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Summary 

• The magnets, their circuits, the spares, the failure modes

• The dose estimation

• Magnet radiation resistance estimation 

• Protective actions

• Improving knowledge and possible development

• Considerations on interventions in point 7 and general 
remarks

• Documents 
• ECR LHC-MW-EC-0001: approved referring to LS1 all 

implementation completed

• ECR LHC-MW-EC-0002: approved referring to LS2 pending 
final validation om ABP, collimation simulations and requiring 
design of absorber from the collimation team



THE MAGNETS, THEIR CIRCUITS, THE 

SPARES, THE FAILURE MODES



The magnets

MQW

• Produced by Alstom-
Canada

• Welded and bolted yoke

• 48 units in LHC IR3 and 
IR7 

• 4 spares available

MBW

• Produced by BINP

• Welded and bolted yoke

• 20 units in LHC IR3 and IR7

• 3 spares available + 1 spare for 
the life test
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Point 3



Point 7



MQW point 7 and 3

Characteristics RQ4.

LR7

RQ5.

LR7

RQT4

.L7

RQT5

.L7

RQT4

.R7

RQT5

.R7

RQ4.

LR3

RQ5.

LR3

RQT4

.L3

RQT5.L

3

RQT4.R

3

RQT5.R3

I ultimate (from layout 

database) [A]
810 810 600 600 600 600 810 810 600 600 600 600

Voltage I ultimate [V] 381 383 29 31 27 29 451 452 38 34 42 39

I 7 TeV (Fidel report) 

[A]
598 610 151 17 151 17 561 593 313 441 313 441

Voltage I 7 TeV [V] 282 289 8 2 8 2 313 331 20 31 22 29

Number magnet in 

series in circuit
10 10 1 1 1 1 10 10 1 1 1 1

Turn/magnet 171

Estimated ultimate

inter-turn voltage [V]
0.22 0.22 0.17 0.18 0.16 0.17 0.26 0.26 0.22 0.2 0.25 0.23

Estimated inter-turn 

voltage at 7 TeV [V]
0.16 0.17 0.05 0.01 0.05 0.01 0.18 0.19 0.12 0.18 0.13 0.17

Estimated inter layer  

voltage
Same as inter turn

Insulation thickness 

inter turn
2X(2X0.25) mm=1 mm glass tape

Circuit energy ultimate 

[Kj]
154 164 9 9 9 9 154 164 9 9 9 9

Circuit energy 7 TeV

[Kj]
84 93 0.6 0.01 0.6 0.01 74 88 2.5 5 2.5 5

Ground insulation 1X(2X0.25) mm+3X(2X0.25)=2 mm

Resin used EPN1138 42%+ GY 6004 42% + CY 221 16%  + HY 905 100 %+ 30ml DY 073

Dielectric resin > 20 kV/mm



MBW point 7 and 3
Characteristics RD34.LR7 RD34.LR3

I ultimate [A] (layout database) 810 810

Voltage I  ultimate [V] 440 700

I 7 TeV (Fidel report) 643 643

Voltage I 7 TeV 350 556

Number magnet in series in circuit 8 12

Turn/magnet 84

Estimated ultimate inter-turn voltage 

[V] 

0.65 0.7

Estimated inter-turn voltage 7 TeV [V] 0.52 0.55

Estimated ultimate inter layer  voltage  

[V]

9.2 9.7

Estimated inter layer  voltage  7 TeV

[V]

7.2 7.8

Circuit energy ultimate [Kj] 472 793

Circuit energy 7 TeV [Kj] 297 500

Insulation inter turn [mm] 2X(2X0.15)=0.6 glass tape

Insulation inter  layer [mm] 2X(2X0.15)+2X(2X0.15)+1(glass cloth) =1.6 glass tape

Ground insulation 2X(2X0.15)+(0.15X6)=1.8 glass tape

Resin used EPC-1: resin ED-16 100 Hardener MA 2.28 K Plasticizer MGF-9 20

TEa accelerant 0.5

Dielectric resin Unknown (>>15kV/mm)



Identified Failure modes

• Degradation of the insulation 
system due to radiation 
leading to inter turn short or 
shorts to ground

• Degradation of the 
mechanical shimming 
performed with ambient 
temperature cured resins

• Degradation of the insulation system 
due to radiation leading to inter turn 
short or shorts to ground

