well-defined central
Continuous Wavelet Transform ‘ Integrated detuning spectrum frequency and is particularly suitable for
P analyzing oscillatory signals
=
¥103 <
= 1.0 H
g £ Courtesy P. Echevarria
& 107 gos
& g
B e no e mimcpmes S angs “ 00 To be presented (+ proceeding) at IPAC 2026
0.0 : : 5 100 125 150 175 101 10° 101 102 103
Time (s) Frequency (Hz)
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Vibration analysis and detuning control of cavities — M1-M36

Microphonics suppression to allow higher gradient operation
* Developed a Narrow Bandwidth Active Noise Cancellation (NANC) algorithm and demonstrated at SLAC (LCLS-II)
* With NANC off, the cavity could operate at max 9 MV/m

* With NANC ON, the cavity can be operated at 16 MV/m (78% improvement!)
Courtesy B. Richter, J. Diaz

1 NANC OFF |
1034 [ 1 NANC ON @50Hz
: 1 NANC ON @50,20Hz N 2\ )
WA =
o’
% 2 i A
*g 1074 53 To be presented (+
8 o proceeding) at
g 2 IPAC 2026
101 - S
1 +
8 —— NANC OFF
1 —— NANC ON @50Hz
0 ’L —— NANC ON @50,20Hz
1004 [ . | . 0 | | | |
—-20 ~10 0 20 0 50 100 150 200 250

Detuning [Hz] Frequency [HZ]
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Integrated LLRF control using Ferro-Electric Fast Reactive Tuners— M13-M48

* Past developments

microphonics
* Goalis to integrate a ferro-electric fast reactive tuner (FE-FRT) with a digital —
LLRF system

* Hardware development 2026/27 within WP1 — I I
* Measure FE-FRT voltage response and temperature dependence I I ?ngcc:twrécn?ca&l
* Evaluation of existing MTCA hardware as potential FE-FRT driver 1 model
Roadmap . ] .
toward * Development of Matlab/Simulink model of RF control loop to simulate RF signals
milestone resonance control Probe
* Using FE-FRT voltage response, include it in LLRF control simulation environment ) 8 F0r1'__|WE:N’dd
* Setback:joint-PhD program on this topic stopped ] RENIECte
» Work taken over by colleagues from IJCLab and LPSC field resonance
control control
* RF and resonance control using FE-FRT f%‘:&?‘:‘z
* High-voltage amplifier transfer function measurement using capacitive load (to - FE-FRT control
emulate FE-FRT) RF signals
. C.ontroller developmenton RE SoC on going, HZB Synergy with WP1 FE e
e First measurements at HoBicat, HZB LLRF [«

J.Branlard - iSAS WP2 LLRF - Berlin, Apr. 2026 21
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Task 2.5: Energy efficient supervisory control and fault diagnosis— M1-M48
No recent progress. Next point of focus due Aug. 2026
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Energy efficient supervisory control and fault diagnosis— M1-M48

* Past developments
* 1st milestone delivered and approved : (D35) ML implementation plan

* Development of SSPA test stand to investigate efficient operation depending on working point

¢ Detailsnextside  [PRURYMINSISNSVECE cue Aug. 2026

* Al-based diagnostic for LLRF (presented at IPAC last year, full article submitted for peer-review
* Details next slide

J.Branlard - iSAS WP2 LLRF - Berlin, Apr. 2026
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Energy efficient supervisory control and fault diagnosis— M1-M48

* Development of SSPA test stand to investigate efficient operation depending on working point

high-power
bi-directional 2 kW load
coupler

Courtesy H. Pryschelski 1kW GaN Preparation of a SSA test stand

amplifier «  GaN 1 kW prototype

* Cooling / load / power supply

+  Experiment with pulsed/CW operation

* Understand efficiency optimization with drain voltage
adjustments

1 .3 G HZ CRE-350D-001 Wall-Plug Efficiency
BaRr 38 — oo RN i TR amble drain voltage (Vdd) adjustments
source an d . ” oy ' ' \ N, EGaN’itlechnoIogy <
Instrumentation

