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Test:

Aperture SP302 all the training quenches are happening in one region in coil 213.
Ramp rate studies show that the highest local damage is likely in location 2. No

degradation after thermal cycle.

Aperture SP301 could not be tested. During the first quench heater discharge
without current in the magnet, a quench heater failed and damaged the quench

heater to coil insulation.

Assembly analysis:

The second aperture (SP302) has been collared with less excess than
the first (SP301) due to the high stresses in the collar nose at maximum
collaring force (200 MPa in a collar with a target of 170 MPa).

Further analysis in the location of the quenches is necessary.

Mechanical measurements:

SP301 was overloaded during the assembly (compared to the target).

SP302 The aperture MBHSP302 was loaded at the same level than
MBHSP301 in the middle section and half in the extremities.

Bullet gauges and end cage rods are unbalance at cold and show

different longitudinal stiffness between connection and non-connection
side.
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2. Focus on collared coil SP302
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* Colls visual inspection

Marks

Coll 212: before surface defect correction Coll 212: after correction with epoxy resin adhesive
(stycast)

B quenches
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e Coils visual inspection

Marks

Coll second visual inspection: visible cable that has not
been fixed/repaired during assembly.

Side of all the
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Side of all the
quenches
Left
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Shimming plan and stresses during final collaring SP302
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===-C0il212&213 Target_excess

—0— C0il212&213 AVG_excess_with_shim
Coil212&213_Right_Excess_with_shim

—e— Coil212&213 Left_Excess with_shim
Coil212&213_Right Excess_without_shim

- @ - Co0il212&213 Left Excess_without_shim

Collaring force: 4.5 kN (center) 4 kN (CS and NCS)
Metrology error 70 um. Reference [3]




Average collar nose stress (MPa)

Averaege of 4 strain gauges

Stresses during all the collarings done in SP302
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Shim inbetween the tool stoppers
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3. Collared colil oversize

Collared coils vertical deformation
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MBHDP301 was measured with the LMF tool with LVDTs. The rest of the models were measured with vertical tower.
A comparison of collared coil measurement methods (Dariusz Pulikowski) was done in the 11T Dipole Technical Meeting

#21. It was found a deviation of 20-40 um in vertical and 50-70um in horizontal, the bigger values were obtained with the

vertical tower.
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3. Collared colil oversize
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4. Azimuthal stresses




«  Stress release at spring back, welding and cool down compared with the previous 11Tesla

models
. Spring back 0 Welding ] 0 Cool down
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Plot from reference [1]
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«  Stresses at spring back, welding and cool down

Visible effect of the stainless
steel pole (delta cool down
higher than in the previous
models)

Plot from reference [1]
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. Stresses in all steps in SP302 with the FEA values updated with the change of shape in the collar nose.
Important: in the 3D FEA the excess is 300 um and in SP302 is 220 um ( middle section, CM) and 150 um
in the extremities (CS and NCS).

MBHDP301 - Collars MBHSP302 - Compression Stress
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«  Collar nose stresses at powering of SP302

MBHDP301 Collars Comp. stress - SP302 Connection side MBHDP301 Collars Comp. stress - 5P302 Middle MBHDP301 Collars Comp. stress - SP302 Non connection side
# SP302_CS51_Stress # SP302_CS2_Stress # SP302_CM1_Stress # SP302_CM2_Stress # SP302_CNCS1_Stress # SP302_CNCS2_Stress
0 # SP302_CS3_Stress SP302_CS4_Stress 0 # SP302_CM3_Stress SP302_CM4_Stress 0 #® SP302_CNCS3_Stress SP302_CNCS4_Stress

» All the collars are in traction
during powering.

« Stable system, same slope Iin
the three sections.

« Change in slope function of
the stress before powering
and the delta stress.
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AStress~15 MPa AStress~40 MPa AStress~35 MPa
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3. Longitudinal forces

Bullet gauges
End cage rods




Bullet gauges analysis

Longitudinal electromagnetic force from Roxie in connection side and at nominal current are 477.6 kN per collared coil
(page 15 in Mitigation solutions report).