• Remark magnet build with no coil on 
the mid plane and therefore out from 
the expected zone of highest losses
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DOSE ESTIMATION
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Relationship dose vs. luminosity and point 7 vs. 

point 3

2

Worst P3 196.7/(697+196.7)=0.23

Worst P1357/(1357+30)=0.97

It was recently suggested that this increase in slope is probably 

linked to the different sensitivity of the BLM_TCP.C that 

provides twice (1.8) the signal for vertical losses then for 

horizontal. A change in distribution between the horizontal and 

the vertical plane (with the same total losses) would explain the 

change in slope without meaning increased loss on the magnet. 

Factor 2 therefore probably conservative 



Analysis exp. data point 3 and point 7
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Dose evaluation process for each point

Fluka model results with 1.15  

1016 p lost per interaction 

point E 7 TeV.

Scale to the dosimeter readings 

as benchmark (TS2) in 

particular for 7 L

Scale to the increase slope 

dose/luminosity after TS2 

Normalise to a total losses 

(adding the 2 points) of 1.15  

1016

Scale to the Left and Right 

using RP survey

IP 3 IP 7

11

Scale to the LS1, LS2  LS3 and 

HL-LHC integrated luminosity 

150 fb-1 ->3

350 fb-1 -> 7

3000 fb-1 ->60

150 fb-1 ->3

350 fb-1 -> 7

3000 fb-1 ->60

2 2

0.23 0.98->1

L=1

R=0.5
L=1

R= (0.4->2)



MAGNET RADIATION 

RESISTANCE ESTIMATION



Radiation resistance dose estimation
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Degradation of mechanical properties appears and it can be measured before degradation of 

electrical properties

But …

1) What is the effect of the insulation thickness on the degradation ?

2) We know that exposure to air during irradiation should make the larger the damage. 

How much ?

1) Worth re-evalauting the correlation between electrical and mechanical properties degradation 

Actions of the fillers 

on the radiation 

resistance

Results mechanical test 

of the irradiated used 

resin or similar one 

Value of 

mechanical load 

in the insulation 
Estimation of the level of 

resistance of the  

insulation system to 

radiation



Applying the above mentioned 

methodology 
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MQW MBW

Coil insulationCoil insulation Coil to Coil spacer

EPN1138 42%+ GY 6004 42% + 

CY 221 16%  + HY 905 100 %+ 

30ml DY 073+ glass fibre

EPON 826 + RP 1500 

+ silica particle filler 

EPC-1: resin ED-16 100 Hardener MA 

2.28 + K Plasticizer MGF-9 20+ TEa 

accelerant 0.5 +  glass fibre

Level for pure resin

10→20 MGy

Level for charged resin

20→50 MGy

Limit of damage

>50 MGy

Level for pure resin

40→60 MGy

Level for charged resin

60→80 MGy

Limit of damage

>80 MGy

Level for pure resin

5→10 MGy

Level for charged resin

10→20 MGy

Limit of damage

>20 MGy



  

 Dose [MGy] for 

integrated luminosity 

150 fb^-1 

  Dose [MGy] for 

integrated luminosity 

350 fb^-1 

 Dose [MGy] for 

integrated luminosity 

3000 fb^-1 

  R L R L R L 

MQWA.A4 1 1 1 2 10 15 

MQWA.B4 0 1 1 3 9 22 

MQWB.4 1 2 2 5 17 43 

MQWA.C4 6 6 14 14 123 123 

MQWA.D4 4 4 9 9 74 74 

MQWA.E4 7 14 16 32 136 272 

MQWA.A5 3 3 6 6 56 56 

MQWA.B5 4 4 10 10 86 86 

MQWB.5 4 4 10 10 86 86 

MQWA.C5 2 5 5 12 40 99 

MQWA.D5 5 7 11 16 95 136 

MQWA.E5 41 14 95 32 815 272 

MBW.A6 22 16 52 37 450 321 

MBW.B6 37 19 86 43 741 370 

 

  

