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A. Stenvall, P. Tixador, G. Volpini

Abstract— Future accelerator magnets will need to reach
higher field in the range of 20 T. This field levels very difficult
to reach using only Low Temperature Superconductomaterials
whereas High Temperature Superconductors (HTS) prode
interesting opportunities. High current densities ad stress levels
are needed to design such magnets. YBCO supercontrc
indeed carries large current densities under high mgnetic field
and provides good mechanical properties especiallywhen
produced using the IBAD approach. The HFM EUCARD
program studies the design and the realization ofraHTS insert
of 6 T inside a NRSn dipole of 13T at 4.2 K. In the HTS insert,
engineering current densities higher than 250 MA/munder 19 T
are required to fulfill the specifications. The stess level is also
very severe. YBCO IBAD tapes theoretically meet thee
challenges from presented measurements. The insgntotection is
also a critical because HTS materials show low queh
propagation velocities and the coupling with the NiSn magnet
makes the problem even more challenging. The magnetand
mechanical designs of the HTS insert as well as semprotection
investigation ways will be presented.

Index Terms— High field magnet,
Superconductor, YBaCuO.

High Temperature

I. INTRODUCTION

of the study is to demonstrate the feasibility ¢ BS magnet
of 6 T in an aperture of 99 mm inserted in &$8b dipole of
13T. The design of this insert is mainly driven the

mechanical structure: an external tube of 3 mm \p#lds is
used to maintain forces, as detailed on the se\szttion. On
the magnetic aspect, only the central field of i Tonsidered,
the field quality is not taken into account forstfirst magnet.

II. DESIGNCONSTRAINS

A. Outsert in NBSn

The HTS insert will be tested in the FRESCA 2 magne
done as task 7.3 of the EUCARD High Field Magnetjgmt
[5]. This NkySn magnet is designed as an accelerator like
dipole, and will later on be used as a test stativG@ERN for
superconducting cable developments. The long tegenas a
test station on one side and the very high coghisf9 tons
NbsSn magnet on the other have imposed some consti@int
the project:

- The insert has to be fully dismountable from NigSn
magnet, without the need of disassembling it.

- The insert should not transfer any load on the3xb
magnet during operation, therefore all the magretids and
deformations have to be self-supported by the inser

EUCARD program has as primary goal to develop - During the design process of thesSh magnet, its inner
instruments and technologies for future accelesatorbore has been fixed to 100 mm thus leading to ohefithe

Using high temperature superconductor (HTS) likea€BO
(YBCO) or Bi-2212 in the magnets for future accaters will
be impossible to avoid. It permits to reach theyvdgh field
required thanks to their outstanding in field catreapacities.
In order to produce these kinds of magnets, thentation of
the field with respect to the HTS tape should h&lisd with
caution [1-3], the stress level should be well colfed and
new way of protection should be developed [4]. Bbgective
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outer diameter of the HTS insert at 99 mm to allidsv
insertion.

B. Design choices

Several constraints needed in the design of saczalerator
magnet have not been considered in this design:

- The dipole insert will be made using block tecjud,

- All double pancakes are planar.

- The ends are designed as a half circle.

- The inner bore radius of the dipole field is 1o leave
a space for a Hall probe for the magnetic field saeement
during testing.

Ill. HTSCHOICE

In order to reach the expected magnetic field dfwdith an
external diameter of 100 mm, the engineering cardemsity
over the winding needs to be around 250 A/mm? ut8er.
For HTS two main options are possible: Bi-2212 &aCuO.
We chose YBaCuO tapes to avoid the very criticalfiheat
treatment required by Bi-2212.
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Although YBaCuO tapes show outstanding longitudinalespect to field orientation, the magnetic flux signshould

field current capacity and mechanical propertieBAD
approach), all solutions available for high curreables are
not fully mature yet, including the Roebel cablgmach [6].
To a lesser extent YBCO large in field anisotropges some
additional design challenges.

