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A Mechanical disturbances in superconducting magnets and their connection to
premature quenching and training
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Elastic energy stored in a superconducting magnet

|t takes very |little energy to queggeh a magnet é
1000 ‘ —— ‘ - — kyAx} | kpAx]
| 'AK. Ghoshetal, 1997 Due to the action of Lorentz P U=U+U =+
o force F =Il B, thermal and 2 L,
3; .n\ﬁ\ . pre-loading stress, _elastic : kg Axy =k Ax;
8100 { -\ E\'\*\\ e Rt S energy is stored in the
c N i i . .
% Al ™ g | magnet and distributed Uik
o | E Mgt . U,k
2 | ey " between its  structural K,
; : : ; Most of the elastic
é 10 —}__ ‘— l) T S B_El’" El} B elements' energy is accumulated
£ | - oW 42KCWSc 1.8 ‘ ; ; in the weak spring
= .0 1.9KCuwSc 1.6 | The elastic energy is
} A ’ ] ‘ proportional to the strain in
1 R S N a square, or magnet current
04 05 08 idicumane. 0 1 inthe power 4 U y - _
Fig. 3. MQE for two LHC type strands with different Cu/Sc ratio. el \/ A/Impregnatlon
!O X "O >
10 mJ is the kinetic energy of a staple :
dropped from a 3 cm height ¢é and it
s ~10% -10%* times smaller than the Impregnation material has a lower elastic
stored EM energy of a typical modulus than the conductor, so it stores a

accelerator magnet! significant fraction of that elastic energye

M. Marchevsky, LBNL June 9, 2023




Elastic energy release causes quenching and training

Mechanical energy released: crack and de- bondlng in CCT 00|Is
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How can we experimentally study these phenomena? Training plot of the CFT magnets
Can we associate a quench with some specific energy-release event? tested at LBNL

Can we predict and understand magnet training and quench memory?

premature magnet quenching and tr a

U See the talk by FEerracin

These are the key questions for the superconducting magnet development program
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A What is acoustic emission and how is it related to magnet disturbances?
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Acoustic emission and Its sources In magnets

U Release of elastic energy caused acoustic emission
'y AYUINRRdAZOGA 2y C.BScrubydoBtPhys. 8: SRIMANA2DME V € =

Transient events Continuous perturbations

Mechanical A Vibrations of coils, shell, and
support structures)

A Background noise  (helium
boiling, pumps, etc.)

A Cracking / fracture of epoxy, interfacial de-bonding
A Sudden mechanical motion of conductor or a structural part

Known as precursors for premature quenching and training!

Electromagnetic> Mechanical
A Flux jump, as current re-distribution in the cable leads to the local
variation of the electromagnetic force

U Quench development leads to a local thermal expansion and change in the local stress which may lead to acoustic
emission. However, magnets that are conductor-limited are near-quiet acoustically at quench.
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Outline

A Basics of acoustic emission diagnostics: hardware, data acquisition, and
calibration
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Plezoelectric sensors and transducers
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Amplified cryogenic AE sensor

U Cryogenic pramplifier U Mounts for sensor installation in (i Data acquisition
the magnet bore
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Coupling box Triggered
: acquisition around the
1-300 kHz usable bandwidth quench or

~ 6 mW of dissipated power Streamed continuous

acquisition at 0.5-1 MHz

M. MarchevskyG. SabbjH. Bajas S Gourlay Cryogenic$9, 50 (2015, DOI 10.1016.cryogenic201503.005
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Nb,Sn dipole quench sound example

HD3 dipole

: — 1
v ] \ 1l \
tr = Y

Sensors are installed at the ends of each 1-m
long dipole coil. Multiple acoustic events are

recorded during ramping

14 15 16 17 18 19 2

06 07 08 09 1 11 12 13

-1-t
0 01 02 03 04 05
Time (s)
Original sound slowed down 10 times _ -
Sensor S1 (blue) -> Left sound channel Typically we observe 103-10* AE events per each
current ramp

Sensor S4 (red) -> Right sound channel
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Various acoustic wave modes can be generated simultaneously

A Crack development A Slipstick motion
> Surface (Swave
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AE event separation. Features of a typical transient AE signal.
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Calibrating AE energy sensitivity

U AE voltage in a square in known to be proportional to the energy released in the transient event. This can be

verified in a simple experiment
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A metal ball droppedon the magnetsurfacenormally
bounces several times, each time reaching
progressivelylower height h,, until all its energy has
been transferred to the structure. Assumingsame
energy fraction is transferred at every consecutive
bounce, E, for the n-th bounce can be expressedas

0O =0|

U Attenuation of the acoustic wave in the material follows a universal behavior: 0(6) 0 Q

