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Abstract

This document describes a study of the choice of conductor and its design for the
SHIP spectrometer.
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1. General introduction of the SHiP spectrometer magnet

The spectrometer magnet for the Search for Hidden Particles (SHiP)
experiment is a dipole magnet producing a horizontal dipole field within a window
frame aperture of large dimension. The magnet is placed after a 40-m long decay
volume that follows an upstream fixed target where particles from the CERN SPS
accelerator interact [1], [2].

This report recalls the baseline magnet design, based on Aluminium hollow
conductors, and explores different solutions of a superconducting version with
coils made of either NbTi, Nb3Sn, MgB> or ReBCO superconductors.

The main formulas for dipole magnet design used in this report comes from
[2], [3], and the magnetic models are implemented in the Opera® software.

For each of the superconducting options, the critical surface parameterization
come from available and well characterised strands. From the computation of
the maximum field on the superconductor from model’s data, the operating
margins are derived, and the operating conditions defined in terms of
temperature, peak field and current.

The strategy adopted for the protection of the magnet relies on external dump
resistor as energy extraction system, and the superconductor itself is stabilized
with enough copper to allow this operation in case of quench.

1.1 Magnet dimensions

The dimensions of the magnet for the spectrometer of the SHiP experiment
are defined in [2]. The magnet’s height h, width w and length / according to the
technical drawing reported in the ANNEXE 6.1 are:

h =13.8 [m]
=7 [m]
w = 7.28 [m]

Also shown in the ANNEXE 6.1, the limit of acceptance enclosed by the poles
is a free rectangular surface of 5000x10000 mm.

1.2 Magnet field request

The magnet shall provide a vertical bending strength of 0.65 Tm going from
-2.5 to +2.5 m along the magnetic axis and with respect to the magnet centre.
The request for the central field Bo is 0.15 T. The field is produced by bedstead
shaped coils assembled in a dipole field configuration around and iron core.
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The maximum field induction in the iron yoke is Biron,max=1.76 T at the nominal
bending strength as defined in [1]. The thickness of the iron yoke along coil axis
is 3.5 m [1]. Following the recommendation from [2], the iron yoke is an
assembly of 70 layers, each 50 mm thick.

1.3 Magnet total current

In order to achieve the required bore field Bo within the given aperture (gap) analytical formula
for a dipole magnet [3] gives the magnet total current Ni:tar @s function of the bore field and

the magnet efficiency 7:

__ Bo*gap __  0.15%54
Nltorqr = -

N*Uo 0.9%477%10~7 = 720000 [A.tu‘r‘n]

2. Resistive magnet design

The magnet design, for its resistive version, features three coil packs per pole
with each pack hosting four pancakes of array of 10 conductors [2]. The
conductor is made of hollow aluminium similar to the one used for LHCb.

2.1 Magnet geometry

Fig. 1 shows the Opera® model of the magnet featuring the three coils per pole
(red color) surrounded by the iron yoke (green color) [4].

O 7200
N)
V\

008¢T

Fig. 1 : Global view of the Opera® 3D model for the resistive version of the SHiP spectrometer.
It features in green color the iron yoke and in red the coils (three coils per pole).

Fig. 36 in Annexe 6.2 gives the details of the coil geometry for the six coils.
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2.2 Conductor cross-section

The cross-section of a coil with the 40-conductor array is shown in Fig.2. The
conductor is similar to the one used for the LHCb magnet (AlI-99.7) with a 50x50
mm? square cross-section with a 25-mm diameter central bore hole for water
cooling made of Aluminium. A composite layer (glass fiber and resin) 2 mm thick
provides the dielectric insulation between turns.

522

216

/

Fig. 2 : SHiP spectrometer coil’s cross-section of the resistive (Aluminium) hollow conductors array .

With Npoie the number of poles, Ncoir the number of coils per pole and Nwm the number of turns
per coil, the magnet’s total number of turns Ntota is:
Ntotar = Npole * Neoit * Neyrn = 2 % 3 x40 = 240 [—]

Dividing the total magnet current by the total number of turns gives the current per conductor:

Itotal — 720000
Ntotal 240

= 3000 [A]

Ieona =

The cross-section area of one conductor is:

2
Acona = 50% — 1 + 2= = 2009 [mm?]

The conductor’s current density is then:

. _ Icona __ 3000 2
Jcona = A ~ 2009 1.49 [A/mm ]
cond

Using this magnet geometry and coil design, the report in [4] gives a field in the
centre of the magnet’s aperture Bo of 0.154 T in agreement with theoretical
value.

2.3 Dissipated power

The developed length of conductor per coil from in Fig. 36 of Annexe 6.2 is:
leong = 37.2 [m]

With a conductor resistivity pe,cond, the magnet’s total power consumption is:

— -2
Ptotal - pe,cond * Jeond * Acond * lcond * Ntotal

=2.8%1078 % (1.49 * 10°)? x 2009 * 107° % 37.2 * 240 = 1.11 [MW]

Using forced convection water cooling solution, with a Reynolds number of
53400, that corresponds to a total flow of 1080 |/min, the water temperature
increases by 15.4 K [4].
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2.4 Mass of iron

The yoke is a stack of 70 iron layers 50 mm thick. The width of the vertical
and horizontal parts of the yoke layers being 1 and 1.5 m, the lamination weight
is estimated:

Massyoke = Siron * Niayer * Airon * Wironayer = 7900 % 70 x 2 ((7.2 — 1) + (13.8 — 1.5)) % 0.05
= 1023 tons

3. Superconducting magnet design

3.1 Introduction to the superconducting version

The objective of the study is to explore an alternative to the resistive version
with a design of superconducting magnet that is competitive in terms of power
consumption and material cost.

3.1.1Superconducting options
We consider four different superconductors working at four different
temperature ranges as a case study:
e the NbTi LHC main dipole strand (LHC MB inner layer) at 6 K, [5], [6],
[7].
e the Nb3Sn HL-LHC QXF strand from OST at 15 K [8].

e the MgB; strand from the HL-LHC superconducting link [9] or the flat MRI
conductor from Columbus Superconductor at 20 K [10].

e the ReBCO conductor from Fujikura at 50 K [11].

Since the superconducting properties of these materials strongly depends on
the applied field, one must precisely assess its maximum amplitude at the level
of the conductor. The peak field is computed with Opera® software 2D and 3D
simulations.

3.1.2Superconducting coil design

For the superconducting version, the magnet is also made of six coils (three
per pole) and an iron yoke. Each coil is a double pancake that hosts a winding
made of two layers of one single-copper-stabilized-superconducting-wire.

