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Design parameters of MBXFS2

A series production 2 m model Collar Nb-Ti/Cu coil

Colil aperture 150 mm
Field integral 35Tm 9.5Tm Shell GFRP wedge

' Nominal field 557T X
Peak field 6.45 T (SS), 6.58 T (coil end)
Operating current 12.047 kA
Operating temperature 1.9K ;
Field quality O(104)w.r.t B; (R,;=50 mm) o
Load line ratio 75.6%(SS), 76.7%(coil end) at 1.9 K |
Differential inductance 4.0 mH/m
Conductor Nb-Ti: LHC-MB outer cable
Stored energy 340 kJ/m Yoke
Magnetic length 6.26 m 1.67 m QPH :
Coil mech. length 6.58 m 2.00 m l Insulation
Magnet mech. length 6.73 m 2.15m @ Brass shoe

135 W (Magnet total) .
Heat load 2 mW/cm3 (Coil peak) (1.?5
Radiation dose > 25 MGy 4 blocks® .
Technical challenges 44 turns \
Large aperture: Management of coil size and pre-stress. :

Radiation resistance:Radiation resistant material for coil parts. Cooling capabll'
Iron saturation: Good field quality from injection to nominal current
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Previous work

MBXFS1: First model magnet
MBXFS1b: Re-assembled first model magnet

with enhanced coil pre-stress

Training performance of MBXFS1/1b

Pre-stress control is a key factor for good training performance

In D1 magnet.
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Test Schedule

1st cycle: 2018.10.14 - 10. 26
10.14 : Z-scan at warm temperature, I=5 A
10.15-18 : Cool down to 1.9K,
10.18 : Z-scan before training, I=3 kA
10.18-22 : Training quench
10.22-26 : Field measurements
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2"d cycle: 2018.12.10 - 12. 20

Training memory
New QPH performance

Reproducibility check of the 1st field
measurement test
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Training performance
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First quench signal (1=9.5 kA)
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First quench signal (1=9.5 kA)

10 ms
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Training history
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O 8 ® MBXFS1b, 19K
8 [l MBXFS1b, 1.9 K, No quench
7 ® MBXFS2,1.9K
1 MBXFS2, 1.9 K, No quench
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Quench number

7 quenches to the nominal current (12.050 kA)
11 quenched to the ultimate current (13.020 kA)
Quench current of MBXFS2 achieved acceptance criteria.




CG-T-La (MPa) =---=-==- CG-T-Ma (MPa)

CG-T-Lb (MPa) ===-====- CG-T-Mb (MPa) - - - - - CG-B-Ra(MPa)
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Quench location

Quench # Quench Current (kA) Quench start location Quench antenna
1 9.517 Top, 1st turn No signal
2 10.408 Bottom, 1st turn QA2
3 11.098 Top, 26-27th turn QA1
4 10.851 Top, 26-27th turn QA1
5 11.393 Bottom, 2nd turn QA2
6 11.309 Top, 2nd turn QA2
7 11.727 Top, 13-14th turn QA2
8 12.362 Top, 26th turn QA6
9 12.710 Top, 5th turn No signal
10 12.782 Top, 7-13th turn No signal
11 12.977 Top, 5th turn QA4
12 13.095 Bottom, 5th turn No signal
’ A2
Lead 7. _ 1 “|' Return
end . end

‘ ﬁ!lf%{mr" ' ' Quench antenna
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Quench location

1 9.517 Top. 1st turn No sianal
- Quench location

- Mostly occurred at/near the coll end,

- Signals from the quench antennas also help
to identify the quench location in the Z
direction, which is actually consistent with the
result from the voltage tap analysis,

- Not localized and widely distributed

- Our magnet experlences good tralnlng

¢ ) Quench antenna



Field measurement
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Rotating (Harmonic) coil system

Printed circuit board

Encoder e
Motor
A ' '
Long coil Short:
4 - Field quality is evaluated by means of
I / the harmonics (rotating) coill
Warn bore . Tywo types of the coil (PCB) :
MBXES?2 ~om - Long coil: 350 x 30 mm?2
~2m - Short coil : 80 x 30 mm?

- Both have 20 turns
- N2 gas is flowed from the outlet into the
N, warm bore to suppress thermal

N— shrinkage of the pipe
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Rotating (Harmonic) coil system

After inserting the rotating coil

Encoder
Motor
?‘rél |
A *{' e )
A e
v /
Warm bor G %
~9m : & b
MBXFS2 )




Method

Harmonic colil rotates at 0.2 Hz, and measurement of the multipoles are
repeated 5 times at each Z position / operating current

Average of the multipoles is then calculated

DC loop at Z=0 mm with the lonqg coil (L=350 mm )

An(z=0,1)
Bl(Z = O,I)

Current loop : 50A -> 12.2 kA -> 50A
Field angle is corrected at [=12.2 kA

I
X
—_
)
[N

x 10 Normal: b,(z =0,1)

Skew: an(z=0,I)=

Z scan with the long / short coil (L=350 mm / 80 mm)

A, (z, 1
Skew: an(z,1I) = Bl(z(: ())I) x 10 Normal: bn(z,1) =

x 10%

Field angle is corrected at Z=0 mm for every operating current

HiLygD



Schedule of MFM

10.14 : Z-scan at warm temperature, I=5 A
10.15-18 : Cool down to 1.9K,

10.18 : Z-scan before training, 1=3 kA
10.18-22 : Training quench

10.22 - 26 : Field measurements

HiLom |
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DC loop - Transfer function-

0  Measurement
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Consistent with the two calculations (OPERA, ROXIE)
Better agreement obtained when compared to OPERA




