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XFEL Accelerator R&D Status

Scope of the R&D activity (extension 2024-2027)

Summary

= Detect and mitigate anomalies and failures in the LLRF system

for increased availability of the European XFEL

Interface

= MSK LLRF (Julien Branlard), Software (Nadeem Shehzad) and

Firmware (Burak Dursun)
= Other XFEL proposals: CW LLRF development

Deliverables
= Concept: Two-step anomaly classification
" Prototype(s): Online anomaly classification 15t step

Anomaly

cavity signals .
Y5 detection
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Achievements in the past year

Prototype: Online anomaly detection 15t step
Software implementation |
Firmware implementation cavity signals Anomg y normal/anomaly
detection

Improvement on the classifier training
Efficient classifier (with respect to computation effort/ board resources and delays)
» Neural architecture search
Multi-class classification (instead of binary classifier Quench/no Quench before)

» Labelling as prerequisite
2nd step

Anomaly
classification

e - oo HELMHOLTZ
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Prototype: Online anomaly detection in
software

Implementation in C++ utilizing the ChimeraTK software
framework to communicate with other servers

A24 as test station (dedicated hardware had to be

installed: 2 servers + dedicated Ethernet communication
links)

Challenges and mitigations

= Computing load on in-crate CPU - new dedicated
server

= Bandwidth limitations, DAQ packet loss = dedicated
Ethernet connection

= Getting the IQ components - data correction

Reliable beam information source (different station
with a different timing) = synchronization with PIDs
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Annika Eichler, MSK, 12.9.2025

4

Courtesy: Nadeem Shehzad

IPC_TEL_QuickView.xml XFEL.DIAG/LLRF.TEL/A24.L3/

Peak PeakThreshold Status
3.3219204... 130
4.0e-4
— C1.M1.424.L3/GLR Res=1/87
3.0e-4-
2.0e-4-;
1.00-4- M
s ]
s00 1000 1500 zu[ﬁl
Peak PeakThreshold Status
1.1615064... 1.00
1.0e-4
= C5.M1.424.L/GLR Res=1/87
8.0e-5-

6.0e-5—
4.0e-5-
2.0e-5-
0

500 1000 1500 2[I[[I5I

5.0e-5-
0
500 1000 1500 ZD[;I]J

Peak PeakThreshold Status
1.1261944... 150 |

2.0e-4

1.5e-4-

1.0e-4-

Peak PeakThreshold Status
1.3899377... 1.00
2.0e-4

— C5.M2.A24.L3/GLR Res=1/87
15e-4-]

1.0e-4-

5.0e-5-

[
500 1000 1500 Ztllﬁl

A24M - TRIP EVENT LOGGER - VIEWER QuickView

Joaded @ |4800000.00

X¥Correction ||

Print

GLR sigma |5.00 ABCDCorrection| |
Peak PeakThreshold Status Peak PeakThreshold Status Peak PeakThreshold Status
2.0105500... 0.90 4.0264743... 0.30 3.1595611... 0.80
2.0e-4 4.0e-5 1.5e-4
=2 M1.A24 LIIGLR Res=1/27 = C3.M1.AZ4L3GLR Res= 187 = Ca.hi1 A4 LI/GLR Res=1/87
1.5e-4- 3.0e-5-;
© ° 1.0e-4-

1.0e-4

5.0e-5-

e
500 1000 1500 2[I[HI

2.0e-5-

1.0e-5-

0-
500 1000 1500 2[I[[I5I

Peak PeakThreshold Status Peak PeakThreshold Status
4.6508036... 1.00 1.0977204... 0.80
6.0e-5 1.0e-1
= CE.M1.424 L3/GLR Res=1/37 = C7.M1.424.LGLR Resm 187
8.0e5-
4.0e-5+
2.0e-5

D_W#J'
500 1000 1500 2[I[HI

6.08-5
4085
2.0e-5-
0

500 1000 1500 2[I[[I5I

Peak PeakThreshold Status Peak PeakThreshold Status
1.9173535... 1.20 D 2.2926045... 0.70 D
1.5e-4 2.5e-4
== 6 M2.AZ9 L3/GLR Res 187 == 3.2 AZ4 LE/GLR Res1/87
2.0e-4-

1.0e-4-

5.0e-5
0
500 1000 1500 ZIJIZHJ

Peak PeakThreshold Status
1.2357891... 0.50
2.5e-4
— C2 M2 424 L3/5LR Res= 187
2.0e-4
1.5e-4

1.0e-4-

5.0e-5

0
500 1000 1500 ZUEHI

1.5e-4-

Peak

1.9490318...