1.3 GHz
130 kW SSA

Efficiency (%)
w =3 U
o o

o

| —=—vdd =50V

N
o

| ——vdd =46V

[
o

| —e—vdd=42v

o

0 20 40 60 80 100 120 140 160

high-performance Output Power (kW)

powe r su p p lies Reference: “High-efficiency industrial 130 KW CW solid-state RF amplifier
for 1.3 GHz”, M. Nedos, N. Pupeter et al. in proc. IPAC 2023
J.Branlard - iSAS WP2 LLRF - Berlin, Apr. 2026 24
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Energy efficient supervisory control and fault diagnosis— M1-M48
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* Al-based diagnostic for LLRF (presented at IPAC last year, full article submitted for peer-review

training

1.0 r prediction

|
0.8 F - 1
|
|

0.8

0.6
0.6 -

a.u.

04r

EA, C4.M4.A6.L3

¥

0ol ¢ Phase(Y), C4.M4.A6.1L3 o
' ¢  Phase(X), C4.M4.A6.L3 021 Original calibration error (EZ), (34.1\'14.AF.L3
) n e  Humidity —e— train fit I
a il [ [ | [ [ [ predicted
: 0.0 | i
9o N ® RTINS ®  » S Db) ' . - ' - -
b‘/\\t\)/ b‘/\\i)/ BL/\\V‘)/ k/\\{)//\\\)/ u/\\(\/ b‘/\\b/ B‘/\\b/ ) /rfa ; /rf\ ‘ /rl() . N /\\\ ) /\\‘b i /\\‘J ) /\\’\
‘l\\‘l ‘L\\q’ ‘L\\‘L ‘L\\q' [L\\‘L rL\\‘l ‘L\\q’ cL\\‘l Q2 QP Q2 BN\ QO \N _©

%\\‘Lb‘/ q’\\’?}‘/ ;L\\‘Lb‘/ (L\\‘lb‘ q’\\‘lb‘/ Q)\\‘Lb‘/ cl\\‘lb‘/ %\\‘?}‘

e a) Strong correlation between RF waveform calibration coefficients and relative humidity
* b) Using weather forecast, a trained model can predict 2 days in advance the calibration error!

First results presented at IPAC 2025, full article submitted for peer-review

J.Branlard - iSAS WP2 LLRF - Berlin, Apr. 2026 25
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* Points of attention
* Discussions on future involvements for the call HORIZON-INFRA-2026-TECHO1
* Suggested topics with application for large scale accelerator operation
* Cryoelectra/DESY : optimization of SSPA parameters for efficient pulsed operation (EuXFEL upgrade)
» DESY/CERN framework development for anomaly detection (link to LLRF)
* HZB topics related to Al, FE-FRT and RF sources

« = All 3 have links to LLRF

J.Branlard - iSAS WP2 LLRF - Berlin, Apr. 2026
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* Milestones & deliverables on track? - yes

D35 , D5 Report D6 Report § D7 D9 D8

ML N uphonics on Report Report Report
implem e s study and LLRF/SSA on RF on RF on RF
entation V- ‘ ' ML-based interface control control control
plan mitigation study studies studies studies

M40 M6 M7 M8 Field M9 M10 demo
Impact Energy- Detunin control demo uphonic
analysis efficient g control for high ML and FE-FRT
WP2 SRTAN techniq Qext anomaly @ compensat

Dx Deliverables

Mx Milestones

oper. ues cavs. detect. ion

Accounted for

J.Branlard - iSAS WP2 LLRF - Berlin, Apr. 2026 27
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2025iSAS meetin

WP2 - LLRF: plans to achieve milestones & deliverables

« ‘.
c B |

gln Padova, Italy |

J.Branlard - iSAS WP2 LLRF - Berlin, Apr. 2026 28
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WP2 - LLRF: plans to achieve milestones & deliverables

