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Requirements from HFM program
CERN COLLABORATIONS
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Demonstrators (magnets that

prove part of the technology, 

but that do not satify all the 

requirements):

• RMM, R2D2, FD for block

• ISAAC for common coil

• subSMCC for common coil

stress managed

Short models:

BOND and F2D2 for block

• Daisy for common coil

• FalconD for cosθ

• SMACC for stress managed

common coil

E. Todesco, Test and diagnostics: priorities for the high field magnets program, SMTF 2025
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Magnetic perturbation associated to a quench

T. Ogitsu, Review of Magnetic Quench Antennas for Accelerator Magnets, IDSM01 2019

• At the quench onset, the current tries 

to bypass the forming resistive region 

(current sharing)

• Considering only the change, it is 

equivalent to 

• −∆ current flowing in the resistive 

region

• +∆ current flowing at a certain 

distance

Magnetic moment
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Multipole expansion of a 2D magnetic moment

- m magnitude

- α orientation

- zc position

The ratio of two multipoles of order k and k+1 allows to 

retrieve the position

and the magnetic moment vector
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Multipole expansion of a 2D magnetic moment

S. Russenschuck, Field Computation for Accelerator Magnets, WILEY 2010

Complex plane
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Sensitivity of pickup coils
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Coil 3

By choosing the appropriate

• number of coils

• winding size

• angle

we can build a sensor sensitive almost to 

one multipole only (B3 in the example)

𝑥 + 𝑖𝑦 =
4

3

𝐵3 + 𝑖𝐴3
𝐵4 + 𝑖𝐴4

r
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Flexible PCB on a cylindrical tube

The winding of the search coils can 

be easily produced with flexible PCB 

circuits.

The PCB is wrapped around a 

support tube and can be aligned 

with removable pins.

The PCBs are kept in place by a 

wrapping of Kapton tape.

Thickness of the PCB is ~0.3 mm 

(not too stiff but still robust).

314 mm

6
0
0
 m

m
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B3, A3 B4, A4 𝐁𝟑
∗ , 𝐀𝟑

∗ 𝐭𝐢𝐥𝐭𝐞𝐝

On top of the straight coils sensitive to 

B3,A3,B4,A4, additional tilted coils

sensitive to B3,A3 are added.

The transversal position is obtained 

from B3,A3 and B4,A4 measured with 

straight coils.

The longitudinal position is 

proportional to the phase shift of the 

signals from tilted coils respect to the 

signals from the straight coils.

9

Longitudinal localization

𝑤 is the twist pitch (m/rad)

𝑙 = arg(
𝐵3
∗ + 𝑖𝐴3

∗

𝐵3 + 𝑖𝐴3
) 𝑤
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Example of localization (MQXFBP3)
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Design of a quench antenna

with the 6 sets of coils on one

double-layer triple-wrapped

PCB to be used in magnets

with 50-mm aperture.

Cylindrical quench antenna for HFM
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Localization error 

Transverse plane

Longitudinal direction

• Test of the localization error

by means of an “emulated”

source (small coil powered

with AC current).

• The reconstruction error due

to construction tolerances

can be kept below 5 mm.
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Example of cylindrical quench antenna Ø 66 mm for the D2 (HL-LHC)



The HFM program includes the test 

of some demonstrator magnets 

with no, or not accessible, aperture 

(RMM for example).

Challenges:

• Cylindrical quench antenna 

cannot be used.

• Flat search coils positioned 

around the magnet coils.

How to localize the quench by 

using only flat coils?

If a cylindrical quench antenna cannot be used…

RMM magnet for HFM
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As before, the current sharing due to a quench 

produces a magnetic moment defined by:

• location (r, φ)

• strength (m) 

• orientation (α). 

The vector potential of a 2D magnetic moment, in polar 

coordinates, can be written as:

The flux per unit length intercepted by a search coil 

with the winding coordinates at r1 and r2 is:

Vector potential of a 2D magnetic moment 
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The position of the magnetic moment,

i.e. the quench, can be estimated from

the measurement of the flux from at

least 4 search coils producing “useful”

signals.



Simulation example of a flat quench antenna

To get enough signals (>4) with a 
good SNR, it is better to use several 
search coils distributed around the 
magnet cross section.

Reconstruction simulation:

• Cross section with same 
dimensions as RMM

• Two sets of 6 search coils (on top 
and bottom of the magnet coils)

• SNR of 25 dB (noise ~5%)

• Numerical inversion (genetic or 
particle swarm algorithms)

• Relatively fast (0.1 s per point)
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Effect of noise

SNR ~ 25 dB (noise 5%) is required for a localization with a precision of ~ 5 mm

SNR ~ 40 dB (noise 1%) could be achieved with a differential signal (bucking/compensation)

Differential signals can be obtained by connecting in anti-series symmetric search coils (dipole compensation) 
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Simulation of 1000 random points



Conclusions
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• The positive experience with quench antennas being used for the HL-LHC 

magnets fosters new development for other projects.

• In a first phase, the HFM program encompasses the construction and test of 

demonstrator magnets based on racetrack coils.

• Racetrack coils do not have, or do not provide access to, a round aperture 

therefore cylindrical quench antennas cannot be used.

• Search coils can be instead positioned on the flat surfaces around the 

magnet coils.

• The position of the quench can be reconstructed from a relatively small 

number (6 to 12) of “useful” signals.

• Simulations show that, with a suitable design of the sensor and the use of 

compensated signals, a sufficient precision for the reconstruction (5 mm) can 

be achieved.



Thank you!



Spare slides
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The coil segmentation defines the resolution in the longitudinal direction but:

• The total number of signals should stay reasonable (<100)

• The sensitivity is affected by some errors at the coil ends (3D effects)

• Some space is needed for the connections (sensitivity “holes”)

➢ For MQXFB magnets: 12 segments with a length of 600 mm

12 x 4 = 48 signals

Segmentation for long magnets
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Transverse localization (MQXFBP3)

R = 50 mm
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Transverse and longitudinal localization (MQXFB)
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Voltages from quench antenna during ramps

After the cooldown, for the training, 

several ramps are performed

First ramps after 

cooldown show, in 

addition to flux 

jumps, some 

events interpreted 

as mechanical 

vibrations

Ramps performed 

at later stage after 

training, show the 

flux jumps only
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Distribution of flux jumps in the cross section

Heatmap of flux jumps positions 
during an energization ramp -
darker color indicates more 
events

• At low field, a large number 
of jumps distributed mainly 
toward the poles of inner 
layer 

• At intermediate level, tend to 
concentrate towards the 
midplane of outer layer

• From intermediate to high 
fields, number and amplitude 
of jumps decrease  
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Amplitude of flux jumps

Distribution of the amplitude 
of flux jumps during an 
energization ramp

The effect of the flux jumps 
on the two multipoles to 
which the quench antenna is 
sensitive are measured 
directly

• At low field, flux jumps 

have larger amplitude

• By increasing the field, the 

amplitude tend to decrease

Amplitude of C3 multipole, measured with 

the quench antenna and normalized to the 

main field, as function of the field level
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Some details of the cylindrical quench antenna
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