2087
1.5e-7-]
1.0e-7-
5.0e-8

e

1.0e-4-

5.0e-5-

04
500 1000 1500 2IJIZ[II]J

PeakThreshold
5.00

Status

5.0e-5-
500 1000 1500 2[Ilﬁl

Peak PeakThreshold Status
1.3078784... 0.80
1.5e-4
= CO.M1.424. LUGLR Res=1/87

1.0e-4—

Peak
3.1595611...

3.0e-4

5.0e-5-
0
500 1000 1500 2[Ilﬁl

PeakThreshold

s |

Status

0

2.0e-4-

1.0e-4-

P,

Peak
1.3891965...

560 1ﬂhD 1ﬁhD ZDE[II]J

PeakThreshold
2.00E-4

Status

MLm=t Hist:XFEL.SYSTEM/XFELCPULLA24S.WATCH/NET.EN... x

Outgoing traffic rises from 20 ‘
MB/s to 80 MB/s when anomaly B
detection is active (before new

connection)

HELMHOLTZ

| Zo24

1.12. 212, 3.12.
2024 2024 2024




XFEL Accelerator R&D Status Annika Eichler, MSK, 12.9.2025

- Courtesy: Burak Dursun

Prototype: Online anomaly PISO St Register
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Specifications

: 46/38—
Implemented on DAMC-TCK7 _swﬁ@ﬂm

= Application clock: 81.25 MHz B < L:_@i}sma IS
it

a... imﬂ
residual

—S18/1T
=  Throughput: 1/7 clock cycles
= Latency: 9 clock cycles for residual, 12

clock cycles for GLR, ~50us for K=450 ——E\{[Iio

S36/28

Challenges and mitigations

Fixed-Point Motation: Xm/n
= Sufficient performance and throughput X: S for signed h: i
U for unsigned SIRIG : [ H x
while minimalizing resources = optimized ™ 5 auting e Doy ' g~ ®
. . . sign bit {natural) = b
VHDL implementation (future with NAS)  n: e b of e 5
. . ) gyl threshold FPGA implementation layout (yellow:
P 12
= Co-simulation against software e E single cavity anomaly detection, red:

Range-S : -2MM1 g Mr1.5N L 2sam {: i
implementation Range-U : 0 1o 2™".2" S i anomaly detection for 15 cavities, blue:

LLRF controller for 32 cavities)
= Careful scaling for fixed-point operation >

co-simulation (python+SW) HELMHOLTZ
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Courtesy: Burak Dursun

Software vs firmware

Probe Amplitude Software GLR
Interpulse detection (10Hz) Intrapulse detection 2> :‘3 /)
(many faults do not need intrapulse reaction and
intrapulse reaction) mitigation (quenches)
Additional hardware - No additional hardware - /

Probe Phase Firmware GLR

installation with tunnel access rollout without tunnel access

Easy prototyping Very optimized
implementation = time
consuming and dedicated
personnel

Modular

Eichler, A., Shezad, N., et. al. (2025). Enhancing quench detection in SRF cavities at the EuXFEL: Towards
machine learning approaches and practical challenges. IPAC25. https://doi.org/ 10.18429/JACoW-IPAC25-
THPS134 (to appear)
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Courtesy: Lynda Boukela

Neural architecture search (NAS)

Goal: find a light-weight neural network architecture for FPGA deployment

Trading of complexity vs. performance by optimization

Search Space

Search Strategy Performance Estimation Optimal Architecture

number of layers
number of neurons

A=1{0=(Lh)}

—

feA

select

CMW = a x AUROC(f) — FLOPs(f) | ———

performance of (J

evolutionary

AUROC FLOPS SIZE

DTW

European XFEL

0.9950 11367 10847
Manual 0.9903 38305 37537
NAS 0.9662 241 193
Manual 0.9665 551 471