* Milestones & deliverables

Timeline in project months (M) |M/D| # |Related WP Related task Description Status |Risk Ievel‘
¥1: M6 ! August 2024 D :35 WP2 2.1 Coordination of R&D on LLRF ML implementation plan Accounted for
Y2 M24 February 2026 M 40 WP2 21 Coordination of R&D on LLRF %Impact risk analysis WP2 Submitted
¥3 M30: August 2026 M 6 WP2 2.5 Energy efficient supervisory control & fault diagnosis Demonstration of energy-efficient SSA operation In progress
¥3:M33: November 2026 M (7 WP2 2.3 Vibration analysis & detuning control of cavities Demonstration of detuning control techniques In progress
¥3 M36: February 2027 M 8 WP2 2.2 Efficient field control for high loaded-quality factor cavities Demonstration of RF control for CW/LP ops In progress
¥3:M36: February 2027 D :5 WP2 2.3 Vibration analysis & detuning control of cavities Report on microphonics study & ML-based mitigation In progress
Y¥3:M36: February 2027 D :6 WP2 2.5 Energy efficient supervisory control & fault diagnosis Report on interface study of LLRF with SSA In progress
Y4 M42: August 2027 M :9 WP2 2.5 Energy efficient supervisory control & fault diagnosis Demonstration of ML and anomaly detection In progress
Y4 :M45: November 2027 M 10 WP2 2.4 Integrated LLRF control using ferro-electric fast reactive tuners Demonstration of FE-FRT microphonics compensation In progress
Y4 M46: December 2027 D |7 WP2 2.2 Efficient field control for high loaded-quality factor cavities Report on LLRF RF control studies In progress
¥Y4:M47: January 2028 D :9 WP2 2.5 Energy efficient supervisory control & fault diagnosis Report on anomaly detection & LLRF optimization In progress
¥4 M48: February 2028 D :8 WP2 2.4 Integrated LLRF control using ferro-electric fast reactive tuners Report on integration of FE-FRT in LLRF
* Plansto milestones & deliverables

* Delayrisks to be anticipated?

* Cooperation with other WP(s) to be reactivated?

* Risk mitigation measures to be implemented?

J.Branlard - iSAS WP2 LLRF - Berlin, Apr. 2026 30
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Vibration analysis and detuning control of cavities — M1-M36

* Past developments

100
80
* Assessment of microphonics level at XFEL _
- 5
* 80% of cavities are below 6 Hz (rms) = o
Q0
E
S
5
s 07
3
S
L
20 A
D_

+ 2025 meas.
+ 2026 meas.

J.Branlard - iSAS WP2 LLRF - Berlin, Apr. 2026
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Why is bandwidth and resonance control crucial for efficiency

Bandwidth (Qext) and Resonance (Af) control

Operating at higher Qext (narrower bandwidth)

* reduces the power needs IE resonance control can

be guaranteed S
—Af=5
« makes resonance control extremely challenging ' _i:f;g '
) ) —Af=30
V2. 4 Qextlp cOS 261Qext  @extIpsin gy 10t
P = 17 1+ + + [
46Qext Vace f(] Vace E
=3
Parameters for SRF gun - -4 kW :
T o o e e e e e 3.3 kw
r/Q = 208 Ohm R
Ve =5 MV (energy gain from the gun at 50 MV/m -> 5 MeV) (n e
I, =100 UA (100 pC at 1 MHz) : :
# =0deg. i 2. kKW
. ¢
i |
| } 1.3 KW
: : : - 1
The challenge is to find the highest Qext one can efficiency 1t : 1kw ]
operate the cavity at while still meeting the I . A A . N .
resonance co ntrol_ gqqls and without compromising design 108 Qo = 1e7 Qo = 4e7 108
operability and reliability of the system. stability operability Q
ext
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Extending the Qext range

First test with 3-stub tuner at HobiCat

. (HZB) re-measured Qext change with 3-stub tuner at HobiCat (had already been done a long time ago...)

