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Main magnet parameters

=

Cooling plates

R

;l_‘m“
4 fishbone
sheets Powering parameters: 1.9 K
Nominal Current 11.4 kA
Target Current 11.81 kA -
Short sample limit 13.64 kA 12.15 kA

7 Z 7 Nominal stored energy 1.17 MJ -
| e Peak field on coil 17 T at 11.81 kA
AN [T ammonupoee 1 .
(| B)) ps—=m, Target bore field 16.5T
NS v é E Maximum Ql, hotspot temperature 25 MAZs, 97 K

o e Baseline protection Dump: 80 mOhm
Instrumentation Strain gauges, magnetic measurements,

acoustic emission sensors
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Training
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Training cycles

RMM1a, b, and ¢ were trained with a two
slopes ramp.

10 A/s up to 8 kA and then 5 A/s until quench.

This approach have been kept for the first
eight quenches in RMM1d before to move to
a different strategy to avoid the occurrence
of quenching in the low field region
(conductor limitation).

Low field region quenches during ramps
occurring from RMM1c from 11.6 KA.

Not visible in RMM1la and RMM1b up to
respectively 11.9 kA and 11.93 KA.
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Training history RMM1 family

_lo S5A/s // 10m
15 § 6 10A/s ///wms
N —10A/sto8KkA, 5 //
145 2 A/s to quench // A 1.9 K
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7.5 o a S| = a
7 £ < = =
0 20 40 60 80 100 120 140 160

event number

Slower training (more quenches needed to reach target field).

Less erratic (No detraining events).
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Training history RMMle

RMM1a, RMM1b, RMM1c, RMM1d, RMMa1e - all quenches

13

17 T central cavity field
16.5 T central cavity field

RMM1la
RMM1b
--RMM1c
10 —--RMM1d-CD1
-¢RMM1d-CD2
-+ RMM1le-CD1
9 - RMM1e- 10 A/s no plat

0 5 10 15 20 25 —-—-RMM1le-CD2
event number

Current (kA)

« First quench at 10.35 kA.

« Monotonic training.

« Complete loss of memory after thermal cycle.
* Re-training with same slope.
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Quench location

EELO2
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» Most of the quenches started in eRMC101 and eRMC102.

» Most of the quenches in the lower layers and in the straight regions identified by EELO5-EEL04 (with
propagation to EEL06-EELO05) and EELO3-EELO2.

« Three quenches occurred in the upper layer in both coils eRMC101 and eRMC102.
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Quench signatures

Almost all the quenches showed a
very similar behaviors in terms of
guench start and propagation.

Only five of the quench showed a
precursor, one in the first cool down
and four in the second one.
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Quench signatures — eRMC colls
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Three of the precursors occurred in the eRMC102 coil with a very similar quench propagation.
First time a quench start in the upper plates (lower field region compared to lower plates) .
 Quench propagation is slower than the rest of the quenches developed in the lower plates.
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Quench signatures — RMM coill
« Twelve quenches in RMM caoill.

o

Diff-RMM101 (V) &

CRMHRMM P202511201117.
CRMHRMN

» All of them developed during the ramp rate
studies (above 40 A/s) or flat top quenches.

1
T

« Ramp rate quench location: LO7-L06 G

 Holding current quench location: L11-L09

* NO Quench of the RMM coil happened
during the standard training.

0.1 ——

I

 In two cases the Quench was preceded by a
precursor.

H,,r N
Lo titliioli il il okl tiscmmiiichy AT i T Hm. .udhhm-m pdhebsa @it okl
O S TR T T e o I e i v e

« Areaction to the precursor in the eRMC102
is visible. _ i | — i | i i — —
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Quench propagation velocity RMM1

Quench propagation velocity (time to 100 mV on quenching segments )

20

18 Upper layer guenches

16 A

14 ¢

L J
?12
é 0 H
o 1 . . . . ¢ RMM1e
B 8 * A . . A RMM1c
He o ¢ . = RMM1d
6 . ¢ N . .
oA [ *

4 A LN A A A m *H

2 L J

0

10.2 104 10.6 10.8 11 11.2 114 11.6 11.8 12 12.2

Current (kA)

 Quench propagation velocity is comparable for the last three RMM iterations.