Boukela, L., Branlard, J., & Eichler, A. (2025). Exploring NAS for anomaly detection in superconducting cavities of particle
accelerators. Frontiers in Physics, 13. https://doi.org/10.3389/fphy.2025.1553993
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Multi-class classification: Expert labeling

EVA: tool for eased data labelling

=  Bringing together all information from different sources (QDS, root cause by Nick’s data base = note all are

event-wise not pulse-wise)

Read Data

Event: 108/ 262
file: fhome/xfeloper/data/MGTF/XTLReport/dag/A21-2023-10-22T1029.h5

Exist in Nick's database: Yes

number of pulse: 25

<< >>

List of pulses

location pid Al Label

1
2 |C1.M2.A21.L3 1831999706 Other fault Other fault
3 |C1.M3.A21.L3 1831999706 Other fault Other fault
4 |Cl.M4.A21.L3 1831999706 Other fault Other fault
5 |C2.M1.A21.L3 1831999706 Other fault Other fault
6 |C2.M2.A21.L3 1831999706 Other fault Other fault
7 |C2.M3.A21.L3 1831999706 Other fault Other fault
8 |C3.M2.A21.L3 1831999706 Other fault Other fault
9 C3.M3.A21.L3 1831999706 Other fault Other fault
10|C3.M4.A21.L3 1831999706 Other fault Other fault
11|C4.M2.A21.L3 1831999706 Other fault Other fault
12 |C4.M4.A21.L3 1831999706 Other fault Other fault
13|C5.M1.A21.L3 1831999706 Other fault Other fault
14|C5.M2.A21.L3 1831999706 Other fault Other fault
15|C5.M3.A21.L.3 1831999706 Other fault Other fault

European XFEL
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Courtesy: Lynda Boukela

Root cause 1 nan
[ e nan bulk selection
Start index End index
Category: INFRASTRUCTURE 0 o 0 e
Category SubCategory: NETWORK_HARDWARE
Comment
206 -

RF signals (Phase)

Interlock {no RF}
Trace discontinuity
Jump in probe
Trace noise

e Trace misalignment

like bei
like bei
like be:
like be
like be: 2
like be
like be
like be;

like bei

»

Residual

Toroid
Pulse

144

Pulse cut
Toroid (Nominal) Beam + Pulse cut
Pulse : 144 Beam
Poss miss signal
Miss signal
Quench

Other Fault

UndojClear

Save

HELMHOLTZ



XFEL Accelerator R&D Status Annika Eichler, MSK, 12.9.2025 9

Deviations from plan

Personal left

= New personal had to jump in

= Qutsourcing to MSK software and firmware group (schedule of these groups are full > delays)

= Adaption of content = at the beginning less implementation, more algorithmic development (NAS)

Installation in tunnel
= Failed hardware and long delivery times
= Limited access for tunnel installation = delays

e - oo HELMHOLTZ
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Timeline

Hire software expert

Reason: the person hired left, new hire process
Module integration of signal calibration (PostDoc)

Reason: delays in unifying the firmware and software implementation
Online implementation of the trip event logger (PostDoc)

Reason: the person in charge left, new PhD student jumped in
In-depth offline analysis

Reason: the person in charge left, new PhD student jumped in
Online analysis of the cavity module (PostDoc)

Reason: the person in charge left, new PhD student jumped in
Hire PostDoc

Q3/2023 Scalable solution of the infrastructure (PostDoc)

Reason: Several attempts to get system in tunnel up and running
combined with limited opportunity to access tunnel

Fault classification and data labeling in one subsystem (PostDoc)

Q3/2024 Infrastructure updates for feedback to allow system recovery and fault
prevention (PostDoc) - good progress, not finished

Q4/2024 Continuous learning through human in the loop strategy with the active
labeling - started, delayed Q4/2025