According to the superconductor type, the number of turns and the level of
current is adapted to produce the required field induction. The coils position is
such they cover the aperture width and keep good field homogeneity near the
iron. The coils dimensions are kept as short as possible to save conductor cost.

\
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3.1.3Operating conditions

From the numerical model, one computes the magnet load line as the
maximum field at the conductor’s level as function of the conductor current.
Together with the critical surface of the superconductor, one determines the
operating margin in terms of quench field as:

B — B
Margin = 100 x = cond

Where Bss is the short sample field (intersection of the load line with the critical
surface) and Bcong is the field computed on the conductor at nominal current.

For each superconducting option, the goal is to find out the most relevant
operating temperature keeping the margin on quench field above 30%.

3.1.4Magnet protection

One issue dealing with superconducting coils is their protection during a
qguench. In all cases we allow a maximum hot spot temperature to increase up
to 50 K during a quench.

The superconducting material is stabilized with copper layers bound to the
superconductor and an external dump resistor is used as energy extraction
system.

A voltage detection system is required for superconducting magnet and
necessarily implied the positioning of voltage taps distributed along the coil
winding [13].
3.1.4.1 Copper stabilized superconductor

An adiabatic thermal model of the stabilized superconductor gives the relation
between the current density in the copper stabilizer Jcymax and the Hot Spot
temperature [14]. With I, the operating current, the total copper area Scy,totar
reads:

Iop

Scutotal = 7
Cu,max

The area of the stabiliser is then:

SCu,stab = SCu,total - SCu,strand

Taking a rectangular cross-section for the copper stabilizer around the
conductor with an aspect ratio of 3, both sides a and b of the rectangle get sizes

as.:
a= SCu,stab
\’ 3

b=3x*xaqa
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With the density of copper of p., the density of the superconductor ps, the
copper-to-non-coper ratio acu-ncte and the total conductor length /cong, the
superconductor’s weight msc and the copper stabilizer’s weight mcy,stap read:

_ leond*Astrand
Mg = * (aCu—nCu * Pcu + pSC)
Acu-ncutl

Mcy,stab = Pcu * lcond * SCu,stab

3.1.4.2 Protection scheme

The following part gives the main parameters relative to the magnet
protection RL circuit. Such circuit is given in the ANNEXE Fig. 48.
1. Magnet inductance

The magnet inductance is computed from the 3D Opera® model using the
integral of the field over the whole volume. From the stored energy,

e

The magnet’s inductance can be obtained [3]:
2E,
Leotar = IZ_St
total
2. Maximum allowable voltage
The value for the resistance of the external dump is set according to the

maximum allowable voltage Umax. By design, we set:
Upax = 1000 [V]
3. Dump resistance

According to the quench current and the maximum voltage, the dump resistor
value reads:

Um ax

Rdump Iop

4. Extraction time constant

Neglecting the magnet resistance, the time constant during the extraction
corresponding to an exponential decay of the current is:

_ Ltotal

R dump

5. Quench integral
The quench integral for an exponential decay reads:
QI =051 x]?

The quench integral must be sufficiently low to maintain the conductor
temperature below a maximum allowable temperature Tmax of 50 K.

. J
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6. Hot Spot Temperature assessment

An example of temperature increase as function of the quench integral is
shown in Fig.3. It displays two cases, where the current is either 200 A and 500
A, the magnet inductance, either 230 H or 37 H, the dump resistor either 5 Q or
2 Q. For both cases, the copper stabilizer cross-section is of 17.5 mm?2. Both
cases start either a 20 and 8 K. Adiabatic assumption is made for this
computation taking into account the non-linear dependence of the copper
resistivity and Volumetric Heat Capacity [14].

200 T
—I1=200A, R=5Q, Copper stabiliser 2.5x7 mm2

@® Operational point , I =200 A, R=5 Q
160 —I=500A, R=2Q, Copper stabiliser 2.5x7 mm2

A Operational point, T=500A, R=2 Q
140 t

= 120 QI=2.3 MAZs,
= T=30.8K
= QI =0.92 MAZs
100 - -
o5 2K AT=22.7K
R0 AT=5.50K

60 , \ ,
40
20 %’

0.0 05 1.0 1.5 2.0 25 3.0
QI [MA2s]

Fig. 3: Example of temperature increase in the coils following a quench.

Fig. 4 shows the dependence of the temperature variation as function of the
copper stabilizer amount for the low and high current cases. This curve is used
to dimension the amount of copper needed to protect the conductor.

30 I .‘
\, \ ®1=200A,R=50,T=20K
45 \ A
\ \ AI=500A,R=20Q,T=6K
40 \ A i
3s L
\ .
— 30 A
Z \ \
£ 25 \ ~
< .
\\\ A
20 e
15 \.\ =
10 e
5 e
T |
0
0 5 10 15 20 25 30

Copper area [mm?|

Fig. 4 : Dependence of the temperature variation as function of copper stabilizer amount.
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3.2 Description of the 3D model

3.2.1Geometry

Fig. 5 shows the 3D model built with Opera® 3D software for the
superconducting version of the SHiP spectrometer. The model includes the air
region, the iron yoke and the coils. The air region is a parallelepiped with the
following dimensions: 5400x8800x10000 mm?3 sufficiently large not to influence
the field within the magnet.

Fig. 5 : Global view of the Opera® 3D model for the superconducting version of the ShiP
spectrometer. In grey color the air region, in blue the iron yoke and in red the conductors.

Annexe 6.3 shows the isometric views of the magnet with the various
dimension.

3.2.2Boundary conditions

The symmetries of the system allow modelling one eighth of the full magnet
applying either normal or tangential field boundary conditions at the symmetry
planes.

Fig. 6 shows the reduced model and the boundary conditions applied to these
external surfaces.

Normal field boundary condition applies on the symmetry plane YZ at X=0.

~
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Tangential field boundary condition applies on both symmetry planes XZ at Y=0
and XY at Z=0 and on the three far field faces of the model.

Fig. 6 : View of the reduced symmetric model (one eighth of the full model)
with Dirichlet and Neumann boundary conditions applied on the external faces.
Y is the magnetic scalar potential (null for normal field condition)

and % its normal derivative (null for tangential field condition).

