
R
e

su
lts

MT25 

Conclusion

C
a

p
a

ci
ta

n
ce

 M
e

a
su

re
m

e
n
t

D
ie

le
tc

ri
c
fr

e
q

u
e

n
cy

 R
e

sp
o

n
se

Frequency domain Diagnosis Methods for Quality Assessment 
of Nb3Sn coil Insulation systems and impedance measurement

Arnaud Foussat, Ludovic Grand Clement, David Smekens, Francois-Olivier Pincot, Lorenzo Bortot, Frederic Savary
European Organisation of Nuclear Research, CERN, CH-1211 Genève 23, Switzerland 

Presentedat the MT25AppliedSuperconductivityConference, 2017August27ς31, Amsterdam,NL/ ProgramI.D. number: 1PoAF01

DSR principles Dielectric permittivity and loss factor11T dipole Vacuum pressure impregnation  

ÅThermal gellification and curing schedule

includesa soakperiod at 60 °C,a ramp up

at 85 °Canda plateauat 110°Cfor 4 hours

followed by post curing at 125 °C for 16

hours. (0.35 MPa overpressureat the end

of gel)

ÅInitial total capacitanceCsgvalueof 91 nF

along the 5.5 m long 11T dipole CR004

mould. Experimentalmatching within +/-

7%.

Experimental method
Quantitative capacitance monitoring measurement 
of the CTD-101K resin impregnated turn insulation 
system (Fiber glass , Mica) manufacture process.

Å Complex dielectric mechanism over time 
is based on the Davidson-Cole model [5] : 
given ǊŜƭŀȄŀǘƛƻƴ ǘƛƳŜ ˍΣ ǘƘŜ ǾŀǊƛŀǘƛƻƴ ƻŦ 

rʁ* ǿƛǘƘ ŀƴƎǳƭŀǊ ŦǊŜǉǳŜƴŎȅ ˖ derived from 
classical Debye theory : 

( rʁϝό˖ύ- қʁύκόʶ0- қʁ) = 1/(l + Ƨ˖ˍ)n, 
ǿƘŜǊŜ ʶ0ŀƴŘ ʶқare the relative permittivitiesat low and 

high frequencies, 0 < n <1 shape parameter.

Å Dielectric frequency response (DFR) 
measurement is a powerful diagnostic 
test used in electrical power transformers

Å Alpha-A Novocontrol
(Germany) spectrometer 
mounted on a ZGS type 
testing round cell ( 
above), user interface      
( right)

Å Permittivity of non-reacted specimen 
decreases from 7.5 to 5.3 with increasing 
frequency

Å Low frequency high permittivity on reacted 
samples in range of 20-25 due to increased 
conductivity effect, in presence of carbon 
residual from non oxidized organic compounds 
.

The measurementstarts just after preheating phasesat 100 °C under 10-3 mbar pressurewhen the CTD101K resin
thermosetwith specifiedinitial maximumviscosityat 100cPsis injectedat 60 °Cduring few hours. Theon-line recording
of the ground capacitanceallowsto assessthe filling rate and to generatecomparativemaster curvesin the seriescoil
production.

Fig. 8.  Open-circuit double aperture dipole equivalent 
electrical PSPICE Optimiser fit model

× The online capacitancemeasurementis an essentialmethod to control the resin impregnationprocesson
HLLHCNb3Sncoil. It canpotentiallybe further developedto checkcuringstage.

× The introduction of Dielectric FrequencyResponseanalysisof Nb3Sn dipole turn insulation samplestype
providedsomeusefulbenchmarkeddielectricpermittivity and lossfactor values. Increasedpermittivity values
by factor 3 due to heat treatment. Thosedatasserveasreferencedielectricsignaturefor ageingassessment.

× The frequency impedancemeasurementsin closed and open circuit of the double aperture 11T dipole
magnetsprovideessentialdata for fitting the electricalcircuit equivalentparameters. Thisinformation is used
to characterizethe overall circuit transientbehaviorduring excitationmode of new magnetsinsertedinto the
LHCdipoleschain.

