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Introduction — HL-LHC magnets
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Large variety of magnets

In the past 10 years, the main focus was on Nb;Sn
accelator magnets, with 11T and MQXEF tripplet
magnets.

Currently the model and prototype phase has been
completed. Series production is ongoing and a
complete set of cryo-assemblies for installation
should be qualified by end 2026.

Research phase over, but developed diagnostics
and instrumentation critical for magnet
qualification.




Reconstructed positions

ML

Introduction — HL-LHC magnets diagnostics status

80

Mature technology for CosB magnets with bore used at CERN 4

20

- PCB quench antenna z
- Quench localization in 7 meter long magnet to a few cm longitudinal 5_2‘;
and a few mm in the cross-section. (See for example Lucio Fiscarelli IDSM02) 40
- Vibration characterization and localization during ramp. o
- Flux jJump characterization and localization during ramp, (see P. Rogacki, 00
12025, |EEE) N o m W
- Precision voltage measurements L ucio Fiscarelli IDSMO2

- V-l measurements to monitor at pV low frequency the conductor
performance of full coils. (see G. willering, 2019 IDSM01)

- DAQ with have fast and precise (>10 kHz) acquisition and post-
processing to characterize flux jumps, precursors and investigate the
guench onset and propagation. (see G. Willering, IDSM02)

- Quench detection

- UQDS (FPGA based) for very versatile voltage based quench dection, 3

including current dependent thresholds, complex comparison schemes, o rogacki, et ‘weasurement of Fast Transionts in

etc. (See presentations by Jens Steckert and Michal Duda this workhop) No3Sn Magnets f\{);;'ggsﬁ Ff;f;fﬂ?jg;\‘/?{;‘%ﬁf"é;i“m')E'f.)E

pp. 1-5, Aug. 2025.
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Introductlon — Nb;Sn HFM magnets

AP COLLABORATIONS .
J See slides E. Todesco from Monday
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E Most designs focus on block coill
technology.

R2D2 Fab2 - In the current phase of the project
no aperture available: no quench
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- Quench localization has proven
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https://indico.psi.ch/event/16393/contributions/51474/attachments/30152/58979/2025_03_test_hfm.pdf

Introduction — HTS HFM magnets
Not discussed further in these slides:

Common Coil Dipole

Different from HL-LHC or Nb;Sn:

- How to detect quench, or avoid quench?
How to protect?

- Coil has an aperture, but what do you
see on quench antenna in case of

* Development of double
pancake made with stack cable
made from 12 mm wide tape
started

* Preliminary design of a 10 T,

common coil double aperture, 3 qu“Ch?_ _
50 mm aperture dipole done. - Fiber optics? Mechanical
Final design by Q4 2025. measurements?

Construction as from Q1 2026 .. .
- How much precision in Voltage

measurement needed, for what
frequency?

* Parametric studies of 15 T and
20 T configurations (scaled
from the 10 T design) in 2025

Preliminary mechanical design of
10 T Common Coil prototype

12/02/2025 A. Ballarino

()
See A. Baskys, A. Ballarino, HFM annual meeting,
https://indico.cern.ch/event/1471305
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Quench localization Nb;Sn: tested magnets at CERN
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- Two examples of challenging diagnostics: holding current quenches




Using RMM an example for challenging diagnostics
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RMMJ1d further analysis Magnet by J.C. Perez et al.
RMM1- all quenches
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Great results! Record breaking magnet! Reaching record field of 16.94 T

central cavity field at 1.9 K and above 17 T peak field on the conductor. Reaching Test results reported in HEM forum
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https://indico.cern.ch/event/1464833/

RMM1d further ana|ySiS Fa ~——n Training quenches occured

. . . > i mostly in the pole turns of the

Further analysis, focusing on where performance can be improved. . | [es==T lower layer of the eRMC coils,