To get the highest possible current, we chose ani?
YBCO tape, the widest commercially available. Ta bigh
mechanical properties IBAD route (high strength télésy
substrate) was selected with SuperPower as supplier

IV. INSERTMAGNET CONFIGURATION

A. Configuration and geometry

The block type configuration suits very well the #BuO
tape geometry, both for the winding and the magnfiid
orientation mainly in the favorable longitudinatelition.

Taking in to account the 99 mm external diametet thre
12 mm height of the pancake (tape width), the insensists
of 6 pancakes (Fig. 1 and Table I). The mid plaaacakes
are longer than the upper and lower ones in oalezduce the
peak field problems at the edges. In order to ecdahe
magnetic flux density an iron pole has been comsitle

Table Il summarizes the magnetic data of the insene
engineering current density is 246.3 A/fto reach the 6 T
central field.

TABLE | MAGNET CHARACTERISTICS

Pancake number Number of Length (mm),
and Location turns heads included
1 mid plane 73 700
2 medium 61 350
3 external 35 350

TABLE Il M AGNETIC CHARACTERISTICS

Characteristics Value
Central field (T) 6.09
Peak field (T) 5.87
Magnet inductance L per unit length
(mH/m)in the central region 322
Stored magnetic ener er unit
g gy p 465

length (kJ/m)

=01
Fig. 1: View of the coil winding

B. Magnetic field peak

be determined both in amplitude but also in origoita Both
depend on the operation: the outer magnet increaseeld
amplitude but improves the field orientation.

The maximum field amplitude is located on the fitsin of
the first block in the middle of the straight seati In addition,
the field along the straight section of the finstrt of the first
block and in the ends of the second block is ctosthe peak
field. For example, in the ends of the second hldtloc& value
of the field is around 5.7 T.

C. Perpendicular field contribution

As transverse fields reduce the current densityTis [1-3],
its value is determined in the insert and its matifield is
compared to the local parallel one. The most daiitield
locations are summarized in Table Ill. The higheshsverse
field is found on the straight part of pancake BeTransverse
field contribution at the edges is less criticahrthin the
straight parts. If the insert is tested in the thpof 13 T, the
maximal transverse field is equal of 2.9 T for agfiel field of
14.7 T.

TABLE IIl M 0STCRITICAL FIELD CONFIGURATION ON THE

ColL
Pancake number
and Location Brot (T) By (T) Bg (T)
1 straight part 18.98 18.98 0
1 head 14.12 14 1.89
3 straight part 14.99 14.72 2.86

D. Influence of the iron pole

The iron pole (fig. 6) allows an increase of thatca field
of 10% from 5.46 T to 6.09 T for a same currentsitgn It
concentrates the field lines in the pole which tgrthe peak
field on the coils and therefore generates a clefigtd higher
than the peak field on the conductor.

Maximal value of the transverse field without theni pole
equals 2.5 T. With iron pole it becomes 2.86 T. irba pole
is maintained in the final design due to its fawdea
contribution on the central field.

V. CONDUCTORDEFINITION

A. Structure of the conductor

The conductor has been
requirements:

- High current capacity

- Allows Flexibility ine the winding

- YBaCuO layer close to the neutral axis to limit

deformations in the coil ends

- Easy and low resistance connections

- Low AC losses to meet field quality specs.

The conductor for the insert is made by assembiing
tapes. The two YBaCuO layers are not transposedahdve
like a thick superconductor layer. The two tapes soldered
together face to face (closest YBaCuO layers) thinoa Cu
tape of same thickness for the connection (seéoseutB.).
The soldering makes easy the current redistributietween

thought to fulfill

Since YBaCuO tapes show anisotropic behavior witfe two tapes. The tape thickness is about 65 jkinganto

several
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account the Cu deposition above the Ag shunt far ttconsidering the local field orientation. From tlyisaph it can

soldering and a substrate of 50 um.

Two complementary copper tapes are placed in conitit
the two YBCO tapes as shown on Fig. 2. These Cestape
required for electrical stabilization and to faeite quench
protection but are not soldered to improve theilfiéiky of the
conductor.