« Cross checked results with CST simulations.

3-stub tuner

108 ¢
r [45,45,0]

[45,45,45]

Huening DESY | -

I [45,0,0]
g 10’ CST simulation

[0,0,0] E

0 50 100 150 200 250

—*—HoBiCaT PLL
UTCA

—®— CST simulation 3

—®— CST sim. actual FPC pos | T

[40,40,40]

| | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200
Phase (deg.)

108

Courtesy A. Neumann
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Developed 2 prototypes to extend the Qext range

Waveguide components to increase Qext range

Q-corrector (fixed) Iris-tuner (variable)

7 "

Qext with Q-corrector

Effective Qext (x1e6) for different coupler position settings

[ 90
80
’ L
70 coupler
e I-tuner ) motor
(1]
= —_ w5000
" 3 m Otor E 50 —8—-2000
g 2 *g 40 —8—-12000
<] -22000
1 w—==-32000
w—p==-36000
0
-50 -30 -10 10 30 50 70 90 110 130 150
Coupler mover position (k steps)
0 2 4 6 8 10 12 14 16 18 20 22 24
Iris tuner position (mm)
§ coupler coupler
motor motor

Courtesy V. Katalev

K] C5.MTS2/CHO4 Ik} C5.MTS2/CHO6
335 160

Several devices are being developed to increase or

325 140

shift the Qext tuning range

120
315

110
310

High-power test started
Currently investigating induced heating of coupler o T300Kheating T70K heating

290

6h 14h 22h Gh 14h 6h 14 h 22h 6h 14h
18.2.2025 18.2.2025 18.2.2025 19.2.2025 19.2.2025 18.2.2025 18.2.2025 18.2.2025 19.2.2025 19.2.2025 34
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W o L W
= i.‘ — . WP2 - LLRF: status update

Example 1: improving efficiency of resonance control algorithms (DESY)

piezo stimulus RF pulse
Piezo stimulus used to compensate Lorentz force - A23.L3
detuning in pulsed operation at EUXFEL. '

«—delay (1) —=

y amelitude (1) M single pulse

f’#?é‘&‘h . Bayesian optimization of piezo stimulus
parameters (delay, amplitude, offset)

e Using a double sine excitation (instead of

4—— delay (2)—» JUSt 1)

f Smoothing the leading edge (to minimize

> inrush current) illlllll lliil[lllil iill
° i ILs

%]

M double pulse

offset

=
3,

Energy per "action" [mJ]
=

+amplltude (2)
A\ )
smootn’ offset
transit. '\, B‘ (_,D‘ Cﬁ
&&&&@@&@&&&&&&&&&&&&&&&&\s \h \b &8 \h \h +

Presented at IPAC 2025: “Optimization of Piezo Operation for Superconducting TESLA Cavities at EuxXFEL”, M. Grecki et al.

Example 2: developing machine learning—based diagnostics for SRF cavities (HZB)

0.8 Predict 201 steps of test timeseries

Deep learning of cavity detuning

« Can one use machine learning (auto encoders) to predict detuning in CW

« Use deep learning to adapt the cavity model to real-time variations

Detuning
o
(=]

1
o
~

« Use Koopman filter to make dynamics of the system appear linear

—— Aw true

|
o
IS

Aw true
=== Aw predicted

« Simulated detuning data, then used to train and test model
iSAS WP2 LLRF | J. Branlard | WP2 status update J.Branlard - ISAS WP2 LLRF - Berlin, Apr. 2026
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Carrier Suppression Interferometer

Concept Courtesy: M. Hoffmann
« Overcome noise limits of the post-1Q system J_j_ J_Aj& J_Afi& J—A}l&
. . Ph
«  CSI performance scales with RF input power Shifter | Attenuator
i a7l