- After observations in RMM1c and the start of training in RMM1d, it was found that | with significant mechanical
flattop quenches and slow ramps limited the performance. A different powering cycle

transient precursor.
was applied to overcome, indicating that non-uniform current redistribution impacted This includes the quenches at

the stability of the magnet also during ramps. maximum current. ; ursor
- At 1.9 K the flattop quenches were recorded in time scale from seconds to < 1 hour. \/-\bra{\oﬂ and p-mporta““
- At4.5K afield of 16.5 T was stable for 5 minutes during V-l measurements, easuremem\
suggesting more stable conditions at 4.5 K than at 1.9 K. m

Quenches at maximum current

RMM1d - holding time and holding quench at 4.5 K occur in the pole turn of

1313 @ 1.9K- Quench Ean eRMC coil, where the highest
136 =1.9K-Hold 5 field is present. These quenches
3 25K Quench don’t show a precursor and are
13 45 K Hold at 98% l/lc. q
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Another flattop quench example in a series-MQXF magnet
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Reconstructed positions

At nominal current (16.23 kA, 7 TeV) the magnet
guenched six times after 12 to 42 hours of
accumulated time (various cycles).

The quench location is always in pole 3, in the
straight part of the magnet in the same
longitudinal position.

CD1: 54 hours of powering in total
CD2: 280 hours of powering in total

=100 =50 0 50 100
X (mm)
JL._LH = =N -
T
777, 145__‘%

By RS DB DG A OE N s 20 ne o

P. Rogacki

HCLMOXFAOQ1-FLODDO0T LA HF__ Q02407022244 _8004(0) rims

Segment:7

RN)Y

Voltage (V)

1.2

1.1

I 45K _ Q3a-P3, 19K, Q3aP1, 19K,
1 100 Als "/ flattop, 16.23 kA flattop, 16.23 kA

—CD1
—CD1
—CD2
—CD2
———CD2
——CD2

—CD1-
~——CD1-

Quench 1 -
Quench 2 -
-Quench 3 -
-Quench 4 -
-Quench 1 -
-Quench 2 -
-Quench 3 -
-Quench 4 -

4.5K
19K
19K

19K
4.5K
19K
19K

-Q3a-P2
-Q3a-P3
-Q3a-P1
19K -
-Q3a-P3
-Q3a-P3
-Q3a-P3
-Q3a-P3

Q3a-P3

co2
co2
cb2
cD2

-Quench 5-1.9K
-Quench 6 - 4.5K - Q3b-P2
-Quench 7 - 4.5K - Q3a-P1
-Quench 8 - 4.5K - Q3b-P2

-Q3a-P3

[ Q3a-P1,
Q3a-P2,

Q3a-P3,
i | i I . f . ; )
1 1 4 1 } 4 } } }
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Time (s)

4.5K, 16.45 kA Ramp
4.5 K, 16.05 kA Ramp

4.5 K, 16.23 kA Ramp

Much faster voltage build up in the flattop quenches compared
to training quenches. No precursor.

(Even faster quenches at fast ramp rate at 4.5 K, because close
to critical surface)

Quench Time to
Temperature | RR | current Quenched| Quench | reach 100
Number (K) (A/s) (kA) Moment coil Antenna | mV (ms)
19 20 16.23 [Training to nominal current (no quench)
CD1-1 4.5 1 16.05 [During ramp Q3a-P2 4.6
CD1-2 1.9 20 16.23 |After 160 min Q3a-P3 15
CD1-3 1.9 20 16.23 |After 90 min Q3a-P1 - 35
CcD1-4 1.9 20 16.23 |After 11h30 Q3a-P3 7>6 1.5
19 20 16.23 [Training to nominal current (no quench)
CD2-1 1.9 20 16.23 [(After 80 min Q3a-P3 7>6 1.6
CD2-2 4.5 20 16.23 [During ramp Q3a-P3 | 6 ’ 4.0
1.9 20 16.53 [Training to target current (no quench)
CD2-3 1.9 20 16.23 [After 19 hours Q3a-P3 7>6 1.6
CD2-4 1.9 20 16.23 |After 5 hours Q3a-P3 7>6 15
CD2-5 1.9 20 16.23 [(After 40 min Q3a-P3 7>6 1.5
CD2-6 4.5 100 15.60 ([Fastramp Q3b-P2 13&1 1.0
CD2-7 4.5 20 16.45 [During ramp — splice cycle Q3a-P1 7->6 45
CD2-8 4.5 100 15.63 [Fast ramp Q3b-P2 13&1 1.0