3.2.3Controlled mesh

The mesh size is the crucial ingredient of the model. The conductor thickness
is much smaller than the other dimensions of the magnet. To precisely describe
the magnetic behaviour at the level of the conductor needed to determine the
coil peak field, the mesh density should be much higher at the conductor vicinity.
The total number of elements is 3332160. This degree of mesh refinement is the
only way to get precise coil field integration results.

Annexe 6.4 shows the views of the mesh for the isometric views.

3.2.4Material properties

Annexe 41 shows the non-linear BH curve used for the iron magnetic
properties of the iron core.
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3.2.5Field in the iron

Fig. 7 shows the field map on the iron with a maximum value of 1.53 T at the
corner of the yoke. The design respects the constraint of having a field below
1.75 T in the iron.

16/Apr/2020 11:56:08

Map contours: B
(- 1635688400 Y

- 1.400000E+00
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Fig. 7 : Field map on the iron yoke measured on the XY plane at Z=0.

3.2.6Field in the beam acceptance region

Fig. 8 a) and b) shows the field map calculated within the acceptance limit (at
Z=0) respectively along the XY and ZY planes. The field at the origin By is 0.153
T, the maximum field is Bmax is 0.189 T below the conductor.
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b)
Fig. 8: Magnetic field map on the acceptance limit rectangle with a) on the YX and b) YZ plans.

Fig. 9, Fig. 10 and Fig. 11 show the field along respectively the X, Y and Z-
axis at various locations within the acceptance limit. The plots allow appreciating
the field distortion near the conductor or near the iron yoke as well as the field
uniformity with the acceptance limit.

0.254 — B(X,¥=0,2=0)
B(X,Y=500,Z2=0)
0.2 - L — B(X,Y=1500,2=0)
—B 500,Z=0
__0.15-
)
M — B(X,Y=4000,2=0)
01 — B(X,Y=4500,2=0)
— B(X,Y=5000,2=0)
0.05
Opera
-2,500 -2,000 -1,500 -1,000 -500 0 500 1,000 1,500 2,000 2,500

X [mm]

Fig. 9: Field along the X-axis at different Y altitudes and at Z=0.
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0.254 — B(X=0,Y,2=0)
B(X=500,Y,2=0)
0.2 i I — B(X=1500,Y,2=0)
S~ —
0.15- < — B(X=2500,Y,2=0)
=
m
0.1
0.05-
Opera
-5,000 -4,000 -3,000 -2,000 -1,000 0 1,000 2,000 3,000 4,000 5,000
Y [mm]|

Fig. 10: Field along the Y-axis at different X locations and at Z=0.

03 1 — B(X=0,Y=0,2)
B(X=500,Y=0,Z)
0.251
— B(X=2000,Y=0,2)
0.2-
S0.15 =
m
0.1
0.051 // .
Opera
| =

0 ‘ ‘ ‘
-8,000  -6,000 -4,000 -2,000 0 2,000 4,000 6,000 8,000
Z |mm]|

Fig. 11: Field along Z-axis at different X locations and at Y=0.

3.2.7Field homogeneity in the beam acceptance region

Fig. 12 shows the field map error, representative of the field homogeneity,
within the acceptance limit. The definition of the field error expressed in percent
is:

B - BO
Error B = 100 * ( )
By

Where By is the field at the origin that is 0.153 T.

~
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Fig. 12: a) Magnetic field homogeneity map within the acceptance limit (XY plan).
b) Same map removing the zone where the error is below 15%.
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Fig. 13 shows the field error map in the YZ planes. The error is mostly below
5 % and increases in the zone close to the conductor or near the iron yoke. The
field quality matches the need of the physics of the detector in terms of field
homogeneity.
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Fig. 13: a) Magnetic field homogeneity map within the acceptance limit (YZ plan).
b) Same map removing the zone where the error is below 15%.
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3.3 Field error plot

Fig. 14, Fig. 15 and Fig. 16 show the plots of the error along the three
directions computed for different locations.

50 — ERROR B(X,Y=0,Z=0)
45 — ERROR B(X,Y=500,Z=0)
- 404 : " — ERROR B(X,Y=1500,Z=0)
=351
— — ERROR B(X,Y=2500,Z=0)
230
&'254
Dolﬂ — ERROR B{X,Y=4000,2=0)
as) 20+ — ERROR B(X,Y=4500,2=0)
715 — ERROR B(X,¥=5000,2=0)
s
10
5 Opera
-2,500 -2,000 -1,500 -1,000 -500 0 500 1,000 1,500 2,000 2,500

X [mm]

Fig. 14: Field error along the X-axis measured at different altitudes Y at Z=0.

— ERROR B(X=0,Y,Z=0)
— ERROR B(X=500,Y,Z=0)

— ERROR B(X=1500,Y,Z=0)
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0 ‘ : : i i ; .
-5,000 -4.000 -3,000 -2,000 -1,000 0 1,000 2,000 3,000 4,000 5,000
Y [mm]

Fig. 15 : Field error along the Y-axis measured at different position along X at Z=0.
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70
60
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40
30
20
10

— ERROR B(X=2000,Y=0,Z)

abs((B-BOYBO) [%]

Opera
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Fig. 16 : Field error along the Z-axis measured at different positions along X at Y=0.
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3.3.1Field on the superconductor

The field applied on the conductor needs to be precisely determined in order
to derive the magnet load line. Opera offers two methods for the coil field
determination: the nodal interpolation and the integration method. The first
method is straightforward but gives less accurate results compared to the
second that requires an extra step of computation. Both methods request very
fine mesh along and across the coil to get coil field results converging.

Fig. 17 shows the coil’s field map computed using the integration method.
The maximum value Bpeak reads 0.453 T. The field concentrates in the inner coil
at the corner near the iron.

For the integration method, the numerical parameter called MAXEDGEHDLPTS
(the maximum number of additional field points) must be increased up to
its maximum value of 1082. The nodal interpolation considering the extremely
thin dimension of the coil with respect to the finite element mesh is less accurate
than the integration method.

-----------

~i0o00
- —2000 €000

N 7

Fig. 17 : Field on the coil computed using the integration method.

In order to confirm the validity of the coil field computation, a 2D model of
the magnet has been built that allows to describe more precisely the magnetic
field within the conductor cross-section than what can be obtained with the 3D
model.
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3.4 Description of the 2D model

3.4.1Geometry and boundary conditions

Fig. 18 shows the global view of the 2D model built using Opera® 2D software
with the conductor layer, the iron, and the air region. The 2D model corresponds
to the mid plane of 3D model, saying the plane XY at Z=0 and keeps the same
dimensions for the iron yoke and the conductor. For symmetry reason only one
fourth of the system is modelled applying normal and tangential boundary
conditions.

o
an

7000.0
Y [mm]
6000.0

$5000.0;

ay

40000 av_
Y =0 an 0
3000.0

2000.0

1000.0

0'6‘ a 2000.0 4000.0

aw_
an =0

Fig. 18: Global view of the 2D Opera® model featuring in grey color the air region, in blue color the
iron yoke and in red the conductor. Boundary conditions indicated for each external side.