DC loop - b3 -

o  Measurement
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Observe 16 unit difference for I<3 kA between the measurement and calculations
If compared to OPERA, the difference is 18 unit at | = 12 kKA.
=> 16-18 unit offset for every operating current
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b, (unit)

DC loop - b5,

07, b9 -
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DC loop —bl1l, b13, b15 -

o Measurement
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(L’JL b15is measured to be 1 unit , which is also reproduced in the calculation



Z scan w/ short coll (B, a,)
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Z scan w/ short coil (b3)

[=12.05 kA ©  Measurement ‘
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We can see 16-18 unit offset along the straight section

This might come from the imperfect coil geometry or unexpected
magnetic material ?
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Z scan w/ short coll ( bg, b4, by)

1=12.05 kA
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Z scan w/ short coil (b, by3, bye)
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Z scan w/ short coll (a3, az, a; ag)
" 71=12.05 kA
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- Observe nonzero skew in RE, which is due to the winding inaccuracy?



fZQ B, (I,2)dz

Field integral (1=12.047kA) b.(I) = &5

—1750

x 104
Bi1(I,z)dz (): OPERA

bn an bn an bn an bn an
1925 0.61 6259 -0.20 1816 -6.01 10000 -5.60
(1871) (0.00) (6267) (0.03) (1862) (-2.73) (10000) (-2.69)
2 1.18 -1.05 -2.52 0.16 1.03 -3.66 -0.31 -4.55
(0.00) (-0.01) (-0.01) (0.01) (-0.03) (-0.08) (-0.04) (-0.08)
3 -14.11 -0.45 24.81 0.15 -9.74 7.30 0.95 7.01
(-12.27) (0.00) (13.76) (0.11) (-9.61) (5.73) (-8.12) (5.84)
4 0.02 -0.30 -0.40 0.16 -0.63 -0.01 -1.00 -0.14
(0.00) (0.00) (0.01) (0.00) (-0.11) (0.05) (-0.11) (0.05)
5 -0.40 -0.02 1.09 -0.14 2.62 -0.66 3.30 -0.82
(-0.90) (0.00) (0.26) (-0.10) (1.03) (-0.59) (0.39) (-0.69)
6 0.22 -0.02 0.13 0.09 0.06 -0.12 0.41 -0.05
(0.00) (0.00) (0.00) (0.00) (-0.10) (0.04) (-0.10) (0.04)
7 -1.25 -0.04 -0.50 0.02 -0.39 0.42 -2.14 0.40
(-1.05) (0.00) (-0.06) (0.07) (-0.26) (0.41) (-1.37) (0.48)
8 0.29 0.05 -0.15 0.07 0.26 0.02 0.40 0.14
(0.00) (0.00) (0.00) (0.00) (-0.07) (0.06) (-0.07) (0.05)
9 -0.98 -0.06 0.28 -0.05 -0.50 -0.04 -1.19 -0.15
(-0.99) (0.00) (0.07) (-0.03) (-0.64) (-0.08) (-1.56) (-0.12)
10 0.14 0.01 -0.05 0.01 0.13 0.01 0.21 0.03
(0.00) (0.00) (0.00) (0.00) (-0.05) (0.04) (-0.05) (0.04)

‘ 11 -0.37 0.01 0.06 0.02 -0.29 0.03 -0.60 C.06



Field integral (1=12.047KA) b.(I) = {";éoB”(I’Z)dZ x 10°

—1750 Bl (Ia Z)dZ (): OPERA

bn an bn an bn an bn an
1925 0.61 6259 -0.20 1816 -6.01 10000 -5.60
(1871) (0.00) (6267) (0.03) (1862) (-2.73) (10000) (-2.69)
2 1.18 -1.05 -2.52 0.16 1.03 -3.66 -0.31 -4.55
(0.00) (-0.01) (-0.01) (0.01) (-0.03) (-0.08) (-0.04) (-0.08)
3 -14.11 -0.45 24.81 0.15 -9.74 7.30 0.95 7.01
(-12.27) (0.00) (13.76) (0.11) (-9.61) (5.73) (-8.12) (5.84)
4 0.02 -0.30 -0.40 0.16 -0.63 -0.01 -1.00 -0.14
(0.00) (0.00) (0.01) (0.00) (-0.11) (0.05) (-0.11) (0.05)
5 -0.40 -0.02 1.09 -0.14 2.62 -0.66 3.30 -0.82
(-0.90) (0.00) (0.26) (-0.10) (1.03) (-0.59) (0.39) (-0.69)
6 0.22 -0.02 0.13 0.09 0.06 -0.12 041 -0.05

Dominated by contributions from the end regions,
which could be negligible for 7m magnets

(0.00) (0.00) (0.00) (0.00) (-0.07) (0.06) (-0.07) (0.05)
9  -0.098 -0.06 0.28 -0.05 -0.50 -0.04 -1.19 -0.15

(-0.99) (0.00) (0.07) (-0.03) (-0.64) (-0.08) (-1.56) (-0.12)
10 0.14 0.01 -0.05 0.01 0.13 0.01 0.21 0.03

(0.00) (0.00) (0.00) (0.00) (-0.05) (0.04) (-0.05) (0.04)

‘ 11 -0.37 0.01 0.06 0.02 -0.29 0.03 -0.60 C.06



f;f B,(I,z)dz

Field integral (1=12.047KA) b.(I) = %5 x 10°

—1750 Bl (Ia Z)dZ (): OPERA

bn an bn an bn an bn an
1925 0.61 6259 -0.20 1816 -6.01 10000 -5.60
(1871) (0.00) (6267) (0.03) (1862) (-2.73) (10000) (-2.69)