« Variability due to the different quench location.
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Quench precursors energy

« Energy of the precursor computes as: e e
S e T e e T A L

« Energy of the precursors compatible |
within the RMM1c and RMM1d
« Lower precursors energy in RMM1le with T T e T T e T e T et mee

respect to the last two predecessors.

Mean energy (mJ) Std energy (mJ)

* Deviation within the same iteration is

also compatible with the predecessors. e 0.14
0.98 0.62
0.44 0.12
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Ramp rate
studies
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Ramp rate studies — RMM1le 1.9 K

RMMl1e - Ramp rate studies 1.9 K
13
12.095 11.91 17 T central cavity field
12 ¢ ®
* 16.5 T central cavity field

11 11.504
= 10 10301 *
o 0912
= 9 ¢ Quench
O

8 * 3s01

7

6

0 10 20 30 40 50 60 70 80 90 100 110
Ramp Rate (A/s)

Not possible to compare with any predecessor.

Useful as a reference.

~ 1.2 kA lost each 20 A/s
Uy HFEM
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Ramp rate studies — RMM1e 4.5 K

13

12

Current (kA)

RMM1e - Ramp rate studies 4.5 K

17 T central cavity field

11.65
¢ 11.22
¢
9.984
L 4
8.025
*
10 20 30 40 50 60 70 80 90 100

Ramp Rate (A/s)

16.5 T central cavity field

110

& Quench

At 4.5 K it seems that we have ~ 1.2 kA lost each 20 A/s
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Ramp rate studies — RMMl1le

RMMl1e - Ramp rate studies summary
13
17 T central cavity field
12 * ®
3 P 16.3 T central cavity field
11 ¢
< 4
< 10 L 4 45K
=
)
© —target
8 4 2
7
6
0 10 20 30 40 50 60 70 80 90 100 110
Ramp Rate (A/s)

 Less than 10 % of difference between 1.9 K and 4.5 K at 10 A/s.

» Difference increase at higher ramp rates.
WN1 arm
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Ramp rate studies — RMM1 4.5 K

« RMM1la => No ramp rate studies.

. « RMM1b => Ramp rate studies at 4.5 K (20 A/s
RMM1 - Ramp rate studies 4.5 K

13 B and 40 A/s).
12 | v | « RMM1c => No ramp rate studies.
e 5 "« RMMZ1d => Ramp rate studies at 4.5 K (10 A/s
= 20 A/s and 30 A/s).
= . * RMM1e _
£ 10 o = RMM1d « RMMle => Ramp rate studies at both 1.9 and
3 b 45K.
?  Note: For RMM1b |
Ethe 10 A/s pointis | * 19 K
1 not a qunech but the |
8 T ij:;g;t?;;rﬂtthe ; « 10A/s, 20 Als, 30 Als, 50 Als, 70 Als, 100A/s
7 ieffectivequench i o 45 K
0 10 20 30 40 50 60 70 80 :could have happened |

above that point .

Ramp Rate (A/s) :'“““““““: ® 10 A/S 20 A/S, 40 A/S, 70 A/S
RMM1 - Ramp rate studies 4.5 K
« In field the results match even closer. -
« Given that in RMM1e for a given current the field in o
the cavity is slightly lower with respect to the B |
previous iterations due to the fishbone presence. X S

80 | above that point . |
RampRate(Afs) beemmoeeeeoooe
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Holding current
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Holding current and quench limits

Holding current studies only -

at 1.9 K. 1

All quenches occurred in 211

RMM101 L11-L09 as for all o o

the predecessors. 5 =
9 QT

Low field region (RMM101 |y

L11-L09) affected by E

conductor limitations e

visible from RMM1b.

Current

Holding current quenches

12.1
due to current 12.0
redistribution. 11.9
11.35
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30A/s

RMMz1e quench limits as function of cycle at 1.9 K

17 minutes No quench in 1 hour

; 12 minuter" .