Table with all quenches with in bold red the flattop quenches.



Source of "Flattop quenches” or “holding current quenches”

Possible causes of flattop quench could be:

- Classical slip-stick motion (delayed effects due to friction). This form we think we see in the 1232
LHC main dipoles where the training margin is very small to operation margin (few quenches
randomly in all magnets combined).

- Temperature increase, due to local heating or an external heat sources. (we don’t expect this to
happen, except maybe for a high resistive splice)

- Beam loss, locally heating the conductor. (observed in the LHC in specific tests)

- Operating part of the conductor at it’s stability limit. Non-uniform current distribution in a
Rutherford cable due to non-uniform splice resistance or non-uniform local degradation.

In most Nb;Sn all indications lead non-uniform current distribution as cause of quench, see
next slides.
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Looking back at presentation by Ruben Keijzer,

V-1 measurements, current redistribution and simulations

IDSMO2:

Some strands operate in a very
unstable regime.

Note: Higher Jc at 1.9 K makes
instability worse than at 4.5 K.

A localized defect is simulated

» Strands have reduced current carrying capacity over 1 mm

» 16 strand cable
» 6 degraded strands

Excess current almost fully in adjacent strand

[5] G. Succi, L. Bottura, M. Breschi, “On the effect of strand breakage on the

operating margin of a Nb35Sn Rutherford cable,” Cryogenics, Volume 125,

2022,103458
[6] R. Keijzer et al.,

2710472023

“Modelling V-1 Measurements of Nb3Sn Accelerator Magnets
with Conductor Degradation,” IEEE Transactions on Applied Superconductivity,
vol. 32, no. 6, pp. 1-5, Sept. 2022, Art no. 4001105
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https://agenda.infn.it/event/32061/contributions/193768/attachments/104686/146883/IDSM%20Workshop%202023%20Ruben%20Keijzer%20v3.pptx

Additional work, focus on early quench development Ruben Keijzer, University of Twente
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Fig. 5. Simulated strand current over time at the longitudinal coordinate of 7
the quench initiation. el A3 /:\
B gz @ B4 !
g . E — A4 = .
- In homogeneous quench start in one strand % B =~ :
= in this example: £ \_300 \//A
g - It takes 4.5 ms for all strands to quench. v i K .
. . - Inthis period there is a mix between " | N
5 0 1 2 3 : 6 transverse and longitudinal propagation. by 1 2 3 4 5 6
Time (ms N . - . ime (ms
R - This is visible in coil voltage and pickup Time (ms)
([::jgen:h (l(;;)S?rlnn::l]l.l;ll:]dq::zlr:fﬁea::g:lj';‘zl::z;?g the first few milliseconds after Voltage |n the Quench Antenna. Fig.1. (a)Measuredresistive voltage build-up during the first few milliseconds

of a quench. (b) Measured quench antenna signals corresponding to the normal
(By,) and skew (A;,) 3 and 4™ order harmonics.

R. Keijzer et al., "Measurement and Modeling of Initial Quench Development in Nb3Sn Accelerator Magnets,” in
IEEE Transactions on Applied Superconductivity, vol. 35, no. 5, pp. 1-7, Aug. 2025. Link



https://ieeexplore.ieee.org/abstract/document/10897971

Reminder, work by Ruben Keijzer

Quench propagation

Time =0 ms

* Overloaded strands in the Rutherford cable lead the quench
front followed by a ‘wake’ of quenching strands
* Cable can no longer be modelled as a monolith

[3] R. Keijzer et al., Effect of Strand Damage in Nb3Sn Rutherford Cables on
the Quench Propagation in Accelerator Magnets, TAS, 2023

UNIVERSITY

OF TWENTE.