2 1.18 -1.05 0.16 1.03 -3.66 -4.55
(0.00) (-0.01) (0.01) (-0.03) (-0.08) (-0.08)

3 -14.11 -0.45 0.15 -9.74 7.30 7.01
(-12.27) (0.00) (0.11) (-9.61) (5.73) (5.84)

4 0.02 -0.30 0.16 -0.63 -0.01 -0.14
(0.00) (0.00) (0.00) (-0.11) (0.05) (0.05)

5 -0.40 -0.02 -0.14 2.62 -0.66 -0.82
(-0.90) (0.00) (-0.10) (1.03) (-0.59) (-0.69)

6 0.22 -0.02 0.09 0.06 -0.12 -0.05
0.04)

- Integral of b3: Ve
. . . . 0.48)

., Large contribution from the straight section -
(0.00) (0.00) (0.00) (0.00) (-0.07) (0.06) (-0.07) (0.05)

9 -0.98 -0.06 0.28 -0.05 -0.50 -0.04 -1.19 -0.15
(-0.99) (0.00) (0.07) (-0.03) (-0.64) (-0.08) (-1.56) (-0.12)

10 0.14 0.01 -0.05 0.01 0.13 0.01 0.21 0.03
(0.00) (0.00) (0.00) (0.00) (-0.05) (0.04) (-0.05) (0.04)

‘ 11 -0.37 0.01 0.06 0.02 -0.29 0.03 -0.60 C.06



fZQ B,(I,z)dz

Field integral (1=12.047KA) b.(1) = -5 x 104

L . Bi(1,z)dz ()
D1 acceptance criteria given by Ezio _1750 B1(1, 2)dz (: OPERA

(Field integral at nominal operation)

Table I. Tarpet table for multipole errors, R..r = 50 mm bn an
uncertainty | random lower limit upper limit

ha 0200 0.200 -0 800 0 _R00 10000 -5.60
0.727 0.727 -2.900 2.900 (10000) (-2.69)

-0.31 -4.55
(-0.08)

bs 0.060 0.060 -0.240 0.240 7.01
b7 0.165 0.165 -0.660 0.660 (5.84)

by 0.027 0.027 -0.110 0.110 -0.14
by 0.065 0.065 -0.260 0.260 (0.05)

B 0.008 0.008 -0.030 0.030 3.30 -0.82
b 0.019 0.019 -0.076 0.076 (0.39) (-0.69)

az 0.200 0.200 -0.800 0.800 0.41 -0.05
as 0.727 0.727 -2.900 2.900 Uy (0.04)

a4 0.126 0.126 -0.500 0.500 -2.14 0.40
s 0.365 0.365 -1.500 1.500 (-1.37) (0.48)

5 0.060 0.060 -0.240 0.240 0.40 0.14
ar 0.165 0.165 -0.660 0.660 (-0.07) (0.05)

a4 0.027 0.027 -0.110 0.110 -1.19 -0.15
e 0.065 0.065 -0.260 0.260 (-1.56) (-0.12)

anm 0.008 0.008 -0.030 0.030 0.21 0.03
an 0.019 0.019 -0.076 0.076 (-0.05) (0.04)

-0.60 C.06




f;f B,(I,z)dz

Field integral (1=12.047KA) b.(I) = - % 104

Y _ By(I, 2)dz (. A
D1 acceptance criteria given by Ezio _1750 D14 2)d2 (): OPER
(Field integral at nominal operation)

Table I. Tarpet table for multipole errors, R..r = 50 mm bn an
uncertainty | random lower limit upper limit

bs 0.200 0.200 -0.800 0.800 10000 -5.60
| b 0.727 0.727 -2.900 2.900 (10000)  (-2.69)
—r o120 o206 =t ln P11 E— -0.31 -4.55
k- N 164 N 164 _1 &N 1 &0 ' (-0.08)

[ - - 7.01
| In the 2m magnet, measured b3 integral is (5.84)
— around O unit, but this is because the non- ig'éé
- negligible b3 offset compensates - 20 08
— contributions from the end (0.39) (-0.69)
[ 0.41 -0.05
— (-0.10) (0.04)
— So, this could be a large impact on field an  |odg
| quality of 7m magnets 010 014
— (-0.07) (0.05)
B -1.19 -0.15
- (-1.56) (-0.12)
ar 0.008 0.008 10.030 0.030 0.21 0.03
an 0.019 0.019 0.076 0.076 (-0.08) (0.04)

-0.60 C.06




Field integral (n>12) not covered

by the acceptance criteria 0: OPERA
RE (-1750 ~ -525) SS (-525 ~ 525) LE (525 ~ 1750) Total (-1750~1750)
bn an bn an bn an bn an
12 0.08 0.01 0.23 0.03 0.09 0.03 0.40 0.06
(0.00) (0.00) (0.00) (0.00) (-0.01) (0.00) (-0.02) (0.01)
13 -0.22 -0.01 -0.49 -0.05 -0.15 -0.01 -0.86 -0.07
(-0.23) (0.00) (-0.43) (0.00) (-0.16) (-0.02) (-0.82) (-0.02)
14 0.10 -0.01 0.53 0.04 0.10 0.00 0.72 0.03
(0.00) (0.00) (0.00) (0.00) (0.01) (0.00) (0.01) (0.00)
15 -0.17 -0.01 -0.80 -0.07 -0.14 0.02 -1.11 -0.06
(-0.17) (0.00) (-0.72) (0.00) (-0.17) (0.00) (-1.05) (0.00)
16 0.04 0.00 0.39 0.05 0.08 -0.02 0.51 0.03
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)
17 -0.06 -0.01 -0.40 -0.03 -0.06 -0.01 -0.52 -0.05
(-0.07) (0.00) (-0.50) (0.00) (-0.07) (0.00) (-0.64) (0.00)
18 -0.01 0.00 -0.21 -0.03 -0.02 -0.01 -0.24 -0.04
(0.00) (0.00) (0.00) (0.00) (-0.01) (0.00) (-0.01) (0.00)
19 0.05 0.00 0.23 0.01 0.02 0.00 0.30 0.01
(0.03) (0.00) (0.24) (0.00) (0.04) (0.00) (0.31) (0.00)
20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