L 4

No quench in 4 hours

<
<<
o 4
S g
()
-~
# Quench points|
! Note: All lattop quenches occur inthe |
! same spot in the low-field zone of the
! central coil. They indicate a localized
' conductor issue, not a systematic problem. |
500 1000 1500 2000 2500 3000 3500 4000 4500
Time (s)

Time before Intermediate
plateau

B

Intermediat Current

B Time before

guench (min plateau
16.64 17 YES 121 16.71 0.14 (8.55s) YES
16.57 No quench (1h) YES 12.0 16.59 11.3 YES
16.34 12 NO 11.8 16.34 48 YES
15.73 No quench (4h) NO

Vincenzo Di Capua




Magnetic
measurements
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The setup

« Same measurement setup used for RMM
la, 1b, 1c, 1d.

* Induction coils used to measure central
field and homogeneity in correspondence
with quench/extraction events (= 5.5 T/s).

« Central coil lost. Replaced  with
extrapolation of the remaining ones.

« Hall sensors acquired but not used in this =
iteration.

Quantity of interest Measurement system
Central field Cenlraknduction-ceiHPCB)
Homogeneity 4 induction coils (PCB)

DC transfer function Central induction coil (PCB)
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Magnetic measurements results

~15 units of difference with respect |
P N . e
to the model N /
14 o
N 16.5 -
< N °
[}
~45 units of difference between i 1sof SO e
£ ) E L
RMM1e and predecessors 5 o S g
p . =1 ~N %% o .0
Q . ° [
€138 e Ss, %
2 NN i by 8 155
. S —*—RMM_1a
5 N° *ea¥ ~45 units = e R
H t . I th th 8 ® RWM 1a NS RMM_1b
Omogenel y In Ine WI e 8 137 F ® RMM_ 1b ~ —*—RMM_1c
@ ° RMM 1 ~ RMM_1c_second_cooldown|
redecessors up to the measured *~ 1 ~ r IR
p p ® RMM_1d_1st_cooldown ~ —*— RMM_1d_second_cooldown|
® RMM_1d_2nd_cooldown ~ —&— RMM_1e_second_cooldown|
Ievel 1.36 ® RMM_1e_2nd_cooldown ~
— — Model 145 1 1 1 1 1 1 1 1 |
0 5 10 15 20 25 30 35 40 45 50
1 | | | | Quench Number
1.35
10 10.5 11 11.5 12 12.5 13
Current [kA]
Homogeneity in units RMM 1a Homogeneity in units RMM 1b Homogeneity in units RMM 1c Homogeneity in units RMM 1d Homogeneity in units RMM 1e
50 50 50 50 50
\ e \\/
0 0 0 0 0
T 1=1 XT.32475 M e -
- o 1=g4 Y -31.0604 | |=q1853 8| T
— & : 1=62 I=11860k8| D
O I=3sE2kA I=7468kA T 1=12037ka
o 50 liﬁﬁﬁ o~ 50 o 50 = 50 T 1=11211ka T |=12038ka| 50
c T -1 c < < T 1-11687kth T |=12116kA
> ] :i?ﬁ& > T 1= 1000WA > T -4000kA @ 1-11684KA > R
- - - - - T 1=11810kA T 1=12.000kA — —
T 1=11511ka T 1=2000kn 1=6234kA @ I=11652kA = = O 1=11.453kA O |= 11888 kA
100 T 1=11ssekn “100 T 1-4000kA “100 |=B000ka @ 1-11625KA -100 % - nemo % 12110 L0 O1=11491kA O1=11889kA
T 1=11.888KA 1= 8.000 ks | = 7863 kA T 1=11958 kA o |:11975m 3 ‘:1210‘)“ O 1=11594 kA O1=110956 kA
T 1=1184T kA 1= 8,000 ka T 1=10438ka T 1=11762kA T 1-tzomwmn T 1-1z1e5e O1=11637TKA O=11.960 kA
T 1=11863ka 1= 8,983 ka T 1=1zsskn T 1=11677kA T i=1z106kh T 1=11908kA Q=164 kA O |=12008 kA
T 1=11.818kA T 1=11487kA T 1=11.203kA T 1=11669kA 5 |:1221ou 3 ‘:12202%‘ O 1=11.738 kA O1=12.021 kA
-150 T 1=11873kA -150 T 1=11675kA -150 T 1=11576ka T |=11.844KA -150 T 1owome T \:121BSkA450 O 1=11776 kA O |=12038kA
T 1=11785kA T 1=11719kn B 1=11487ka @ 1=11260kA T 1-tzmmom T 1-1zemen O1=11796kA O|=12075kA
T 1=11819ka T 1=11756ka T r=117e8kn T I=11581ka C 1=12280kA @ 1=12221kA O 1=11.832kA Q1 =12102kA
T I=118MkA T 1=11.810kA T i=1grska T 1=11.783KA T 1212251k B 1=12286KkA O 1=11.862kA O 1=11.817 kA
-200 -200 -200 -200 T 1=1zzeawa T 1=12122ka 200
20 10 0 20 20 10 0 10 20 20 10 0 10 20 20 -10 T I-11866kh @ 1-12301ka| 20 -10 ] 10 20