Using two sensorsat the opposite ends of the
magnetone canestimateenergyreleaseas O
[ 'Y'Yh where [ is a universal scaling factor

combining sensor sensitivities and the medium
attenuation coefficient, and Y and “Yare the
acousticsensorvoltages

Event enerqy

y
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(integrated over
event window) \
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/Threshold level is 20 mV => &0 \

son
U 3 g metal ball drop from 22 cm
height =>~ 6.5mJ J
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A Localization of quench origin using AE
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Axial and azimuthal quench localization

We rely on bulk (P-) waves for localization purposes. This implies that the very onset of the acoustic signal
should be detected, and improving the signal/noise ratio is essential.

Axial localization Angular localization
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On a cylindrical surface localization using the
qguasi-2D approach can be sufficiently accurate

Think GPS !
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2D acoustic quench localization in HD3 dipole

Quench
propagation
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Typically voltage and acoustic data yield quench
locations within ~5-10 cm from each other
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Quench localization in CCT4 dipole
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Localized vs distributed AE sources

A transient event: localization is possible A Acontinuouso event e.

location
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Outline

A Disturbance spectra characterization using AE
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Kaiser effect. mechanical memory of the magnet
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After many quenches, the
memory is lost and the
magnet emits AE in every
ramp starting from
approximately the same
level of stress
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Magnet remembers the
stress level reached in
the previous ramp and is
mostly quiet acoustically
below that level. AE
resumes when stress is
increased past the
previously achieved level.
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Distinct regimes of training from AE
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Cumulative energy release

In a series of training ramps the cumulative AE energy release asymptotically reaches E-I*scaling, i.e.
proportional to the accumulated elastic energy
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Connecting AE energy and thermal energy release

-

Several papers demonstrated that integral thermal dissipation is
proportional to the cumulative energy of acoustic emission for crack
propagationé

o
o

bl
o

A N Vshivkov et al 2017 IOP Conf. Ser.: Mater. Sci. Eng.
208 012012d0i:10.1088/1757899X/208/1/012012

1N
»

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Heat flow, Famp=6kN
----- AE energy, Famp=6kN ||
— Heat flow, Famp=7kN

""" AE energy, Famp=7kN

2

However, it is intuitively clear that the fraction of elastic energy converted ) |
to heat locally depends on the properties of the impregnation materialé _ Thenomalzed crack growh rat |

Figure 11. The comparison of the integral dissipated thermal energy and the cumulative energy of
the acoustic emission.
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A simple analogy: ball drop

PN v dzA S X

\

R

Loud!

hard soft

M. Marchevsky, LBNL June 9, 2023




Temperature fnNnspi keso ¢c

A thermometer of
~1 mm? size was
installed directly in
the cable groove
before

impregnation
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Temperature spikes as high as 1 K are time-correlated with acoustic events, and few correlate with voltage
spikes on the coils. A potential way for doing in-situ calibration of energy release.
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Acoustic

emission (V)

Event classification based on AE frequency response
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A fast and reliable way to characterize
these reference events is to calculate
high-frequency vs lower frequency
content with discrete wavelet analysis:
d,/d; , where d, is the nt" scale of the
discrete wavelet decomposition.

Sensor #2 (Side of magnet)

10 15 20

Sensor #9 (Top of magnet)

25 30

10 15

event

20 25 30
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Machine learning for event type clustering and identification of quench precursors

Quench 003 PCA components

-

Encoder o °
Latent
space > sl
Decoder o] - -
Reconstructed
scalograms

Some encouraging first results of unsupervised
event-type clustering using deep learning

L.Stepheyet al. m
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The i RandB mr e sldssifier was
used to identify event fractions based
on frequency content; dependence
coincides with the transition from
training fast training to a slow training
regime. MM, EUCAS 2017
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Dynamic learning

For each 10-second section

(could be changed)

Training model

Data
pre-processing

Evaluation of
reconstruction

|oss.

Greater than
threshold? trigger.

Step size:

100 s

Window size: 20 ms

i
Time label associated with the window.