oY For the multipoles (n>12), all the results are

HL-LHC PROJECT

- consistent with the calculations




Field integral (n>12) not covered

by the acceptance criteria 0: OPERA
RE (-1750 ~ -525) SS (-525 ~ 525) LE (525 ~ 1750) Total (-1750~1750)
bn an bn an bn an bn an
12  0.08 0.01 0.23 0.03 0.09 0.03 0.40 0.06
(0.00) (0.00) (0.00) (0.00) (-0.01) (0.00) (-0.02) (0.01)
13 -0.22 -0.01 -0.49 -0.05 -0.15 -0.01 -0.86 -0.07
(-0.23) (0.00) (-0.43) (0.00) (-0.16) (-0.02) (-0.82) (-0.02)
14  0.10 -0.01 0.53 0.04 0.10 0.00 0.72 0.03
(0.00) (0.00) (0.00 /0 NN\ a¥a XA /0 NN\ 0 (0.00)
15 -0.17 0.01 080 b15 : ~1unit 0.06
(-0.17) (0.00) (-0.7; : o (0.00)
16 0.04 0.00 0.39 Is this acceptable. . 0.03
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)
17  -0.06 -0.01 -0.40 -0.03 -0.06 -0.01 -0.52 -0.05
(-0.07) (0.00) (-0.50) (0.00) (-0.07) (0.00) (-0.64) (0.00)
18 -0.01 0.00 -0.21 -0.03 -0.02 -0.01 -0.24 -0.04
(0.00) (0.00) (0.00) (0.00) (-0.01) (0.00) (-0.01) (0.00)
19 0.05 0.00 0.23 0.01 0.02 0.00 0.30 0.01
(0.03) (0.00) (0.24) (0.00) (0.04) (0.00) (0.31) (0.00)
20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

oY For the multipoles (n>12), all the results are

HL-LHC PROJECT

- consistent with the calculations




Study on b3

HiLom Y |
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History of b3 incl. the RT measurement

Condition b, (unit) at

—#— Ambient temperature the magnet
—&— Before training at 1=3kA center
— - — ---g=--- After training at 1=3kA
T S0¢ -
% i ] Room temp. 18.14
o o ~ (I=5A)
—50F ~
- . Before 18.31
-100+ E training
N § =3 kA)
! T R S b4 03 ( i
-2 1 0 1 2 l + Lunit
o “ (:“‘) After 19.53
18 unit offset can be seen even in the RT training
measurement (1=3 kA)

Surprisingly, lunit increase is observed
in_b3 after the training

~HilU |)
. HL-LHC PH[}.’JECT




Inverted field calculation w/ ROXIE 2D

Purpose:

find out the best coll position (phi,
alpha) so that the resultant
multipoles matches the
measurement

Target values : (b3, b5) =(18, -2)

After conducting
inverted field calc.

Original Displaced
3 18.31 (19.53)  1.92 18.02
5 227 (-2.09)  -3.21 -2.00 Y
7 0.21(-0.24)  0.40 -0.25 \ ¢
9 0.011 (0.079)  -0.27 -0.22 i X "




Inverted
Field
| Calc. : Result

=100, g,
£ i

g 80;
> I

60
40+ Original

20/ Displaced

% 20 40 60 80
X (m

( HiLumi
HL-LHC PR _[?QECT

0 70 80 90 100
X (mm)
y



Summary of Cable displacement

Coil block position

€8 orginal et

Phi Alpha Phi Alpha Phi Alpha
(degree) (degree)

1.1358 0 1.0332 0) -0.1026 O
27.8743 26 27.6322 26.1464 -0.2421 -0.1464

50.2988 52.4205 50.1/61 52.2924 -0.1227 -0.1281
70.6996 68.0007 70.6587 68.2953 -0.0409 0.2946

1
2
3
4

The study indicates that the cable has to be displaced
O(100 um) toward MP

‘ iLumi ’
HL-LHC PROJECT WP3 meeting, 11.20, 2018



Other possibility: magnetic material?

iciaSaneass

““EIIIIIIIIIIﬂ

Concern about effects from permeability of the collar pins

Now we are investigating by introducing a BH curve of
this material

(I



Summary

= Quench training
= Good training result thanks to a increase of the pre-stress

* Field measurement
= Measured higher multipoles are at the satisfactory level

= However, we get the big offset in b3, reason of which is still
not revealed yet

= Further investigation Is ongoing

HiLumi .
HL-LHC PROJECT WP3 meeting, 11.20, 2018



Prospect for the 2"d cycle

= We will start the 2" cycle from 12t Dec.