Objectives

Background
Å In recent years, Nb3Sn superconducting cable material became the privileged mature candidate for the High Field magnets in new projects like the CERN High 

Luminosity LHC (HL-LHC) accelerator. 
ÅThe technology needs in the years 2017-2022 to be deployed onto LHC accelerator through unprecedented magnet series production with dedicated on-line quality 

control. The frequency domain diagnosis on recent Dipole short model provides a good characterization of electrical circuit parametersand dielectric properties.

× NewCapacitancemeasurementduringNb3SncoilsVacuumpressureimpregnationto provideVPImastercurves

× Characterizationvia dielectric frequencyresponseof the new impregnatedinsulation magnetsystemsat the productionstageand over operationunder radiative
environmentwith integrateddoselevelup to 30MGy

× Measurementof the impedanceandphaseover frequencyto derivethe distributedequivalentelectricalmodelparametersof the new Nb3Snmagnetsasa meanto
characterizethe resonanceeffectsin future dynamicinjectionregime.

Capacitance measurement results Spectral impedance measurement & fitting

Å Impedance and phase measurement over
frequencyrange1Hz-200 kHz in both closedand
open-circuit.

Å Secondorder four-pole electrical lumped model
usingboth PspiceOptimiserpackageandMatlab

ParticleSwarmOptimizerPSOgeneticcode.
Å Inductance of Short dipole model of 22.4 mH

andmodellumpedparametersasin TableI.

Fig. 5. Effective permittivity fitting as function of 
temperature during impregnation cycles
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Å Two layers Nb3Sn Rutherford-type 40

strandscable,windingof 56 turns ( 22 IL,

34OL).

Å cable insulationwith S2-fiber glassbraid

(70˃Ƴthick, AGYS-2®11 TEX636) anda

Phlogopite Mica, (80 ˃Ƴthick tape,

COGEBIFIROX®).

Å Wind & ReactNb3Sn coil manufacture,

heat treated during 200 hours at 650 °C

with aninsulatedcable.

Å Vacuum pressure impregnation with

anhydride cured diglycidyl ether

bisphenolA (DGEB-A) CTD-101K®epoxy

resinsystemin a stainlesssteelmould.

Fig.3 Typical ground capacitance record along VPI cycleon CR004 
dipole model

Fig.1 Cut-away viewsof resin impregnation 
mould assembly for dipole(a) and winding (b)

Fig.4 VPI mould assembly of MQXF coil

Fig.2 Cable unit cell geometry for capacitance 
calculation

Å Each turnlayer series capacitance connected 
with equivalent dielectric constant limit 

given by [Wiener] as �B�p�4�c�o
L
�5

�\�-
�•�h�-

�>
�\�.

�•�h�.

= 4.5.

Å Turn capacitance estimated at 0.4 nFusing 
Ctt_eq = Ctt /(n 1+n2-1), 

Å Monitored parallel ground capacitances Csg

at dry condition across the inner and outer 
radii layer gaps ( fiber glass, polyimide and 
Teflon) estimated on dipole at 34nF(ID) 
and 70 nF(OD), for a total value of 104 nF

Å Observed effective permittivity rate of 
changefrom 6 % to 1 % per °C  during 
temperature ramp up at about 70 degC due 
to the degree of cure increase.

Å Different absolute change of permittivity 
value as function of temperature depending 
on coil type assembly attributed rheological 
and temperature conditions.
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Fig. 6. DSR samples impregnated w/o heat reaction. 
ŦǊŜǉǳŜƴŎȅ ŘŜǇŜƴŘŜƴŎŜ ƻŦ ʶϥ (dot line) ŀƴŘ ʶϥϥ(full line)

Å Insulation samples of dimensions 50 x 220 
mm (2 Mica tapes Firox�£120P34A 0.125 
mm thick, 2 S2-glass fiber tapes 0.1 mm 
thick, TEX 33-493 aminosilanesizing) (right)

low frequency (10Hz) due to  
Maxwell WagnersSillars(MWS) 
dipole relaxation process 

Fig. 7. Spectral analyser connected to 11T dipole 1.9m 
long short models (DP101, DP102)

Fig. 10.  Closed-circuit double aperture dipole equivalent 
electrical MATLAB PSO fit model


%�† �Ó 
L �†�ñ �Ó 
E�•�†�6�:�Ó�; 
L

%�›�:�Ó�;

$�u�:�Ó�;

Fig. 9.  Closed & open circuit impedance measurement 
on DP101, 102.
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