Q2/2025 Analysis of the overall system with regard to all modules and capabilities
(PostDoc)

] | European XFEL

Date / Period | Milestone Description
Period

Q2/2022
Q4/2025
Q4/2024
Q2/2025

Q3/2024

Q3/2024

Q4/2025

Q4/2025

Q2/2025

HELMHOLTZ
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Timeline + Deviations

e per
Period New personal had to jump

Q4/2021 Hire software expert Q2/2022 )
Reason: the person hired left, new hire process In
Q4/2023 Module integration of signal calibration (PostDoc) Q4/2025 Outsou rcing to MISK

Q2/2023 Online implementation of the trip event logger (PostDoc) Q4/2024 software and firmware
group (schedule of these

Q4/2022 In-depth offline analysis Q2/2025
groups are full 2 delays)

Q3/2023 Online analysis of the cavity module (PostDoc) Q3/2024
042022 e Installation in tunnel

Q3/2023 Scalable solution of the infrastructure (PostDoc) Q3/2024 Failed hardware and long

delivery times

Fault classification and data labeling in one subsystem (PostDoc) Q4/2025 Limited access for tunnel
Q3/2024 Infrastructure updates for feedback to allow system recovery and fault Q4/2025 ) )

- prevention (PostDoc) - good progress, not finished installation

Continuous learning through human in the loop strategy with the active Q2/2025

labeling - started, delayed Q4/2025

Q2/2025 Analysis of the overall system with regard to all modules and capabilities
(PostDoc)

] | European XFEL H E LM H 0 LTZ
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Timeline + Deviations

Hire software expert

Reason: the person hired left, new hire process
Module integration of signal calibration (PostDoc)

Reason: delays in unifying the firmware and software implementation
Online implementation of the trip event logger (PostDoc)

Reason: the person in charge left, new PhD student jumped in
In-depth offline analysis

Reason: the person in charge left, new PhD student jumped in
Online analysis of the cavity module (PostDoc)

Reason: the person in charge left, new PhD student jumped in
Hire PostDoc

Q3/2023 Scalable solution of the infrastructure (PostDoc)

Reason: Several attempts to get system in tunnel up and running
combined with limited opportunity to access tunnel

Fault classification and data labeling in one subsystem (PostDoc)

Infrastructure updates for feedback to allow system recovery and fault
prevention (PostDoc) - good progress, not finished
Q4/2024 Continuous learning through human in the loop strategy with the active
labeling - started, delayed Q4/2025
Q2/2025 Analysis of the overall system with regard to all modules and capabilities
(PostDoc)

] | European XFEL

Date / Period | Milestone Description New Date/
Period

Q2/2022
Q4/2025
Q4/2024
Q2/2025

Q3/2024

Q3/2024

Q4/2025

Q4/2025

Q2/2025

Content changes

Personal left
Adapt to skills of personal

HELMHOLTZ
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Risks to R&D Project

Helps needed from other groups (software and firmware) = strong involvement

Personal (difficulties in hiring and keeping personal with the right skill set)

L J | European XFEL
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Outlook / Summary

Outlook
Protoype:
» Software solution: Improvements (offline feature, data analysis, etc.) in the LIMP, afterwards testing

Classifier
» Model training and evaluation

Publications
Eichler, A., Shezad, N., et. al. (2025). Enhancing quench detection in SRF cavities at the EuXFEL: Towards
machine learning approaches and practical challenges. IPAC25.
Boukela, L., Branlard, J., & Eichler, A. (2025). Exploring NAS for anomaly detection in superconducting cavities
of particle accelerators. Frontiers in Physics, 13.
Boukela, L., Eichler, A., Branlard, J., & Jomhari, N. Z. (2024). A Two-Stage Machine Learning- Aided Approach
for Quench Identification at the European XFEL. 12th IFAC SafeProcess
Eichler, A., Branlard, J., & Timm, J. H. K. (2023). Anomaly detection at the European X-ray Free Electron Laser
using a parity-space-based method. Physical Review Accelerators and Beams, 26(1).
https://doi.org/10.1103/physrevaccelbeams.26.012801 HELMHOLT?Z
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