= Purpose:
= Training memory
= New QPH performance
= MFM reproducibility

= Fabrication of the 3" short model, MBXFS3, will be
started from 26" Nov.
= Same cross section as that of the 2"d model
= Need to establish correction of the b3, if this is reproduced

HiLumi .
HL-LHC PROJECT WP3 meeting, 11.20, 2018



Supplement
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\ Bucking coi

—_—_—— e e —

‘Oonline Offline
Main (dipole) coil I B; A
» Digital integrator |— —— | FFT 1 1
) Host PC ii |
| .| SUM » Digital integrator — —— |FFT | B Aq
! i (n>=2)

—_——_——— —_——_————

WP3 meeting, 11.20, 2018




Online_____________
Main (dipole) coll
» Digital integrator |— —
) Host PC
I SUM » Digital integrator |—
! Bucklng coil
Induced voltage: Normal Skew
: =1
V(t) = N Lwryet —K re t re t
| (?) wr [2:171 r £) sinw r fCOSCLJ}]
2 "2
TT—2f> — (:Z) (for dipole signal)
K, — e e

2 2 2 2
(7’_2) — (7’_1> } — {(T—‘l) — <r_3) } (for bucked signal
Tref Tref Tref Tref

N: # of turns, L: Coil length r,; : reference rad. (50mm)




Online_____.._..__
Main (dipole) coll
| » Digital integrator |— —
: ‘ Host PC
| _ | SUM » Digital integrator |—
. Bucking coil
Induced voltage: Normal Skew
=1
V(t) = N Lwryes [Z EK @ Tref) Sin Wit ’r'ref Cos wt}]
| 2 n=}
%) — (élf) (for dipole signal)

K, =

2 2 2 2
(7’_2) — (7’_1) } — {(r—‘l) — (T—g) } (for bucked signal
Tref Tref Tref Tref

N: # of turns, L: Coil length r,; : reference rad. (50mm)

Integrating V(t) over the given rotation angle
— vanish w (avoid effects from instability in the rotation)

¢(0) = Z NLTrefK COS no Sm no}




B,(T)

b, (unit)

Comparison w/ 1b

—#—— MBXFS2 w/o correction
--+42----- MBXFS1b w/o correction

. @ MBXFS1b (dx,dy)=(2.05mm,-0.60mm)

1x10°
2
Z (mm)

—&— MEXFS2 w/o correction
---+4r---- MBXFS1b w/o correction

- & MEBXFS1b {dx,dy)=(2.05mm,-0.60mmm)
0 .
-5 .
o] 5
L [ TN R ] x1 03
-2 -1 0 1 2

b, (unit)

—#—— MBXFS2 w/o cotrection

---+z+---- MBXFS1b w/o correction
—~ 100 & MBXFS1b (dx,dy)=(2.05mm,-0.60mm}
-
c L i
3
o - -
.Qﬂ B b
o _
~100 -
B b 3
E . A4x10
-2 -1 0 1 2
Z (mm)
—&#—— MBXFS2 w/o correction
--&---- MBXFS1b w/o correction
‘ o MBXFS1b (dx,dy)=(2.05mm,-0.60mm)
o+ ]
L (R e ]
_5 — ‘;' ‘,[[ g _
L P - _
o ]
L G| _
L " _ 3
-10— N N SR e 1 1
-2 -1 0 1 2

—#—— MBXFS2 w/o correction
---&----- MBXFS1b w/o correction

= ——— @ MBXFS1b (dx,dy)=(2.05mm,-0.60mm)
s ]
a -
- ]
o 4
i i ]
B | | R S S B E—— x1 03
-2 -1 0 1 2
Z (mm)
—&—— MBXFS2 wio correction
---4---- MBXFS1b w/o correction
= ——— @ MBXFS1b (dx,dy)=(2.05mm,-0.60mm)
E
.E, L i
S 7
o L i
—2+ —
.| N T T B > | 03
-2 -1 0 1




a, (unit)

Comparison w/ 1b

—#—— MBXFS52 w/o correction
MBXFS1b w/o correction

_____________

MBXFS1b (dx,dy)=(2.05mm,-0.60mn

x1(
Z (mm)
—#—— MBXFS2 w/o correction
----------- MBXF51b w/o correction
--------- @  MBXFS1b (dx,dy)=(2.05mm,-0.60mi
I % Z
1 — ]
U — ]
C | 1 i 1 1 1 | 1 1 1 1 | 1 1 1 L] X1
—2 —1 0 1 2

a, (unit)

30

20

10

—&#——— MBXF52 w/o correction
MBXFS1b w/o correction

___________

MBXFS1b {dx,dy)=(2.05mm,-0.60mm)

x10°

N

2

Z (mm)

—#—— MBXF52 w/o correction

x10°



| Inverted field calc. by ROXIE

30

-&- All blocks
4 block 1

= I T 7 T 7|% block 2
c L -+ block 3
3 L "@'u\‘ block 4
% - . @, T
K] 20_ R Ly S} . —
P e e e Cy el ]
7o a A Ca ]
1_— 1 1 1 1 | 1 1 1 1 | 1 1 L |:><1(
0 5 10
Current (A)
-« Original
-&3- All blocks
4 -4 block 1
= e e '|-+ block 2
c L -+-block 3
3 block 4
-Qr., 25_..1 ...... gl qﬂ,q},q}a ‘ﬂn.ﬂ,cﬂa __
P ]
- SE
_4| I I 1 I | I I 1 I | I I 1 I ><103
0 5 10
Current (A)

b, (unit)

10

-« Original
-a- All blocks
- block 1

|
3]

L=
'i.il_)ITlllllllll—

Cofe]

80

|-+ block 2
-+ block 3
block 4

¥

L

§1&

I.
+

N
o
OFT T TH[ T

Current (A)

-« Original
-z- All blocks
-4 block 1

"I .7 block 2
-+ block 3
block 4

Current (A)




b,:.DC loop

Long coil b__

b, 5 (unit)

o=
—— ¥
] ] | ] ] ] | | | | ] ] | ]