1.3 GHz I> X

« Source - very low amplitude noise ! @_ : =
\ _ Splitter DUT J' yda _,Eombiner Isolator . LNA  Bandpass
«  Replace the DUT with the LLRF system ogna  Splitter o Chi  chz ]

source Splitter LLRF System
SSPA > Clk
M A Pa
. ::iilileartor . LLRF System . %l, Post Processing
Mo CH5 CH4& CH3 CH2 CH1 a\ H H 1
1.3 GHz i o - « CSl signal contains no carrier
— g g = 7
5 5 8 o = * no absolute information of amplitude and phase
) n Reflected 4
— ﬁ « CSl signal as amplified error signal
Suppression ‘g ] . .
Interferometer ot - o « Combination of CSI and standard measurement as controller input
+20.30 aBm| Cavity Splitter - .
3 £E o Att Scaling Low pass Vector Sum
+20..30 dBm z Probe b y
H 2 a Aapc— I ~— IIR
Signal Analyzer 7 Q 2 2

W

=F
-
=<
>

Coviy ¢ 0.31dB Z |

— B : Att.
+10..13 dBm Ilig Reference o z > A .:‘ ADC [ IQ IIR
(MO) 40 dB

R&S FSWP

Ny
[SNY




Measurement Results from CMTB

Lab MO as Reference (best results)

« Cavity at Q, ~ 107 (f;, = ~ 65 Hz) * Requires stable condition of the cavity (steady state CW)

. Open loop vs. Pl controller vs. CSI with Pl « Cavity tuning (PZT) to maintain operation at resonance

* Reached noise floor of FSWP

Residual Phase Noise Integrated RMS Timing Jitter
40 Measurement at CMTB with LabMO (16.06.2023) Measurement at CMTB with LabMO (16.06.2023)
[ 1000 E
LabMO (FSWP noise floor) LabMO (FSWP noise floor)
60 open loop open loop
. ~—PI 1 10k, G 300 o ~—PI 1 10k, G 300
T ——PI 1 10k 1e6, G15, LP 100k, CSI 10dB = ——PI 1 10k 1e6, G15, LP 100k, CSI 10dB
5 -80r g 100 £
o =
=100 £
2 %\f‘vum E
2 ol "y w 10
o -120 AL ? Al £ -
@ Ol e A = i
4 ] n Y =
S -140 - ' _ ~ %
m L] ) 3 B
2 g A 2 1
B 160} e AN g "
o i o
-180 | : 1\\
s ol s sl s ol " ol " ol s sl 01 s PR | s sl s el " ol " ol s TR, 1
1 10 100 1k 10k 100k 1M 1 10 100 1k 10k 100k 1™
offset frequency [Hz] offset frequency [Hz]

Courtesy: M. Hoffmann



W o o ;
W . WP2 - LLRF: status/evolution of Task 2.3

Vibration analysis and detuning control of cavities — M1-M36

1. Al-based detuning compensation

Exploration of Al-based methods for RF detuning compensation
* Designed a hybrid model that learns detuning dynamics from data (accepted for presentation at IFAC2026)
* Derived a stability theorem (paper under review)

Courtesy A. Maalberg

1.0 T
1.0
— X i— — o2 -DMD 0.10 - —— 02 - Transformer
=== px) [ 0.8 0.20 A
0.5 4 0.08 -
8 - 0.6 - 0.15
= | -
= 0.0 0.0¢
3 0.10 A
g 0.4 - 0.04 -
—-0.5 1
0.2 1 0.05 1 0.02
—1.0 1 \/\V\L
T T T 0.0 T T T —_— 0.00 T— T T 0.00 R T T —
0.040 0.042 0.044 0.040 0.042 0.044 0.040 0.042 0.044 0.040 0.042 0.044
Time [s] Time [s] Time [s] Time [s]

Demonstration of estimating “real-world” time series by blending Dynamic Mode Decomposition (DMD) and
Transformer (deep-learning architectures) predictions with an adaptive alpha (similar to Kalman gain)

To be presented (+ proceeding) at IFAC 2026
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