The smeared region corresponds to the conductor geometry as used in the
3D model. The detailed regions represent individual turns and allow evaluating
the field enhancement due to the local concentration of the current density.

Fig. 19 a) shows the conductor geometry with the copper stabilizer sandwiching
the superconducting material. The coil pack features the three-double-layer (A
and B) coils (1, 2 and 3). Both a detailed and smeared region divide the
conductor.

Fig. 19 b) shows the zoom-in the detailed region where each superconducting
cell is a square of 1x1 mm? area. The copper thickness separating the turns is
0.75 mm on each side of the superconducting cell and the thickness separating
the layer is and 6 mm. The width of one coil is then:

Weoir = 300 *(142*0.75) = 750 mm
In this simplified model, the intern turn insulation is encompassed
in the 0.75 mm.

Opera® 2D limits the number of regions to 5000 so it is not possible to model
thousands of turns (each turn contains 6 regions). For that reason, only some

- J
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parts of the conductor get a refined geometry (at the edges and at the centre of
the coils).

Layer B Coil 3
Layer A ol
Layer B .
Layer A Coil 2
Layer B .
Layer A Coil 1

b)

Fig. 19: a) View of the conductors with three coils made of two 1-mm thick layers of
superconductor (violet color) sandwiched between two 6-mm thick copper sheet (orange color).
b) Zoom-in the refined geometry of the coil 3 showing the separated turns with 5 superconducting
cells between two smeared regions.

3.4.2Controlled mesh

Just as for the 3D model, the quality of the mesh for the 2D model is of prior
importance. The 2D mesh can be refined at the conductor level to a much higher
degrees of precision with respect to the 3D model.

Annexe 0 shows the mesh used for the 2D model.

3.4.3Current density in the superconductor

Fig. 20 shows the current density within the superconducting material for the
detailed zone (200 A/mm?) and smeared zone (80 A/mm?2). One can check that
the integral of the current over the superconducting area is well equal to the
total current (360 000 A.turn).
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Fig. 20: Plot of the current density across the conductor. The insert above the plot shows the

conductor geometry.

3.4.41Intermediate result checking

The results of the 2D computation in terms of field lines, field in the

acceptance region and in the iron are reported in Annexe 0.

3.4.5Field on the superconductor

Fig. 21 a) shows the field map of the conductor region with a maximum field

of 0.25T. Fig. 21 b), c¢) are two zoom-in views from two locations at the interface
of the coil 1 and 2 and coil 32 and 3. Fig. 21 d) is a zoom-in the last turn of the
last coil showing the importance of modelling the separated turns to accurately

describe the local magnetic field. Of the field map measured on the conductor.
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Fig. 21: a) Global view of the field map on the conductor zone. B) Zoom in the detailed geometry
conductor. C) Zoom in the first eight superconducting cells.

Fig. 22 is the plot of the field along the X-axis at the altitudes of the different
coils’ layers. It shows the field enhancement for refined geometry zone with
respect to the smeared zone. For instance, the peak field rises from 0.2 T to
0.25 T going from the smeared to the details regions. This coils layer get the
highest field. Here again the shielding effect of the adjacent layers is visible with
basically half the field for the above upper layer with respect to the lower layers.
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Fig. 22: Plot of the magnetic field along the superconductor for both layers of the tree coils.
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3.5 Magnet transfer function computation

Fig. 23 is the plot of the peak field as function of the exciting current obtained
from multiple simulations. The linear interpolation (R?=1) is given with a slope
of 1.356 * 103 T/kA. The field enhancement computed from 2D model is applied
adding an extra 0.05 T to the value computed from 3D model. The inverse of
the transfer function gives the magnet load line that is used to determine the
magnet performance. We observe that the coil peak field is limited to 0.5 T.

Fig. 23: Magnet transfer function computed combining result from both 2D and 3D models.
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Fig. 24 shows, for the NbTi case, the magnet load-line and the critical currents
as function of the field given for both temperatures of 5 and 6 K.

The critical surface is computed using the parameterisation from L. Bottura’s
fit [6] and reported in the ANNEXE 6.9.1.

The plot indicates the short sample current and field (Iss and Bss) for both
temperatures. It allows computing the quench margin as previously defined.

Margin @ 6 K = 100 * 124;4505 =60%
Margin@ 5K = 100 * 222222 = 69 oy
1.625
2000 \A
1800 @5k ‘
B,=1.625T, \\‘\

1600 1,,=1664 A

1400 @6K

B,=1245T,
1,=1276 A

1200

4 1c@5K
+lc@6K

—Loadline

1000

X Operating point
A lc@ 7.8K

400

200

0
0.0

0.2

0.4 0.6 0.8 1.0

B[T]

1.2 1.4 16 18 2.0

Fig. 24 : LHC MB inner layer NbTi conductor.
Magnet load-line and critical surfaces for two different temperatures: 5 and 6 K.

With a conductor current of 500 A, the required number of turns per coil is
240.

The model gives the total volume of conductor= 3.22 108 mm3. With a
conductor cross-section of 752x1 mm?, the total length of conductor is 102 km.

Taking an aspect ratio of 2, 250 micron of turn insulation and an available
space for the coil of 750 mm, the rectangular copper stabilizer dimensions are
a= 2.7 mm and b= 6 mm. It yields to a copper current density of 30 A/mm?.
Starting at 6K, the temperature increase by 22.7 K for a hot spot of hot spot is
of 28.7 K.

The total conductor weight is 698 kg and the total copper weight is 14298 kg.
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3.7 Nb3Sn option

Fig. 25 shows, for the Nb3Sn HL-LHC QXF RRP case, the magnet load-line
and the critical current as function of the field given for temperatures of 12 and
14 K.

The critical surface is computed using the parameterisation from L. Godeke's
fit [7], [8] and reported in the ANNEXE 6.9.2.

The plot indicates the short sample current and field (Iss and Bss) for both
temperatures. It allows computing the quench margin as previously defined.