T
B4 BT B 0883302, % 00 3
R N T
0 5 10

Current (A)

‘ ﬁ!&%@! WP3 meeting, 11.20, 2018



DC loop (non-allowed normal)

—&— MBXFS2 w/o correction
---4z---- MBXFS1b w/o correction

—#— MBXFS2 wio correction
---&----- MBXFS1b w/o correction

—&—— MBXFS2 w/o correction
----&---- MBXFS1b w/o correction

s 10 F,—,—,_: et MIBXFS1b (dX,d\i’}:(ZDSmm,-Dlﬁﬂ mm) = 4r— - R MEXFS1b (dx,dy)=(2.05mm,-0.60mm) = 2 o MBXFS1b (dx,dy)=(2.05mm-0.60mm)
S : ] = , i = ]
2 1 = g::ﬂ---@—--e---é“’e‘='@eeeea'9@’9@® . 2 ee@’e@® 1
o ; g o 2 b B -y 1 ‘-ﬁﬁ::@:;:@::=@===a-~®===@@‘@@ ]
: =L - LU BT TN Ne i o ] o :
06000000 ] EPEPY © L, N ; Lot ed ]
G ...@-@-e-@-@.wgggm - 0 2 25 2 2040 W gy S 1 0 : 215 pt-Pie ]
U II ] ) i N - bey h
=5( 7] . ] ]
' . ; 1. 4n3 i . 3
7] . -4 — e — x10 ot . . L %10
10 10 0 s 10 15 0 5 10 15
0 5 10 15 Current (A) Current (A)
Current (A)
—#—— MBXFS2 w/o correction —&— MBXFS2 w/o correction
—&— MEXF32 wio correction ----@---- MBXFS1b /o cotrection ----G---- MBXFS1b wio correction
---@--- MBXFS1b wio correction —_ 1 — @ MBXFS1b (dx,dy)=(2.05mm,-0.60mm) = 1— @ MBXFS1b (dx,dy)=(2.05mm,-0.60mm)
—_ I @ MBXFS1b (dx,dy)=(2.05mm,0.60mm, = i = = - .
= : 7 c B ] < C ]
s S ] 2 B ] 3 ]
et il @,jjg;;e...g..‘@m@--:@,e,@@ DT = e 0.5 o . o =
= 0.5 I o8 i K- L ] =] E
- o, . .
il 7 -05 3 ]
B i i 7 3 i 3
L. e . . . . Ix10 — A A T x10 | W A S =10
-1 5 10 15 Ly 5 10 5 0 5 10 15
Current (A) Current (A) Current (A)




DC loop (Skew, a;-ag)

—#—— MBXFS2 w/o correction —#—— MBXFS2 w/o correction * MBXFS2 w/o cotrection
---z---- MBXFS1b w/o correction ----<zr---- MBXFS1b w/o correction co-@---- MBXFS1b w/o correction
= 15— T & MBXFS1b (dx.dy)=(2.05mm,-0.60m r @ MBXFS1b (dx,dy)=(2.05mm,-0.60mm) ~ __ ——— & MBXES1b (dx,dy)=(2.05mm,-0.50mm)
— & i — L _ 1 T
c b n ] c 4 L ]
2 10k i A = L%, ] 5' 4 ]
bl X 7] F B I N 1 B 1 T b
© u 1 © 2 moe g Lg...g. 232';;“@:@: . . < 28 7
50 E i 11 TR ] i‘ ]
: 1 ' - 0 7
0 - ; 7 N ]
L ] . -2 ]
-5 - E 7: —4} { 10°
C ] : L L A 4
I n : | L L L ] X1 0' ‘ I 1 I 1
_1 0 L L L L L L P X1 L 5 0 5
0 5 10 15 0 5 10 A1 s Current (A)
Current (A) Current (A)
—#—— MBXFS2 w/o correction ' * MBXFS2 wio correction —&#—— MBXFS52 w/o correction
---e---- MBXFS1b w/o correction ee-r---- MBXFS1b w/o correction ----r---- MBXFS1b w/o correction
= — & MBXFS1b (dx,dy)=(2.05mm,-0.6( = P o MBXFS1b (dx,dy)=(2.05mm,-0.60mm) = 2r @ MBXFS1b (dx,dy)=(2.05mm,-0.60mm)
c 1 °E ] = r ]
3 4 +4 5 ] = C ]
< E -~ h © 1 —
© 0] ] © L i
_-@*‘6‘-@:@:@.@ 7 © 4 C @3_, ]
%}; - S5-Sit - e B :@:@:@'@&: B b L ?@ ]
n 0 .
2 '%: = B = = £ =@G@@Q'®‘@‘@@§® | - 7]
1 i 1 ]
] 4 E R i -
i [ i
_ i 7] ) b
, i 3
1 I i A S
SIS ‘R a0y : R
0 5 10 15 0 5 10 15
Current (A)
Current (A) Current (A)




DC loop (Skew, a,-a,.)