 Dose [MGy] for 

integrated luminosity 
150 fb^-1 

  Dose [MGy] for 

integrated luminosity 
350 fb^-1 

 Dose [MGy] for 

integrated luminosity 
3000 fb^-1 

  R L R L R L 

MQWA.A4 0 0 0 0 2 4 

MQWA.B4 0 0 0 0 2 4 

MQWB.4 0 0 0 1 2 4 

MQWA.C4 0 0 0 1 3 6 

MQWA.D4 0 1 1 2 7 14 

MQWA.E4 2 3 4 8 35 69 

MQWA.A5 1 2 3 5 22 44 

MQWA.B5 1 3 3  6 28 55 

MQWB.5 3 7 8 15 66 132 

MQWA.C5 8 15 18 36 155 309 

MQWA.D5 2 4 4 9 37 75 

MQWA.E5 3 7 8 16 69 138 

MBW.A6 2 4 5 9 40 79 

MBW.B6 2 5 5 11 46 92 

MBW.C6 3 7 8 15 65 130 

 

Point 3 and 7  coil 

magnet damage 

estimation

MQW MBW

From 10 to 20 MGy From 40 to 60 MGy

From 20 to 50 MGy From 60 to 80 Mgy

Larger than 50 MGy Larger than 80 MGy

IP 7

IP 3



PROTECTIVE ACTIONS



MBW

R.F.

3

- For max effectiveness we have to target the 

higher possible density candidate therefore W, 

or better the alloys for machining

- Material staging along the MQW magnet 

length under study

Inermet IT180

Nominal density 18

W content % 95

Balance Ni,Cu

E-modulus 360 GPa

All Fluka computations courtesy of  E. Skordis



MQW
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MBWA - MBWB Peak Dose profile

Beam 2

MBW.BMBW.A

TCAP

MQWA.E5R7MQWA.D5R7
MQWA.E4R7MQWA.C4R7



MQW shielding effect on the coil
Normalization: 1.15  1016 p (50 fb-1 )

Beam 2

Beam 2

Reduction Factor 3 on most exposed 

magnet with the hardest spectra. It 

shadows  20 % the radiation on the 

following magnet

Reduction Factor 4 on less exposed 

magnet with the softer spectra. 



MQW shielding effect on the coil to coils 

spacers Normalization: 1.15  1016 p (50 fb-1 )

Beam 2

Beam 2

Peak reduced to 70 % of initial value. 

Largest part of the magnet benefits of a 

reduction to 50% (reduction factor 2 ) It 

shadows  30 % the radiation on the 

following magnet

Reduction Factor 5-6 on less exposed 

magnet with the softer spectra. 



Effect of shielding on location with softer 

spectra
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MQW shielding downstream effect not 

accounted for where not known
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Shielding efficiency on coil doses

𝒅𝒐𝒔𝒆 𝒘𝒊𝒕𝒉 𝒔𝒉𝒊𝒆𝒍𝒅𝒊𝒏𝒈

𝒅𝒐𝒔𝒆 𝒘𝒊𝒕𝒉𝒐𝒖𝒕 𝒔𝒉𝒊𝒆𝒍𝒅𝒊𝒏𝒈
%

remark

MQWB.4 30% Conservative assumption: average computed efficiency

MQWA.C4 30% Conservative assumption: average computed efficiency

MQWA.D4 30% Conservative assumption: average computed efficiency

MQWA.E4 15% Computed

MQWA.A5 30% Conservative assumption: average computed efficiency

MQWA.B5 30% Conservative assumption: average computed efficiency

MQWB.5 30% Conservative assumption: average computed efficiency

MQWA.C5 25% Computed 

MQWA.D5 34% Assumption same value as MQWA.E5

MQWA.E5 34% Computed 

MBW.A6 31% Computed

MBW.B6 33% Computed
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ABS

Optic change proposal point 7 discussed and agreed as possible with M. 

Giovannozzi (it needs verification)