0.884—-0.5

Margin @ 14 K = 100 * =43 %
Margin @ 12 K = 100 « 2222222 = g7 ¢,
1.534
2000
Q
1800 & o
@12K .

1600 B,=1534T,

1,=1572 A

1400

Olc@ 12K
@lc@ 14K

—Loadline

1200
@ 14K

B,=0.884T,

1000

I [A]

X Operating point
-&-lc @ 15.2K

800

600

400

200

Fig. 25 : HL-LHC QXF RRP NbsSn conductor.
Magnet load-line and critical surfaces for two different temperatures 12 and 14 K.

With a conductor current of 500 A, the required number of turns per coil is
then 240.

The model gives the total volume of conductor= 3.22 108 mm3. With a
conductor cross-section of 752x1 mm?, the total length of conductor is 102 km.

Taking an aspect ratio of 2.2, 250 micron of turn insulation and an available
space for the coil of 752 mm, the rectangular copper stabilizer dimensions are
a= 2.71 mm and b= 6 mm. It yields to a copper current density of 30 A/mm?2.
Starting at 12 K, the temperature increase by 24.1 K for a hot spot of 36.1 K.

The total conductor weight is 417 kg and the total copper weight is 14515 kg.
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Fig. 26 shows, for the MgB, HL-LHC Superconducting link round conductor
case, the magnet load-line and the critical current as function of the field given
for temperatures of 15 and 20 K.

There is so far no published parameterization of the critical current density
for MgB.. The available data are from measurement from Columbus
Superconductor [9], [10]. For this study, the focus is made on two different
wires. The first get a round cross-section of 1.0 mm diameter and the second a
flat cross-section of 3x0.5 mm [11].

The plot indicates the short sample current and field (Iss and Bss) for both
temperatures. It allows computing the quench margin as previously defined.

0.88-0.5

Margin @ 20 K = 100 * oes = 43 %
. 1.04-0.5
Margin @ 15K = 100*W: 52 %
2000
== 3
1800
1600 TO:
@16 K 3x0,5 titanium clad wire
1400 B,=1.28T, 3x0,5 alluminum stabilization
1200 Olc@16K
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1000 —Loadline

IA]

* Operating point
-4lc @ 26K

800

600

400

200

0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
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Fig. 26 : HL-LHC Superconducting link MgB; round conductor.
Magnet load-line and critical surfaces for two different temperatures 15 and 20 K.

With a conductor current of 200 A, the required number of turns per coil is
then 600.

The model gives the total volume of conductor= 3.22 108 mm3. With a
conductor cross-section of 752x1 mm?, the total length of conductor is 128 km.

For the round wire, taking an aspect ratio of 3.2, 250 micron of turn insulation
and an available space for the coil of 752 mm, the rectangular copper stabilizer
dimensions are a= 0.73 mm and b= 6.13 mm.
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It yields to a copper current density of 12 A/mm?2. Starting at 20 K, the
temperature increase by 9.2 K for a hot spot of 29.2 K.

The total conductor weight is 647 kg and the total copper weight is 8358 kg.

Fig. 27 shows, for the MgB: flat conductor case the magnet load-line and the
critical current as function of the field given for temperatures of 16 and 20 K.
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Fig. 27 : Columbus MRI MgB; flat conductor.
Magnet load-line and critical surfaces for two different temperatures 16 and 20 K.

For the flat conductor, the margins are:

1-0.5

Margin @ 20 K = 100 * =50%

Margin @16 K =100 * 1.28-0.5

=61%
The model gives the total volume of conductor= 3.22 108 mm3. With a
conductor cross-section of 752x1 mm?, the total length of conductor is 128 km.

For the flat wire, a= 2.25 mm and b=6.98 mm, the conductor and copper
weight are respectively 1237 and 17508 kg.

It yields to a copper current density of 12 A/mm? which produces the same
hot spot temperature as for the round wire.
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3.9 ReBCO option

Fig. 28 shows, for the ReBCO Fujikura tape, the magnet load-line and the
critical current as function of the field given for temperatures of 40 and 50 K.

The critical surface is computed using the parameterisation from [12] and
reported in the ANNEXES 0.

The tape is 12 mm wide with a film thickness of 2 um.

The plot indicates the short sample current and field (Iss and Bss) for both
temperatures. It allows computing the quench margin as previously defined.
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Fig. 28 : Fujikura ReBCO tape conductor.
Magnet load-line and critical surfaces for two different temperatures 50 and 55 K.

With a conductor current of 500 A, the required number of turns per coil is
then 240. The model gives the total volume of conductor= 3.22 108 mm?3. With
a conductor cross-section of 752x1 mm?, the total length of conductor is 128
km. Taking an aspect ratio of 2, 250 micron of turn insulation and an available
space for the coil of 752 mm, the rectangular copper stabilizer dimensions are
a= 2.89 mm and b= 5.77 mm.

It yields to a copper current density of 30 A/mm?2. Starting at 50 K, the
temperature increases by 6.1 K for a hot spot of 56.1 K

The total conductor weight is 1951 kg and the total copper weight is 22272 kg.

\




QCERNj REFERENCE ] ( EDMS NO. REV. ‘ VALIDITY
\/) %%ﬁ%ﬁ ( 2020-46 2440157 | 0.0 DRAFT

-

)

Page 30 of 53

3.10 Superconducting option summary

Fig. 29 compared the various options in terms of quench current margin. All
materials can work with conformable margin of more than 40 %.
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Fig. 29 : Comparison of the margin for NbTi, Nb3zSn, MgB, and ReBCO conductors.
The operating temperatures with or without margin are given for each case.

The temperature margin is defined as the difference between operating
temperature and the temperature for which the material goes resistive keeping
nominal current. This later temperature is just the indicated in green color in the
former I-B curve. Fig. 30 compared the options in terms of temperature margin.
The MgB> and the ReBCO conductor offer large stability facing thermal
disturbances with more than 5 K of margin to quench.
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Fig. 30: Comparison of the temperature margin for NbTi, NbsSn, MgB, and ReBCO conductors. The
operating temperatures with or without margin are given for each case.
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Fig. 31, Fig. 32, Fig. 33 and Fig. 34 respectively compares the conductor
weight, the copper weight and the corresponding cost for the materials.
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Fig. 31 Comparison of the total weight superconductor for NbTi, NbsSn, MgB, and ReBCO cases.
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Fig. 32 : Comparison of the amount of copper for NbTi, NbsSn, MgB, and ReBCO cases.
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Fig. 33 Comparison of the cost for the superconductor for NbTi, NbsSn, MgB, and ReBCO cases.
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Fig. 34 : Comparison of the cost for copper for NbTi, NbsSn, MgB, and ReBCO cases.