D. Hoang et al., "Intelliquench An
Adaptive Machine Learning Systemfor
Detection of SuperconductingMagnet
Quenches,"in |IEEE Transactions on
Applied Superconductivityyol. 31, no.
5, pp. 1-5, Aug 2021, Art no. 4900805
doi: 10.1109TAS021.3058229
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Afl nv ethetpir og | usingodiffuse ultrasound for probing magnet interfaces
and quench detection
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Coda wave I nterferometry: a tech

U First definition U First introduction of CWI

PHYSICAL REVIEW E 66. 046615 (2002)
VOL. 80, NO. 23 JOURNAL OF GEOPHYSICAL RESEARCH AUGUST 10, 1975
Coda wave interferometry and the equilibration of energy in elastic media

Roel Snieder

Origin Of COda WaveS‘. SOUI'CC, Attenuation, and Scattering Eﬁbcts Department of Geophysics and Center for Wave Phenomena, Colorado School of Mines, Golden, Colorado 80401
(Recerved 14 May 2002; published 21 October 2002)

KEITI AKI AND BERNARD CHOUET Multiple-scattered waves usually are not useful for creating deterministic images of the interior of elastic

media. However, in many applications. one is not so much interested in making a deterministic image as in

Department of Earth and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 : : ! g ) i ; ;
detecting changes in the medium. Cases 1 point are volcano monitoring and measuring the change in hydro-

carbon reservoirs during enhanced recovery operations. Coda wave interferometry is a technique wherein

Coda waves from small local earthquakes are interpreted as backscattering waves from numerous . % - — : - . ; 3
heterogeneities distributed uniformly in the earth’s crust. Two extreme models of the wave medium that changes in multiple-scattered waves are used as a diagnostic for minute changes in the medium. This technique

U Thermal sensitivity first demonstrated:
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Fig. 2. A 60 ps section of the full waveform is examined at an age of
50 ms. The original signal (solid line) appears to drift to the left (dotted

line) as the specimen cools, and to suffer some slight distortion.

Fig. 5. The position of the cross-correlation peak is plotted as a func-
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Detectable quantities using coda waves

U Wave velocity change due to a temperature variation in the object

Sound velocity: U \F = O(Y O i7Q p| (s ,ti adjustable parameters)

TheE(T)dependencasweak just~1-10ppm/Kat 77 Kandevenlessat lower temperatures

U Wave path change due to an interfacial coupling variation between object parts

U Wave path change due to structural deformation of the object
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Detecting a weak change using coda: an operational principle

. A sender transducer pulses the object

. The pulse propagates and reverberates inside the object
multiple times

. The coda is acquired by a receiver transducer, and stored as
Airef er g e o

. Pulsing and coda acquisitions are repeated periodically; every
new coda U,(t) is compared to Ug(t) using cross-correlation:
ADt) = U (t+Dt)*Ug(t). The time shift Dt yielding maximal
cross-correlation is calculated for every new pulse

. When a weak change develops, sound velocity

decreases/increases locally, phase shifting the wave passing
through it. This proportionally increases/decreases Dt.

The further along the time axis the coda is sampled, the larger
time shift it will experience

M. Marchevsky, LBNL
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Mechanical interfaces evolution during ramping of CCT4 magnet
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Ultrasonic quench detection in Bi-2212 HTS coll at 4.2 K

Experiment at 4.2 K. Current ramp stopped at 6100 A
(stable) and then increased by 30 A (quenching)

1X1O_3 T T T T

: — + 6200
s @
8x10™ - P64 xao®
\ = 16150
S N =
6x10™ - S B
— : : < [ 1 8x10 <
Winding design by Rafalia 2 | 16100 =
| | S 4x10™ ‘ , 3
Bi-2212 coil RC3 Pulser = - iy ] =
‘ l _ S D il 6x107 O
Receiver 4 1y g
l S 2x10 bt Ll bl el // \— 6050
0. R I 1 4x107]
: . - . - . -1 . - - 6000
300 320 340 360 380 400

Time (s)

Coil design and test by T Shen / K. Zhang, LBNL

M. Marchevsky, LBNL June 9, 2023



A Distributed sensing of temperature and strain using acoustic methods
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Acoustic waveguide concept

Traveling acoustic waves in a brass rod
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Time domain signals in
transmission mode for a 1 m long
bronze waveguide at frequency 350
kHz for waveguides of different
diameters.
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Acoustic waveguide-based sensor instrumentation

waveguide

Shear piezg
transducer

Shear piezotransducers allow
efficientexcitationof the L(0,1) mode
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Directional AE sensing
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Sensors can be installed outside of the
magnet

Waveguide can pick up AE from
surfaces/locations within magnet structure
that are otherwise inaccessible for
instrumentation

High fidelity signal: critical for the event
Afingerprintingo
Waveguide sensors are directional: they
can be used to pick up specific wave
modes and thus used to find a direction to
the source
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Adding cladding enables a non-leaky operation of the waveguide

i Z
02 time (us) 50 |y

A propagating longitudinal excitation in the waveguide also leads to local transverse deformation (Poisson effect). T
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Thenon-leakywaveguidesensorcanthen be readilyintegratedwith magnetswithout lossto the transmission
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