Horizontal position in mm

Horizontal position in mm

Horizontal position in mm

Horizontal position in mm

Horizontal position in mm
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Electrical stability
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File: CRMHRMM_MO001-CR000015__D20251125110601__Splice-VI

V-l measurements

VI _Cropped
# VI_Points

Voltage [V]

100.0p 100.0p

Voltage [V]

50.0n 500

* V-l measurement performed at the end
of the 1.9 K powering.

-100.0p -+

.............................
...............

t t + + —+
0 2500 5000 7500 10000 12500

1 + 1 + 1 + 1 +
I 20KA current [A] 0 ZSIOO SOIOO TSIU() IO(I]U() 12500
° P e rfo r m ed u p tO 11 . 8 1 kA File: CRMHRMM_MO01-CR0O00015__ D20251125110601__ Splice-V1

1 20KA current [A]
Segment: E 101U01-L1 - E102 L01-U01 Segment: R101 L11-L09

VI_Cropped

VI_Cropped
4.0uH +# VI_Points

100.0u +# VI _Points

Voltage V]
Voltage [V]

* No signs of performance degradation ] N
compared to the beginning of the tests. 1 1 1 I J

0.0 19
0.0 1

* No V-l measurements have been I

performed at the end of the 4.5 K
powering. " | A IR DA A

L L 1 L +
T T T . T rrA—t—t—t—ttr—— 1+
0 2500 5000 7500 10000 12500 y y y )
1 20KA curren t[A]

1 20KA current [A]
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File: CRMHRMM_ MO001-CR000015  D20251125110601  Splice-VI
Segment: E101 L11- R101 L11

Sp I I C eS reS I Stan Ce m eaS u rem ent Spliccrcsistan-cc:(0.3310.00)n0hm

E | Spl_Cropped
Eﬂ # Spl_Points
‘;; 18.0u 11— Spl_Fit
. . . 17.0p
» Splice resistance values measured on a stair step '
Cycle 16.0p +
15.0p 1+
» Four splices measured individually. e
* Two inter coll. Y
Dp

g TWO Nb3S|’]—NbT| o 250 5000 7500 — 10000 12500

1 20kA current [A]

File: CRMHRMM_MO001-CR000015_ D20251125110601__ Splice-VI
Segment: E102 U02-U01
Splice resistance: (0.15 + 0.01) nOhm

» No surprise, values compatible with previous

. . = Spl_Cropped
|terat|0n5 . Eﬂ k3 Spl_Ptf)ints
c -11.0p 11— Spl_Fit
Splice type R (nOhm) std (nOhm) "y
12,001
Nb3Sn-NbTi 0.16 0.01
Nb3Sn-NbTi 0.15 0.01
Inter-coil 0.33 0.01 T
Inter-coil 0.36 0.01 1
-14.0p +