Point 3 and 7  coil 

magnet damage 

estimation with 

shielding
green arrow installed LS1

yellow arrow foreseen for 

LS2

MQW MBW

From 10 to 20 

MGy

From 40 to 60 

MGy

From 20 to 50 

MGy

From 60 to 80 

Mgy

Larger than 50 

MGy

Larger than 80 

MGy

IP 7

IP 3
  

 Dose [MGy] for 

integrated luminosity 
150 fb^-1 

  Dose [MGy] for 

integrated luminosity 
350 fb^-1 

 Dose [MGy] for 

integrated luminosity 
3000 fb^-1 

  R L R L R L 

MQWA.A4 0 0 0 0 2 4 

MQWA.B4 0 0 0 0 2 4 

MQWB.4 0 0 0 1 2 4 

MQWA.C4 0 0 0 1 3 6 

MQWA.D4 0 1 1 2 7 14 

MQWA.E4 2 3 2 5 13 24 

MQWA.A5 1 2 2 3 8 15 

MQWA.B5 1 3 2 4 10 19 

MQWB.5 3 7 5 10 24 45 

MQWA.C5 8 15 11 22 57 106 

MQWA.D5 2 4 3 5 14 25 

MQWA.E5 3 7 5 10 25 47 

MBW.A6 2 4 3 6 15 27 

MBW.B6 2 5 3 7 17 31 

MBW.C6 3 7 5 9 24 44 

 
 

 

 Dose [MGy] for 

integrated luminosity 

150 fb^-1 

  Dose [MGy] for 

integrated luminosity 

350 fb^-1 

 Dose [MGy] for 

integrated luminosity 

3000 fb^-1 

  R L R L R L 

MQWA.A4 1 1 1 2 10 15 

MQWA.B4 0 1 1 3 9 22 

MQWB.4 1 2 1 3 6 14 

MQWA.C4 6 6 9 9 41 41 

MQWA.D4 2 2 4 4 24 24 

MQWA.E4 1 2 2 5 19 39 

MQWA.A5 3 3 4 4 20 20 

MQWA.B5 4 4 6 6 29 29 

MQWB.5 4 4 6 6 29 29 

MQWA.C5 2 5 3 7 11 28 

MQWA.D5 3 5 6 8 34 49 

MQWA.E5 14 5 32 11 278 93 

MBW.A6 7 5 16 12 138 99 

MBW.B6 12 6 29 14 247 123 

 

R



MQW: shimming lifetime

• LS3: MQWA. E5 in point 7 is critical for the 

shimming life time for RUN III

• MQWA.D5 in point 7 and  MQWA.C5 and MQWB.5 

in point 3 are critical for HL-LHC
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 Dose [MGy] for 

integrated luminosity 
150 fb^-1 

  Dose [MGy] for 

integrated luminosity 
350 fb^-1 

 Dose [MGy] for 

integrated luminosity 
3000 fb^-1 

  R L R L R L 

MQWA.E4 0 1 1 2 9 19 

MQWA.D5 1 1 2 3 13 19 

MQWA.E5 10 3 23 8 200 67 

 



Conclusion

• Scope
• 4 rad hard MQW to be installed in LS4

• 2 in Point 7 and 2 in Point 3 (Point large margin because of the present 
collimation settings)

• 4 rad hard MQW to be kept as spare

• Radiation hardness level : 

• WITH SHIELDING
• Coils 150 MGy

• Supporting elements 40 MGy

• WITHOUT SHIELDING
• Coils 350 MGy

• Supporting elements 80 MGy

• Next steps
• Confirmation of rad hardness: this summer

• Confirmation of dose for bench mark dosimeter and FLUKA computations: 
late spring 
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annexes
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IMPROVING KNOWLEDGE, 

CONFIDENCE IN DATA AND 

POSSIBLE DEVELOPMENTS



Radiation hard coils: 

under study
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Proposal Remark 

Effect of replacing E glass with 

S2 glass

From test in Fraunhofer

Effect of replacing E glass with 

Mica

From test in Fraunhofer

Replacing epoxy with Cyanate

ester bled

Known to be good, synergies

with the MCBXFA/B 

development at CIEMAT

MgO insulated cables Contact established with KEK 

and ITER, to go deeper in next 

months
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and BPM

Magnets

POINT 7 residual dose at 40 cm after 6 months of cooling

[S. Roesler, C. Adorisio]

Enhancement factor (vs LS1) for the remaining radiation dose after 6 moths of 

cooling 

LS2 3.4

LS3 4.3

LS4 20

3000 fb^-1 in 2035 23



MATERIAL PROPERTIES



MQW coil resins
Resin used

component EPN1138 GY 6004 CY 221 HY 905 30ml DY 073

ppw 50 50 20 120 0.03

EPN 1138 Novolac

GY 6004 DGEBA

CY 221 DGEBA

HY 905 

HPA

DY 073 flexibilizer
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10-
>11
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MQW stresses in turn to turn insulation I=710 A

1->Ground 2->Ground 3->Ground 4->Ground 5->Ground 6->Ground 7->Ground 8->Ground 9->Ground
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EPN 1138 CY 222 (similar to CY221)

MY745 replaced by GY6004



Filler contribution
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Resins Hardeners Additives Filler
Composition 

(p.p.)
Fig

Dose for 
50% flex. 