—#—— MBXFS2 w/o correction
----ar---- MBXF31b w/o correction

ag (unit)

— 20 & MBXFS1b (dx,dy)=(2.05mm,-0.60mi
i — =
c L 4
2 y ]
© Ly g
9 -
e 1
_9 L L R T b4
0 5 10 15
Current (A)
—&—— MBXFS2 w/o correction
----r---- MBXFS1b w/o correction
— 1r @ MBXFS1b {dx,dy)={2.05mm,-0.60m
[l =
c L
=
S
=
©

15
Current (A)

a,, (unit)

—&—— MBXFS2 wio correction
---@---- MBXFS1b w/o correction

b @

@ MBXFS1b (dx,dy)=(2.05mm,-0.60n

CEEE sppenopaech
= --ugs;sg::gzng,@@@@,@@:@€0@

| - PR T S S SR M b o
0 5 10 15
Current (A)
—#— MBXFS2 w/o correction
---&r---- MBXFS1b wio correction
1 . > MBXFS1b (dx,dy)=(2.05mm,-0.60mt
0.5 .
0 = s T 2 Yo A o -
=g S0Ce8eee0e® ]
-0.5 =
-1 TSR S R . . x1
5 10 15
Current (A)

agy (unit)

a,, (unit)

—#—— MBXFS2 w/o correction
---<r---- MBXFS1b w/o correction

— @ MBXFS1b (dx,dy)=(2.05mm,-0.60mm)

1l [ T . x1 03
0 5 10 15
Current (A)
—#— MBXFS2 w/o correction
----r---- MBXFS1b w/o correction
1 X MEXES1b (dx,dy)=(2.05mm,-0.60mm)
05522 o 0 o apeabe =
1% 8380 8 eug8fsb0gef |
0ite—-o- S §8e bttt 8, _:
-0.5 -
1L IR N . : x1 03
0 5 10 15
Current (A)




B,(T)

Z scan w/ short colil (B,)

Measurement

— OPERA

. Ix10°
-9 2
Z (mm)
Measurement
—— OPERA
6 B
¢ :
2F ]
or, Ix10°
) 2
Z (mm)
o Measurement
OPERA
—————
6 ]
ar .
3 :
or, TIx10®
) 2

3kA

B, (T)

12.05kA

B, (T)

Measurement
—— OPERA
L T ] =
S 1 o ©
ar :
2- .
o, “Ix1
-9 2
Z (mm)
Measurement
. T‘OTEF"A. o E
6 ] o
i :
2 ;
oL, Ix10*
-2 2
Z (mm)
o Measurement
OPERA
——
6 B
ar :
: :
o, x10°
-9 2

° Measurement
OPERA

x10°

2
Z (mm)

Measurement

— OPERA




o Measurement 3 kA o Measurement @ Measurement
OPERA OPERA OPERA
= L B = T T L R s L
T 200- 7] T 200 ] T 200 —
2 i _ 2 i i 2 i i
Lyl Lyl
L0 B h f=] r ) 3 B T
or ] o - % o .
-200 B N -200 :— _: -200 - ]
—400- 1100 400 7 B ]
. _Ix10 . L L AT b [ 4 — — —
-2 2 -2 - 0 1 2 400 5 : 2><1 Iy
Z (mm z -
(mm) (mm) Z (mm)
7 kA o Measurement 9 kA Measurement
OPERA OPERA 10 kKA ©  Measurement
E 200 Cr | = 200|- j T ] - IOPEFFA
5 ] 5 : E 2000 ]
s [ i S : 1 o i ]
or ] o ’ T of -
~200F . ~200[- ] ~200F .
~400 k10 400 Ix10° —400__‘ ‘ ‘__><10E
-2 2 -2 2 -2 2
Z (mm) Z (mm) Z (mm)
-Iilzl s M t
O;::UA'E"'E“ @ Measurement
T aof T o — =
2 i ] = 200+ .
@ 3 B ]
£ r 1 ~ r 7
0 7] a N - — 1
i i 0 Co ] 7
—200{- . i ]
i ] —200- 7
—400 I ) ) ] ><1 03 : :
-2 2 —400_| X . ‘ ‘ . ._><103
Z (mm) -2 -1 0 1 2

Z scan (b,)

Z (mm)




Z scan (bg)

1 kA °  Measurement
OPERA
— T T
5 100 5
- L |
& :
or ) B
—~100{- 1
L. L T R B _X1 03
-2 -1 0 1 2
Z (mm)
7 kA °  Measurement
OPERA
— T T T T
5 100- 5
- L |
a i ]
or } B
~100/- ]
i . Lo P R B i x1 03
-2 -1 0 1 2
Z (mm)
11 kA s Measurement
OPERA
— ™ — T
5 100 .
- L |
a i ]
or ° ’
~1001 ]
L. L ¥ 1 L Ix1 03
-2 -1 0 1 2

Z (mm)

e Measurement
3 kA Measurement OPERA
OPERA = P ———
E 00/ . 5 1oop ]
£} ? & |
of : oF =]
_100_— 4 -100— -
L. L Ll ‘7><103 L. S S S S B R -7X103
-2 -1 1 2 -2 -1 0 1 2
Z (mm) Z (mm)
o Measurement
OPERA Measurement
= L I ST T T ] OPERA
S 100- . g i
> | 1 S 100 -
a i 1 3 i ]
i ] i ]
o _ | i
I ] or- . 5
—100{- . I ]
L L L P R _X103 -100- ]
-2 -1 1 2 L et
Z (mm) -2 -1 0 1 2
Z (mm)
©  Measurement
OPERA
— T —
5 1001 s
=~ L J
a i ]
or ° ]
~100- .
L L L N _X1 03
-2 -1 1 2
Z (mm)




Z scan (b-)

o Measurement kA o Measurement s Measurement
= O T ‘OTEF"A‘ t ] = 40_ L T 'OP\EF'm' ] = MW7 'OF\'EF"A‘ ]
S o : g 5 ] E & ]
o - I ]