DP301 Bullets

Buller preload with 48KN/collared coil -500

which is 10% of longitudinal -450 CS NCS

electromagnetic force at nominal current w0 [IIAIITACATATAT
Cool down. Increase of 50-80 kN per 2 AR

aperture.

al
o

g
47% of Fem

Average of 50% of electromagnetic

Powering at Inominal of SP302:
forces transferred to SP302 bullets.
The rest is hold by friction and coil

200

-150 i i

10 I . il e .

50 — — 8 -
with respect to the double aperture D ' ' D ' ' I I | DI' I

longitudinal stiffness. Similar values
0 |

magnets without end cage [2]. Loading RTSM18 CD1(1.9K) CD2(1.9K) Inominal  RT after

Lost of compression in the non- SP302  powering of

powered aperture. & (11.85kA) SP302
S =

OFEA CS SP301 CS mSP302CS SP301 NCS mSP302 NCS

Force (kN) per aperture
o

Sum of forcelin 4 bu[lets
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« Bullet gauges analysis at Imax (relative values)

MBHDP301 End plate bullets force - SP302

# BCS1_4K_kN # BCS3_4K_kN BCS4_4K_kN

# BCNS1_4K_kN BCNS2Z_4K_kN # BCNS3_4K_kN
0 # BCNS4_4K_kN

Non connection side
(= -0,53 kN / kA?)

Longitudinal force (Relative value) [kN]

-90

-100

50 100 150
12 [kA2]
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Higher slope in non connection side, consistent with
previous double aperture models [1].

This phenomenon could be attributed to the longer length of

the connection side, leading to a higher amount of force
being dissipated due to friction.
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«  Bullet gauges cool down — comparison with other models

Comparison of the variation of force in the bullets during cool down

No clear tendency for the
delta cool down:
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«  Bullet gauges powering — comparison with other models

Comparison of the ratio of longitudinal electromagnetic forces
transferred to the bullets during powering at Imax
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End cage rods analysis

Preload the collared coils with 55kN
(12% of longitudinal electromagnetic force

at nominal current). 70
: : 60
Loss of tension after shell welding.
50
Cool down. Higher relaxation in non g 2
connection side (-15kN) compared to the S 240
connection side (-4kN), that may be %“C’
attributed to differences in length of the 5o 30
rods and coil head. a0
gL
During powering at Inominal. Slightly 78';
higher relaxation in non connection side. 52 10
LL
0

Final warm up. The system doesn't fully
recover the initial tension applied. By the
end of the process, it retains approximately
60-70% of the initial tension.
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. Stresses in all steps rods

. . . . . mmmm CS Rods 213 U
Tie rods MBHSP302 (End cage) - Connection Side Longitudinal Stress
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tightening welding welding checking (Before powering) (After powering) [4,5 K - 07-07- 1=11,85 kA current I=12,24  Inside cryostat removing ——3D FEA
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12/07/2028] °
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to welding transport
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«  End cage rods during powering (relative values)

MBHDP301 - SP301 / SP302 End cage tie rods
# NCS_Rods_213_U_4K_kN # NCS_Rods_213_M_4K_kN # NCS_Rods_213_D_4K_kN # NCS_Rods_212_U_4K_kN

NCS_Rods_212_M_4K_kN NCS_Rods_212_D_4K_kN # CS_Rods_213_U_4K_kN # CS_Rods_213_M_4K_kN H ig h u n bal an Ce i n StreSSeS d u ri n g poWe ri n g y i n

0 5 # CS_Rods_213_D_4K_kN CS_Rods_212_M_4K_kN CS_Rods_212_D_4K_kN
’ between the rods and along the length of one rod
clr=1, wid=1, blt_u=1, cld=1, pwr=1 Volume: Stress tensor, z component (MPa) o
0 : 100
-0,5 :O
2 :
x.s/’ g \ —1:0

Not uniform stress
Local values

Images courtesy Marco Morrone and Cedric Garion

Longitudinal force (Relative value) [kN]
- -
wu o

-2,0

-2,5

20 40 60 80 100 120 140
Current_squared [kA2]

« Similar slope in both sides (CS and NCS)
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Conclusion

Assembly SP302

« The cover of visible conductor in the mid-plane may not be the optimal solution, as it adds
extra thickness to this area.

Azimuthal stresses in SP302

* Notable impact of the stainless-steel pole is observed after the cooling phase in comparison
with the titanium pole in previous models.

« Stress loss occurs between the first and second cooling.
« All the collars are in traction during powering.
Longitudinal forces

* The gain in compression in the bullets and the lost in tension in the rods is, in both cases,

higher in the non-connection side compared to connection side. Same pattern during the
powering phase.