The material density and the superconductor costs are indicate in the Table 4
and Table 5 in the ANNEXE 6.10 and 6.11.

Annexe 6.12 reports all the design parameters (operating conditions,
conductor cross-section, etc...) used in this report as well as the main results
(margin to quench, temperature margin, etc...).
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4. Conclusive remark

Different options using either NbTi or Nb3Sn or MgB, or ReBCO have been
explored and a comparison made on the operating margins as well as on the
cost of the coils have been performed.

All superconducting options are in principle technically feasible. Each of them
present advantages and disadvantages:

e NDbTi is readily available and cost effective, needs cooling below 6 K

e NbsSn, in this specific magnet, does not represent an interest compared
to NbTi or MgBa..

e MgB> can benefit of recent developments, allows operation below 20 K

e ReBCO is expensive and its availability in such long length needs to be
explored, however the total amount of conductor needed is relatively
small for the coil size and this would allow a simplification of the
cryogenic system by operating below 40 K.

The protection to quench can be safely ensured with external dump resistors.

Considering the relatively low peak field induction the MgB> option may merit
the development of a technical design.
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6. Ahnexe

6.1 Technical drawing for the resistive version

Fig. 35 shows the technical drawing with the various dimension for the
resistive version of the SHiP spectrometer magnet.
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Fig. 35 : Actual geometry of the resistive version

of the SHiP spectrometer.
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6.2 Coils geometry

Fig. 36 displays the parameters used for the definition of the resistive coils.

tion (518 ton |21
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Upright length (H2) 360 Arc radus (R2) 352
Y
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Fig. 36 : Coil dimensions for the resistive version (three coils per pole).

Fig. 37 displays the parameters used for the definition of the superconducting
coils.

Fig. 37 : Coil dimensions for the superconducting version (three coils per pole).
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6.3 Isometric views of the magnet

Fig. 38 displays only the iron yoke and the coils. Fig. 39 a), b) and c) respectively
show the front, top and side view of the model.

Fig. 39 d) is a zoom-in the conductor corner showing the space between the coils
which is 12 mm. It lets room for the conductor stabilizer and insulation as well
as limit the field enhancement due to the proximity of the other coils.

The curvature radius is the same for all corner of the six coils and is 352 mm.
Fig. 37 of ANNEXE 6.2 gives the details of the coil geometry for the six coils.

The iron yoke is 1000 mm thick on the vertical edge and 1500 mm thick for the
horizontal edge. 200 mm separates the coils from the iron yoke in order to keep
room for the cryostat.

The coil’s cross section is 1x752 mm? and carries a current density of 80 A/mm?.

—14000
» 16000

Fig. 38 : Global view of the Opera® 3D model for the superconducting version
(without the air region).
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Fig. 39: a) Front, b) top, c) side views of the 3D models and d) zoom in 6 coils.
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6.4 View of the 3D mesh

Fig. 40 a) shows the global view of the quadrilateral mesh used for the 3D
model. Fig. 40 b), c), d) display the mesh for three different orientations. The
mesh is coarser and coarser going away from the conductor with a maximum
finite element size of 200 mm. Fig. 41 shows the refined mesh at the vicinity of
the conductor with finite element size of 0.25 mm to have four elements on the
conductor cross-section.

) o _5

c) d)

Fig. 40: a) Global view of the mesh, b) Side view of the mesh, c) Front view of the mesh,
d) Top view of the mesh.

a) e b) HTE

c)

Fig. 41: Zoom-in the refined mesh at the conductor’s vicinity. a) front view with mesh density
increase, b) top view and c) zoom-in the coil cross-section with 4 FE/mm.
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6.5 BH curve for the iron

(H) is shown in Fig. 42.

The plot of the Magnetic Flux Density (B) versus the Magnetic Field Strength

1.5

BI[T]

0.5

0 20000

40000

60000

80000 100000 120000 140000 160000
H [A/m]

Fig. 42: BH curve used for the iron and referred to “tenten.bh” in the Opera® database.
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6.6 View of the 2D mesh

Fig. 43 shows the quadrilateral mesh used for the 2D model with refined mesh
at the conductor regions. Fig. 44 displays the finer mesh in the conductor zone
with 30 finite elements per mm. The mesh density is then much higher than the
one used in the 3D model.

3000.0

X [mm]

Fig. 43 : Global view of the mesh for the 2D model.

Fig. 44 : Zoom-in the mesh used for the detailed conductor.
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6 7 Field lines, field in the acceptance region and in the iron for the
2D model

6.7.1Field lines

Fig. 45 demonstrates that the field lines effectively respect the applied
boundary conditions with normal and tangential fields on the inner side and
external sides.

6000.0

Fig. 45: Plot of the potential lines showing the relevance of the boundary conditions.

6.7.2Field within the acceptance region

Fig. 46 shows the field map in the area enclosed by the iron yoke. The field
is uniform in the magnet aperture with a Bp 0.167 T slightly higher than the 3D
model results. The coils tend to shield the field above with almost zero field
below the iron.

L L 1 L L

6000.0 8000.0 10000.0 120000 14000.0 16000.0 18000.0 20000.0 22000.0
Component B X [mm]
0.0 0.10416718 0.208334361

— — | e ——

Fig. 46 : Field map for the air region enclosed in the iron yoke with an average field of 0.16 T.

6.7.3Field in the iron

Fig. 47 shows the field in the iron. The maximum field of 1.48 T is as expected
slightly lower than the field computed with the 3D model (1.63 T). The field map
also shows that the iron yoke completely shields the magnetic field.
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Fig. 47: Field map on the iron showing field concentration at the inner corner
with a maximum amplitude of 1.48 T.
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6.8 Magnet protection scheme

A dedicated electrical circuit a dump resistor in parallel to the magnet,
assuming long energization time (few hours) is shown in Fig. 48.

=
r

=
o 'u
O
3 plugs g
3 z
£ :

<O
i

Fig. 48: Electrical circuit featuring the power converter in series with the magnet through current
leads and bus bar. The dump resistor is set in parallel to the magnet.
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6.9 Ciritical surface scaling law

6.9.1NbTi
From L. Bottura’s fit [6], the critical current density J. of typical NbTi strand

can be expressed as function of the reduced temperature t and the reduced field
b. The relation reads:

Jc(B,T) = %b“(l — b)(1 -ty
With:

t=—
Teo

B
B2 (T)

With T and B the applied temperature and field, Tco the maximum critical
temperature (at B=0) and Bc2 the maximum upper critical field (at 7=0):

B (T) = Bepo(1 —t™)
Table 1 gives the parameters for the fit relative to the LHC MB strand

b =

Table 1 : Critical current density Bottura’s fit parameters.