L ] - . o N
r ] U 7 U: ]
_20:_ _: B ] —20- J
- 1 =20 7 C ]
-40r Toqg? B ] 40 =
C o, XT0 _anl ] L e, X107
-2 i 0 1 2 o T 2 = 0 1 2
Z (mm) -2 - 0 1 2 Z (mm)
Z (mm) |
7kA o Measurement ) :::2“:’"5"‘ o Measurement
o A0 oPERA . %\ 40: T ] J —OPERA
= _ ) 5 _ ] = - ]
s L . =~ 20r u 5 1
S 20 - & ¥ 2 :
o r ] L i £ L ]
o - ° ; of- :
g 1w :
[ ] _40__ . _aoF J
_40__ B 3 I R R R 7><103 0_ R S T R _X103
5 - 5 g 2><1° -2 -1 0 1 2 -2 - 0 1 2
Z (mm) Z (mm) Z (mm)
° Measurement e Measurement
= W77 IOF:EF'M' T = MW7 — ]
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S - . 2 r ]
w200 5 = 20r ]
a : : 0 [ -
o- - ] o- .
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—40_ ! | ! ! ! ! | ! ! ! ! | ! ! ! |_><103 O_I ! — L ! ! : — —— — I_X103
_9 T 0 1 2 -2 -1 0 1 2

L 2 (Y Z (mm)



o

Measurement

OPERA
—T T

— C T T -
E r ]
2 10— -
Z L i
0 - o 4
o- .
-10- -
C . 1 ’ L1 1 %1 03
-2 -1 0 1 2
Z (mm)
7 kA o Measurement
OPERA
= C T T L ]
= r ]
ERERTIE -
z L J
0 - ° 4
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10 r -
C . 1 : P Ce . axd 03
-2 -1 0 1 2
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o —
L
C_. Lo Ll 1 ‘X103
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Z (mm)

Z scan (by)
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!‘.
LEJ

Z scan (a,)

° Measurement ° Measurement Measurement
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)

Investigation w/ OPERA2D

oil distortion model
= dap+ Z(Sm CUSmQE:‘ +

original rad., S, and T, . distortion amplitude

*
"

do

5.

Coil Distortion of the LHC Low-Beat Quadrupole Magnets,” IEEE Tran

[16] K. Sugita er al., “Analytical Calculation of Field Error Due to Radial
Appl. Supercond., vol 12, no. 1, Mar. 2002, pp. 1693-1696.

Measurement

(S0,52,54)=(-0.20,-0.06,0.22)
(S0,S2,54)=(-0.15,-0.06,0.16)
(S0,S2,54)=(-0.10,-0.07,0.10)
(S0,S2,54)=(-0.05,-0.08,0.04)
(S0,S2,54)=(0.00,-0.09,-0.02)

(S0,52,54)=(0.05,-0.09,-0.07)
(S0,52,54)=(0.10,-0.10,-0.13)

Irement

\SH=020,00
S50
\SH=H010.00

(¢

219

Yoke radius

2145

Designvalue

\S005:00
(S082S4=000,00¢
(S082S05,00
(S08284=0100.0
(8082405,

0 05

115

2

Azimuthal angle (radian)
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Inverted field calculation w/ ROXIE 2D

Purpose:

find out the best coll position (phi, alpha)
so that the resultant multipoles matches
the measurement

Target values : (b3, b5) =(18, -2)

Not only ideal coil form, but also its
deformation is taken into account in this
optimization:

r=ay+ Z(Sm cosme + Ty sinme) (1)

ap : original rad., S,, and T,, . distortion amplitude "

=> We only consider the ‘oval’ form

r = ag + x99 cos 20 Y
S2: 0.075 mm (from the measurement) 'ﬁ ¢
x : scale variable (0 —2) L X g




Displacement of the cable
e Original pos.
o e Deformed w/o

b

—— Deformed w/ o

E
-

Original pos. : Designed phi and alpha
Deformed w/o opt. : Just_deform the coil (not execute ROXIE2D optimization
(" ngﬁbed w/opt. : ROXIE2D optimization is executed after deforming the




Acceptance criteria

Field integral at the nominal current From the first draft
I N
o 0.200 0.200 -0.800 0.800
by 0.727 0.727 -2.900 2.900
. b, | 0.126 0.126 -0.500 0.500
by 0.365 0.365 -1.500 1.500
. b, | 0.060 0.060 -0.240 0.240
b, 0.165 0.165 -0.660 0.660
. by | 0.027 0.027 -0.110 0.110
by 0.065 0.065 -0.260 0.260
. by | 0.008 0.008 -0.030 0.030
by 0.019 0.019 -0.076 0.076
. a, | 0.200 0.200 -0.800 0.800
. a, 0.727 0.727 -2.900 2.900
| a, | 0.126 0.126 -0.500 0.500
- as 0.365 0.365 -1.500 1.500
| a, | 0.060 0.060 -0.240 0.240
- a, 0.165 0.165 -0.660 0.660
| a, | 0.027 0.027 -0.110 0.110
o ay 0.065 0.065 -0.260 0.260
| a, | 0.008 0.008 -0.030 0.030
ay 0.019 0.019 -0.076 0.076

HHI_-!HC PH[}JECTi:

WP3 meeting, 11.20, 2018



Summary of allowed multipoles at I=3kA

Normal Measure ROXIE 3D OPERA 3D | ROXIE 2D
multipoles
3 2.97 2.01 1.92

18.31
(19.53)

5 -2.27 -3.59 -3.25 -3.21
(-2.09)

7 -0.21 0.53 0.39 0.40
(-0.24)

9 0.011 -0.32 -0.25 -0.27
(0.079)

(): After training

HiLom Y |
HL-LHC PROJECT WP3 meeting, 11.20, 2018