(MGy)

Dose Range 
(MGy)

DGEBA MDA Papier 100-27-200 5.14 1.3 1 - 2

DGEBA MDA Silice 100-27-200 5.14 10

10 - 15

DGEBA MDA Silice 100-27-200 5.18 11.4

DGEBA MDA Silice (5 micron) 100-27-20 5.16 14.8

DGEBA MDA Silice (20 micron) 100-27-20 5.16 14.8

DGEBA MDA Silice (40 micron) 100-27-20 5.16 14.6

DGEBA MDA Silice (40 micron) 100-27-200 5.17 12.1

DGEBA HPA BDMA Silice (40 micron) 100-80-2-200 5.17 <10 <10

DGEBA MDA
Aérosil + Sulphate

de Barium
100-27-2-150 5.14 15.8 15

DGEBA MDA Magnésie 100-27-120 5.14 18 18

DGEBA MDA Graphite 100-27-60 4.6 26.8
25 - 30

DGEBA MDA Graphite 100-27-60 5.14 30.5

(DGEBA MDA Alumine 100-27-220 4.7 23.5)

20 - 50
DGEBA MDA Alumine 100-27-220 5.14 51.7

DGEBA MDA Alumine 100-27-100 5.15 20.6

DGEBA MDA Alumine 100-27-220 5.15 42.5

DGEBA MDA Fibre de verre 100-27-50 5.19 82
80 - 100

DGEBA MDA Fibre de verre 100-27-60 5.18 100

EPN MDA Fibre de verre 100-29-50 5.19 >100 >100

TGMD MDA Fibre de silice 100-41-50 5.20 >100
>100

TGMD DADPS Fibre de silice 100-40-50 5.20 >100

Legend

Resin

Linear aliphatic

Cycloaliphatic

Aromatic

Hardener

Aliphatic Amine

Aromatic Amine

Alicyclic Anhydride

Aromatic Anhydride

Paper [cellulose (C6H10O5)n]

 Strong decrease of radio-resistance

2 Categories of fillers:

1. Powder fillers

2. Glass/Silice fibers

The bigger the 

powder, the more 

radio-resistant

Hardener choice not 

influenced by filler

High r.-resistance for 

Graphite and Alumina

The more fillers, the 

more radio-resistant

Best Radio-Resistant materials are 

obtain with Glass/Silice (influence of 

boron) fibers and aromatic resins

(Novolac and glycidyl-amine)
E. Fornasiere



EPN 1138 with filler CY 222 (similar to CY221) with filler

MY745 replaced by GY6004 with filler Other DGBA with filler

MQW

- The pure resin mix used shall keep substantial 
mechanical properties at least till 15-20 MGy

- Presence of glass fibre shall increase the  substantial 
mechanical properties at least to 40-50 MGy



Spacers resins 
• Composition 

• HD polyethylene pipes  filled with

Ingredient Quantity Description 

EPON 826 22 kg Low viscosity, liquid bisphenol A based epoxy resin.

RP 1500 3kg Tetramine hardener

MIN-SIL 120 F 17 kg Fused silica particles 50% diameter smaller than 0.044 mm

Assume a limit of

20 MGy



MBW BINP used resin. 
We looked at molecule and there is good indication that it should radiation hard as 

witnessed by the tests and we assume stresses of the order of 10 MPa
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- The pure resin mix used shall keep substantial mechanical 
properties at least till 50-60 MGy (10 MPa)

- Presence of fibre glass should probably extend life till 70-80 
MGy



Different epoxy
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Resins Hardeners Additives
Composition 

(p.p.)
Mix Temp (°C)

Viscosity 
(cPs)

Service life 
(mn)

Fig
Dose for 50% 
flex. (MGy)

Dose Range 
(MGy)

EDBAH MA 5.4 1.4

1 - 3
EDBAH MA BDMA 100-105-0.2 80 45 >180 5.1 1.6
BECP MA 5.4 2.5
BECP MA BDMA 100-110-0.2 80 40 >180 5.1 2.3
ECC MA 100-72 80 20 >240 5.5 1.8