LHC MB Units
Bc2o 14.5 [T]
Teo 9.2 (K]
GCo 27.04 [T]
a 0.57 [-1
b 0.9 [-]
g 2.32 [-]
n 1.7 [-]

With this set of parameters, the critical current I. is defined as the product of
the critical current density multiplied by cross-section of the strand:

Ie = ¢ * Astrana

D¢irand
J— Stran
Astrand =T 4

A cross-check can be made on the typical measured value at 4.2 Kand 5T
from [7] of 536 A for the outer layer strand:

I.(42K,5T) = 518 [A]
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6.9.2Nb3Sn

From L. Godeke’s fit [8], the critical current density Jc of typical Nb3zSn strand
can be expressed as function of the reduced temperature t, the reduced field b
and the deviatoric strain function s(¢) The relation reads:

Je(B,T, ) = Fs(a)(1 = ") (1 = t)b“(1 = b)’

With:
_ T
Tc*m(g)
B
b= Bea(T,€)

Bcy(T) = Bepos(e)(1 —t")
Tc* = Tc*ms("‘:)l/3

Ca1 [\/(gshift)z +(£0,a)2 _J(Eaxial_gshift)z +(£0,a)2 —Caz€axial

1-Ca1€0,a

+1

s(e) =

Eaxial = Eapplied T Em
With T and B the applied temperature and field, Tco the maximum critical
temperature (at B=0) and Bc2 the maximum upper critical field (at 7=0).

The strain is set to zero in the present analysis but should be adapted later
on to get a more accurate evaluation of the critical current.

Table 2 gives the parameters for the fit relative to the HL-LHC QXF strands [8].

Table 2 : Critical current density Godeke'’s fit parameters.

HL-LHC QXF | Units
Bcao 27.65 [T]

Teo 16.95 [K]

C: 216.2 [KAT/mm?]
Ca1 47.6 [T
Caz 6.43 [T]

&o,a 0.273 [%]
Em,SHIP 0 [%]
Eshift 0.037 [%]
Eapplied 0 [%]
Eaxial 0 [%]

a 0.5 [-]

b 2 [-]
g 1.37 [-]
n 1.52 [-]
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With this set of parameters, the critical current Ic is defined as the product of
the critical current density multiplied by cross-section of the strand relative to
the non-copper part, acu-ncu:

Io = J¢ * Age

Astrand

sc —
Acy-ncutl

A crosscheck on the typical measured value at 4.2 Kand 12 T from [8] of 650
A for the HL-LHC strand gives:

1.(42K,12T) = 675 [A]

6.9.3MgB;

There is so far no published parameterization of the critical current density
for MgB>. The available data are from measurement from Columbus
Superconductor [10]. Different MgB. wires have been tested as function of the
temperature and field. For this study, the focus is made on two different wires.
The first get a round cross-section of 1.5 mm diameter and the second a flat
cross-section of 3x0.5 mm. The first is intended to be used in the HL-LHC
superconducting link [9] and the second dedicated to MRI medical application
[11].
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6.9.4ReBCO

From J. Fleiter’s fit [12], the critical current density J. of typical ReBCO tape can be
expressed as function of the reduced temperature t, the reduced field b and the angular
dependence g. The relations for perpendicular and parallel field respectively read:

a Pc Yc
]c,c = Ec bc (1 - bc)qc(l - tn)

a a a
]c,ab = ??b P b(l — b)Qab[ (1 — tTll)TlZ +a (1 _ tn)]y b
Where:
ab = B/Blabl b = B/Blcl t= T/Tco

Bi,ab - lO ab ((1 nl)nz ta (1 - tn))
Bi,c = BiO,c (1 - tn)
Adding the fit of angular dependence ¢, the critical current density is:

]c,ab (B: T) _]C,C(Bl T)

()

g(B,T) = gy + grexp(— gz exp(g3 T)|B)

Table 3 : Critical current density Fleiter’s fit parameters.

J«(B,T,8) =], (B,T) +

Fujikura Units

go 0.03 [-]

g1 0.25 [-]

g2 0.06 -]

gs 0.058 | [-]

Teo 93 [K]

pc 0.5 [-]

Qe 2.5 [-]
Bioc 140 [T]

Ve 2.44 [-]

ac 1.86 [MA T/mm?]

n 1 [-]

ni 1.4 [-]

nz 4.45 [-]
Pab 1 [-]
qab 5 [-]
Bio,ab 250 [T]

a 0.1 [-]

Yab 1.63 [-]
Qb 68.3 [MAT /mm?]

thickness 0.002 [mm]

\
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| width 12 | mm]
6.10 Material density
Table 4 : Material density.
Copper 8960 | kg/m3
NbTi 6000 kg/m?3
NbsSn 5400 | kg/m3
MgB2 2600 | kg/m3
ReBCO 6350 kg/m?3
6.11 Conductor price
Table 5 : Conductor price
Copper 10 CHF/kg
NbTi 200 CHF/kg
NbsSn 2000 CHF/kg
MgB: 4.8 CHF/m
ReBCO 100 CHF/m
J
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6.12 Summary tables for the superconducting options

Table 6 gives for the different materials, the operating temperatures (Top),

field (Bop) and current (Iop), the total number of turns (Nwtal), the magnet current

(Imagnet), the conductor peak field (Bcond), the short sample limits (field and
current) for both temperature (Iss and Bss).

It also gives the quench margin and the temperature margins. The strand
area and copper non-copper ratio are reported as well.

Table 6 : Summary of the design parameters for the SHiP superconducting options.