-400

350

V] i]HC—).I?I‘(lO

N
<l
o

200




Nb,Sn performance diagnostics

Quench development in uniform case vs non-uniform.
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Fig.7. (a)Simulated current distribution of the cable for several time instances
during initial quench development for the case of low inter-strand contact
resistances and the corresponding temperature profiles (b).
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Fig.8. (a)Simulated current distribution of the cable for several time instances
during initial quench development for the case of high inter-strand contact
resistances and the corresponding temperature profiles (b).

Recent tests in Nb;Sn magnets sometimes show existence of

Flattop quench

Inverse ramp rate behavior
Inverse temperature behavior
Fast quench propagation
Instabilities

Most effects play on conductor level and are not linked to
mechanical transients.

All investigations show that non-uniform conductor
performance (non-uniform conductor damage) can have an
important impact on effective margin and effective stability in the

coil.

MBHSP107 results suggest that uniform degradation (in this case
in the midplane) may have a less strong impact than non-uniform
degradation.

R. Keijzer et al., "Measurement and Modeling of Initial Quench Development in Nb3Sn Accelerator Magnets,"
in IEEE Transactions on Applied Superconductivity, vol. 35, no. 5, pp. 1-7, Aug. 2025. Link
Soon to be published: “Performance diagnostics Nb3Sn magnets”, PhD thesis Ruben Keijzer, 2025



https://ieeexplore.ieee.org/abstract/document/10897971
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Challenges and focus in the next years. For HL-LHC series production:

Focus on qualifying magnets, by investigating performance, using and
analysing systematically:

- V-l measurements

- Fast acquisition of voltage and quench antenna during quench

- Voltage and quench antenna data during ramps

- Explore ramp rate and temperature dependency for each magnet.

- Perform systematically holding current tests (we chose 3 times 20 hours, operation in
HL-LHC needs a few 100 times 10-20 hours each year).

Extremely difficult to prove precise source of flattop quenches. Mostly
‘circumstantial’ evidence, but with high confidence level from
experiments, methodology and simulations. This can be frustrating for a
discussion between test engineer, magnet engineer and management.




Challenges and focus in the next years. For HFM Nb,;Sn block coils:

As listed in the previous slide, but in addition:

Quench Antenna development (see presentation Lucio Fiscarelli)

Accoustic method for quench localization, as has been proposed by Maxim
Marchevsky, see for example IDSMO1. Possibility for additional exploration low-
temperature microphones (see presentation by Vincenzo Di Capua)




Conclusions

These slides have a lot of flashbacks to my presentation on the IDSMO1 in Berkeley in 2019 on
“Methods for performance diagnostics for Nb3Sn accelerator magnets used at CERN”.

However, there were important improvements!

- New quench antenna systems, mastering quench localization in HL-LHC CosB8 magnets.

- Improved, lower noise electronics and higher precision measurements

- Great analysis and simulation work done on non-uniform conductor degradation in Nb;Sn
supporting analysis of magnet performance issues, including flattop quenches and
Instabilities. PhD Thesis soon by Ruben Keijzer on “Performance Diagnostics in Nb;Sn magnets”

Major fields of investment will be quench localization in block-coil/racetrack/common coil
magnets. Quench antenna and systematic acoustics measurements and analysis.

Realization: Very large set of data collection on a large variety of magnets and system. Need
significant analysis effort! Automated analysis tools, possibly with machine learning/Al?



https://drive.google.com/file/d/1YyziC-M8zZeo4LBsuclErXgFYBOuRDyJ/view