* Rods recover 60-70% of the loading stresses, whereas bullets recover nearly all of the
loading stresses.
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To have the mid plane peak
« Collaring target values with 300 um of excess: stresses under 150 MPa
IEEE Xplore Full-Text PDF:
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« Shimming plan and stresses during final collaring SP301
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Collaring

 We did 3 collaring test and 3 collaring trials per aperture.

« The maximum stress reached during all the collarings is:
« SP301: -196 MPa in CS during final collaring
« SP302: -189 MPa in CM during attempt 1

« The spring back is 30 MPa in average.

 The final pre-stress after collaring is:

Excess and pre-stress

Aperture Connection side Middle (MPa) Non connection side (MPa)

SP301 -140 MPa -130 MPa -125 MPa
230 um 270 um 240 um
SP302 -65 -130 -65
150 um 210 um 150 um
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» Collared coil deflection along the CC legnth

Vertical deformation and excess in the straight section Horizontal deformation and excess in the straight section
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Stresses in all steps SP301. With the FEA values updated with the change of shape in the collar nose.
Important: in the 3D FEA the excess is 300 um and in SP301 is 270 um ( middle section, CM) and 230 um

in the extremities (CS and NCS).

CCs1

MBHDP301 - Collars MBHSP301 - Compression Stress
CCS2

mm— CCS3

m— CCS4
-l cM1
"8 Ss CM2

I 1 >, CM3

-50

I II I s CM4

Stress (MPa)
KN
o
(@]

I CNCS1
I -

:[% s CNCS2

-150 I = CNCS3

m— CNCS4

= & = AVG Stress CCS (Mpa)

= & = AVG Stress CM (Mpa)
Warm-up n°2: Inside

-200
After SP301 Collaring Before SS shell After SS shell welding Cluster-D insert Cooldown n°1 (Before Cooldown n°1 (After Cooldown n°2
[RT- 15-12-2022] welding [RT-03-05-2023] checking powering) powering) [4,5 K - 07-07-2023] cryostat = & = AVG Stress CNCS
[RT-26-04-2023] [RT-16-06-2023] [1,9 K -22-06-2023] [4,5 K - 30-06-2023] [RT-18-07-2023] (Mpa)
£ v we
Aol %(?T%’ @ &
——r—
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. Stresses in all steps bullet gauges

MBHDP301 - End Plates bullets MBHSP302 - Longitudinal Stress

0
= BCS1
-50
mm BCS?2 :lL OUter
—~ -100
s = BCS3 }
%'150 s BCS4 Inner
¢ -200 s BNCS1
250 mm BNCS2
-300 BNCS3
-350 BNCS4
Bullet gauges Cluster-D insert Cooldown n°1 Cooldown n°1 Cooldown n°2 At nominal current At maximum Warm-up n°2: Before end plates e 3D FEA Outer (MPa)
loading checking (Before powering)  (After powering) [4,5 K -07-07- 1=11,85 kA current 1=12,24 kA Inside cryostat removing
[RT-2-05-2023]  [RT-16-06-2023]  [1,9 K - 22-06- [4,5 K - 30-06- 2023] [1,9K - [1,9K - [RT-18-07-2023] [RT-28-08-2023]  ===3D FEA Inner (MPa)
2023] 2023] 12/07/2023] 12/07/2023]
o MBHDP301 - End Plates bullets MBHSP301 - Longitudinal Stress
-50 I I - = mmmBCS5
E-lOO S T = T= mm BCS6 |nnel’
é -150 = BCS7
9 -200
s s BNCS5
»n -250 mmm BNCS6
-300 BNCS7
-350 BNCS8
Bullet gauges Cluster-D insert Cooldown n°1  Cooldown n°l  Cooldown n°2 At nominal At maximum Warm-up n°2: Before end plates ===23D FEA Outer (MPa)
loading checking (Before (After powering) [4,5 K-07-07- current 1=11,85 current I=12,24 Inside cryostat removing e===3D FEA Inner (MPa)
[RT-2-05-2023] [RT-16-06-2023] powering) [4,5 K - 30-06- 2023] kA kA [RT-18-07-2023] [RT-28-08-2023]
[1,9 K - 22-06- 2023] [19K- [19K -
2023] 12/07/2023] 12/07/2023]
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