Top Bgap Iop Ntotal Imagnet Bcond Iss Bss B Margin T Margin Sstrand Cu-ncu

[K] [T] (Al [ [Al [ [A] [T] [%] Kl [mm?] []

6 0.15 500 1440 720000 0.5 1276 1.245 60 1.8 0.891 1.65

5 0.15 500 1440 720000 0.5 1664 1.625 69 2.8 0.89 1.65
Nb;Sn RRP QXF

Top Bgap Iop Ntotal Imagnet Bcond Iss Bss B Margin T Margin Sstrand Cu-ncu

[K] [T] (Al [ [Al [ [A] [T] [%] Kl [mm?] []

14 0.15 500 1440 720000 0.5 900 0.884 43 1.2 0.567 1.20

12 0.15 500 1440 720000 0.5 1572 1534 67 3.2 0.567 1.20
MgB, 1.0 mm Round wire

Top Bgap Iop Ntotal Imagnet Bcond Iss Bss B Margin T Margin Sstrand Cu-ncu

[K] (7] (Al [ [Al M (Al [7] [%] Kl [mm?] []

20 0.15 200 3600 720000 0.5 343 0.88 43 8 0.79 1.70

15 0.15 200 3600 720000 0.5 413 1.04 52 13 0.79 1.70
MgB, 3x0.5 mm flat wire

Top Bgap Iop Ntotal Imagnet Bcond Iss Bss B Margin T Margin Sstrand Cu-ncu

[K] (7] (Al [ (Al M7 (Al [7] [%] Kl [mm?] []

20 0.15 200 3600 720000 0.5 410 1 50 7 1.50 1.70

16 0.15 200 3600 720000 0.5 517 1.28 61 11 1.50 1.70
ReBCO 0.2x12 mm tape

Top Bgap Iop Ntotal Imagnet Bcond Iss Bss B Margin T Margin Sstrand Cu-ncu

[K] (7] [Al [ (Al M (Al [7] [%] Kl [mm?] []

50 0.15 500 1440 720000 0.5 871 0.85 41 15 2.40 0.00

40 0.15 500 1440 720000 0.5 1153 1.125 56 25 2.40 0.00

\
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Table 7 gives together with the material reference and the operating

conditions, copper cross section for the strand itself (Scu, strand), the current

density in the copper (Jcu max), the corresponding stabilizer area (Sstab) with the
thickness and width (astab, bstab). It gives also the total length of stabilized
conductor (lcond), the weight of the superconducting material (msc) and of the
copper stabilizer (mc) and their relative costs.

Table 7 : Summary of the design parameters for the ShiP superconducting options.

Parameter relative to the conductor cross-section

NbTi LHC MB Inner layer

Conductor ~ Copper
Top Iop Scu,strand ‘qu max Scu,tot Sstab Astab bstab Icond Msc Mcy cost CCF))?t
[K] Al | [mm’]  [A/mm’] [mm?] [mm?] [mm] [mm] [km] [kg] [kg]  [KCHF]  [KCHF]
6 500 0.55 30 16.7 16.1 5.98 2.69 102 698 14298 140 143
5 500 0.55 30 16.7 16.1 598 2.69 102 698 14298 140 143
Nb,Sn RRP QXF
Conductor ~ Copper
Top Iop Scu,strand ‘qu max Scu,tot Sstab Astab bstab Icond Mgc Mcy cost Cgst
K] [A] [mmz] [A/mmz] [mmz] [mmz] [mm] [mm] [km] [kg] [ka] [kCHF] [KCHF]
14 500 0.31 30 16.7 164 6.03 271 102 417 14515 833 145
12 500 0.31 30 16.7 164 6.03 271 102 417 14515 833 145
MgB, 1.0 mm Round wire
Conductor ~ Copper
Top Iop Scu,strand qu max Scu,tot Sstab Astab bstab Icond Mg Mcy cost C(F))st
(K] [Al | [mm?  [A/mm?] [mm?] [mm?] [mm] [mm] [km] [kg] [kg]  [KCHF]  [KCHF]
20 200 0.49 12 16.7 16.2 225 7.19 128 647 18009 614 180
15 200 0.49 12 16.7 16.2 225 7.19 128 647 18009 614 180
MgB, 3x0.5 mm flat wire
Conductor ~ Copper
Top Iop Scu,strand ‘]cu max Scu,tot Sstab Astab bstab Icond Mge Mcy cost Cgst
Kl [Al | [mm?]  [A/mm?]  [mm’] [mm?] [mm] [mm] [km] [kg] [kg]  [KCHF]  [kCHF]
20 200 0.94 12 16.7 15.7 225 6.98 128 1237 17508 614 175
16 200 0.94 12 16.7 157 225 6.98 128 1237 17508 614 175
ReBCO 0.2x12 mm tape
Conductor ~ Copper
Top Iop Scu,strand ‘qu max Scu,tot Sstab Astab bstab Icond Msc Mcy cost Cgst
[K] Al | [mm’]  [A/mm’] [mm?] [mm?] [mm] [mm] [km] [kg] [kg]  [KCHF]  [KCHF]
50 500 0.00 30 16.7 16.7 5.77 2.89 128 1951 18560 12800 186
40 500 0.00 30 16.7 16.7 577 2.89 128 1951 18560 12800 186

\
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Table 8 gives, together from the material and operating conditions: the
magnet inductance (L), the maximum allowable voltage (Umax), the dump
resistor value (Raump), the time constant of the current discharge during energy
extraction (1), the quench integral and the corresponding hot spot temperature

(T HotSpot) .

Table 8 : Summary of the design parameters for the ShiP superconducting options.
Parameter relative to the magnet protection.

NbTi LHC MB Inner layer

Top Iop L Unnax Rdump T Ql T Hot Spot
KI [Al [H M  [@ [§1 [MA%]  [K]
6 500 43 1000 2.0 22 2.7 30
5 500 43 1000 2.0 22 2.7 29

Nb,Sn RRP QXF

Top Iop L Unnax Rdump T Ql T Hot Spot

KI [Al [H M  [@ [§1 [MA%] K]

14 500 43 1000 2.0 22 2.7 36.1

12 500 43 1000 2.0 22 2.7 34.1
MgB, 1.0 mm Round wire

Top Iop L Unnax Rdump T Ql T Hot Spot

KI [Al [H M (@ [§1 [MA%]  [K]

20 200 229 1000 5.0 46 0.9 29.2

15 200 229 1000 5.0 46 0.9 24.2
MgB, 3x0.5 mm flat wire

Top Iop L Umax Rdump T QI T Hot Spot

[KI [Al [H V] [Q] [s] [MA’s] [K]

20 200 229 1000 5.0 46 0.9 29.2

16 200 229 1000 5.0 46 0.9 25.2
ReBCO 0.2x12 mm tape

Top Iop L Umax Rdump T QI T Hot Spot

Kl [Al [H [V [Q] [s] [MA’s] [K]

50 500 43 1000 2.0 22 2.7 56.1

40 500 43 1000 2.0 22 2.7 46.1