12500
I 20KA current [A]
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Residual Resistance Ratio (RRR)

4|—E101 U1-L11_TO
—E102 L11-U1_TO
0.015 -H—R101 L11-U1_TO
s
« The residual resistance ratio have been E
measured for all the block coils individually “1
during the first warm up (thermal cycle).
« 6 Awere injected int the coills.
HHsL{;H::::::::::;;Lé::::::::::::;;I{J{;HH:::::::::s;lﬂfi“H::::::::(:a;iaci::””
17 Time (Absolute time)
E101U1-E101L11 E102L11-E102U1 R101L11-R101U1

150 119 85
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Conclusions

 The magnet trained up to 16.58 T (Bore field)

* Most of the quenches happened in the usual locations with a few exceptions (Upper layer training quenches).
* Quench behavior compatible with the previous iterations.

» Impact of the fishbone at 1.9 K in cooling from AC losses difficult to assess due to lack of references.

« Fishbone seems to not have an impact on the cooling during the ramp rate studies at 4.5 K.

» No signs of degradations visible after the tests at 1.9 K.

« V-I, Splice, and RRR measurements were normal as per the other RMM1 magnets.
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Powering overview
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Powering overview CD1 1.9K

RPTCA.SM18.RM.G:I_MEAS RPTCA.SM18.RM.G:I_MEAS

g 13000 T g 13000 T
E 12000 —"— E 12000 —“—
3 11000 - a 11000
10000 —“— 10000 _“_
9000 —“— 9000 —“—

8000 —"— 8000 —“—

7000 —“— 7000 —“—

6000 —“— 6000 —“—

5000 —"— 5000 —“—

4000 —— 4000 —;

3000 —“— 3000 —“-

2000 1 2000 I

1000 1 1000 T

ol | j } | | J = | | ' I oL : ! | : : : ! : L
910 10/10 Time of day 14/10 1610
day of month Time of day

day of month

CD1 interrupted by Helium leak issue due to bellow crack
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Current (A)

Powering overview CD2 1.9 K

RPTCA.SM18.RM.G:I_MEAS RPTCA.SM18.RM.G:I_MEAS

13000 — 13000

1 < 1
12000 + g 12000 + 3

4 £ 1

=1

11000 —— O 11000 +
10000 10000 |+
9000 9000 -
8000 |+ 8000
7000 + 7000 |+
6000 6000 T
5000 5000
4000 1 4000 1
3000 +— 3000
2000 1 2000
1000 + 1000 —+— u

_ el b b b Lo Lo iy (i TR L | nl ' PRI T T N T N T M A f 1 !

12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 12:00 0:00 12:00 0:00 12:00
14 186 16 17 18 19 20 21
Time of day Time of day
day of month day of month
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Powering overview CD2 1.9 K and 4.5 K

RPTCA.SM18.RM.G:I_MEAS

13000

12000 —“— — 4.5 K

11000 -

Current (A)

10000

9000 —+-

8000

7000 ——

6000

5000

4000 —|—

3000

2000

1000 —

0 4 IIlIIIIIIIIIIIIIIIIIIllLllIIIIIIlIIIIIIIIIILII]
T T T LI I B | LB T LI L L B
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Hysteresis losses
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Hysteresis losses as measured in RMM1d

RMM AC loss
20
18 - @ - Measurements 6000-11000 A —— Simulations 300-6000 A
— - @ - Simulations 6000-11000 A
=, 16
S 14
eYo)
©
e 12
S
E, 10 . . o
g 8
(&)
3 6 S EU !
7
3 4 it T B e e R i °
2
0
0 5 10 15 20 25 30 35

Ramp rate [A/s]

HFM

Date: 15/01/2025

High Field Magnets
Programme



Helium Leak
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Helium leak in the valve bellow

Date: 15/01/2025

Temporary sealing by

polymerlab team.

Vincenzo Di Capua

Leak

This is the valve on the lambda

plate that is closed during 1.9 K
operation and open during 4.5 K
operation. After each quench at

1.9 K it also opens.

In the photo the open position.

After the quench, the sound of
helium exiting was heard




Main leak but also other developlng

Leak

Possible micro-cracks/
Signs of fatigue?
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