1 - 6VCD MA BDMA 100-160-05 60 20 >180 5.4 3.7
DADD MA 100-65 80 180 >240 5.4 5.5

DGEBA + EDGDP TETA 100-20-12 25 5.21 1.3
1 - 2

DGEBA TETA DBP 83-9-17 50 500 few 5.22 1.2
DGEBA DADPS 100-35 130 60 180 4.2 5.1

5 - 15DGEBA + EDGDP MDA 100-20-30 80 5.21 8.2
DGEBA MDA 100-27 80 100 50 5.9 13.0
DGEBA MPDA 100-14.5 65 200 30 5.7 23.5 23
DGEBA AF 100-40 100 150 30 5.26 45.2 45
DGEBA DDSA BDMA 100-130-1 80 70 120 5.2 4.2

5 - 15

DGEBA NMA BDMA 100-80-1 80 80 120 5.2 5.9
DGEBA MA 100-100 60 69 >1440 5.23 7.1
DGEBA MA BDMA 5.1 12.0

DGEBA MA
BDMA +
Po. Gl.

100-100-0.1-10 60 65 300 5.23 12.1

DGEBA AP 100-70 120 26 180 5.2 13.0
DGPP DADPS 100-28 130 5.6 8.2

5 - 15
DGPP MA 100-135 120 5.3 13.0
EDTC MDA 100-20 80 40 5.9 10.0

TGTPE DADPS 100-34 125 >20000 5.6 12.1
TGTPE MA BDMA 100-100-0.2 125 >15000 5.3 10.6

EPN DADPS 100-35 100 30 5.6 23.5
20 - 40

EPN MDA 100-29 100 35 5.10 37.2
EPN HPA BDMA 100-76-1 80 40 5.10 13.0

10 - 20EPN MA BDMA 100-105-0.5 80 100 5.3+5.25 15.0
EPN NMA BDMA 100-85-1 100 80 5.10 20.6

TGMD DADPS 100-40 80 50 5.6 20.6

10 - 25
TGMD MA BDMA 100-136-0.5 60 30 5.3 11.4
TGMD NMA BDMA 100-110-1 80 500 20 5.8 18.0
TGPAP NMA 100-137 80 <20 5.8 23.5

DGA MPDA 100-20 25 120-420 5.7 23.5
20 - 30

DGA NMA 100-115 25 5 - 20 30-5760 5.8 28.6

Legend

Resin

Linear aliphatic

Cycloaliphatic

Aromatic

Hardener

Aliphatic Amine

Aromatic Amine

Alicyclic Anhydride

Aromatic Anhydride

Aromatic > 

Cycloaliphatic > 

Linear Aliphatic

Aliphatic amine harderner

 poor radio-resistance

Aromatic amine hardener

>

Anhydride hardener

H: Too high local 

concentration of benzene

may induce steric hindrance

disturbation

Good radio-resistance even

if Cl (tendence to capture nth)

Novolac: HIGH Radio-

resistance

• Large nb of epoxy groups 

 Density + rigidity
Glycidyl-amine: HIGH R.-

resistance

• Quaternary carbon

 weakness

• Ether group (R – O – R’) 

 weakness
 Repl. by 

amina

E. Fornasiere
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Spacers resins 
• Composition 

• HD polyethylene pipes  filled with

Ingredient Quantity Description 

EPON 826 22 kg Low viscosity, liquid bisphenol A based epoxy resin.

RP 1500 3kg Tetramine hardener

MIN-SIL 120 F 17 kg Fused silica particles 50% diameter smaller than 0.044 mm

Assume a limit of

20 MGy







ISR~MQW

SPS
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Temp. (°C) 

○ DGEBA + MDA

x EPN + MDA

∆ TGMD +MDA

_______   Non irradié

_ _ _ _ _   2.7x109

rad

T ↑ => r ↓

r = ~1016 Ω·cm @RT High mechanical radio-resistance  High electrical

resistance (mechanical degradation occurs first)

Example of low mechanical-resistance system:

DGEBA-DBP-TETA  r = ~1013 Ω·cm @RT for 

6.8x108 rad

E. Fornasiere



DGEBA considerations