This configuration has been chosen among sevetainsp

- Soldered tapes face to face without Cu tapeemirddle

- Tapes with soldered through two Cu tapes in adnta

12 mm
<«—>
‘ Copper + polyester insulation
100 + 30um
Contact ( Oum)
Hastelloy + YBaCuO 6pm
460 pm Copper 7Qum
Hastelloy + YBaCuO 6pm
Contact y .

Copper + polyester insulation
(100 + 30um)

Fig. 2: Schematic cross section of the conductor.

B. Internal junction

Production of long lengths of superconducting ritbamf
high properties is still a challenge. Thereforesinal junction
within the winding has to be possible. The interjugiction
between conductors is done by locally replacing Goetape
between the superconducting tapes with a shortthend

be established that the most critical locatiomighie straight
length of the outer pancake. Locally due to theldfie
orientation the critical current is reduced to ax@3550 A for
an operating current of 2800 A.

The margin in current is around 27%. It should lo¢ed
that this location is at the edge of a tape anttti@mopposite
tape edge shows a far lower perpendicular field pmmment,
therefore the margin over the whole tape is gretiten the
calculated 27%.

14
12 F

10

12 13 14 15 16 17 18 18 20

——1 nominal —— I quench
--k - LLP1 straight part

—m- [LP1head

—— L P3 straight part
- = =QCP1straight part
——(QC P3 straight part — =QCP1head

Fig 4: Load lines (LL) for the different most cdéil points of the winding
(as described in Table Ill) and their correspondijongnch current (QC) lines.

YBCO tape. The SC ribbons are soldered face to face The nominal operating current of the magnet and qhench current are

ensure a very low contact resistance.

Fig. 3: Internal junctions. In black the locatidintiee Cu tape used to do the
junctions.

C. Copper stabilizer

The central copper shunt between the SC layersots
sufficient to provide protection. Therefore two pep layers
are placed apart the central
superconducting material. These layers are noetinio the
central part to avoid increasing the bending s for
winding. Their thickness of 100 um has been deteehiin
order to allow the insert energy to be dumped wkéeping
the hot spot temperature lower than 250 K.

D. Operating current and safety margin

The operating current needed in the conductor @&chreéhe
19 T magnetic field is around 1400 A, or 700 A B€r tape.

The strong anisotropy of the superconducting tapées
the analysis of the critical field location withspect to
superconducting material properties more diffichlan with
low temperature isotropic superconductors. The icetit
current has to be determined versus the field tai@Em for
each critical location. Fig 4 shows the load lifigsfor each
of the critical locations in the winding describiedTable IlI,
and the corresponding critical current lines esthbd

conductor containihg t

figures as horizontal lines.

VI. ColL WINDING

A. Pancake definition

The number of turns for the mid-plane pancake, omadi
pancake and external pancake are respectivelylrand 35.

An order to increase the operating current andaedbe time

constant to dump the stored energy, the condustocor
winded in pairs.

B. External connections and conductor transposition

The twinned conductor requires equilibrating théuictance
to make sure the same current flows through eatheofwo
conductors. This is done by inverting the inner”oyosition
of each conductor of the twinned pair at each eérdand
external connection of the pancakes, as sketché&tgob.
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Fig. 5: Connections between the different pancakes.

|1mr.,.f¢~a."..

I Tere lapa comiludel

C. Layer jump definition

Layer jumps are installed in the straight parts tbé
pancakes, each of the twinned conductors havinglayisr
jump in one straight length. Therefore the numbddums per
pancake is odd despite the fact that the condistarinned.

D. Electrical insulation

The turn to turn electrical insulation is a polyrdape of 30
um applied on the external face of the copper stail The
copper strip is provided already insulated by tingptier. The
ground and inter-pancake insulation is made of @lafes of
0.2 mm thickness.

VIl. MECHANICAL STRUCTURE

A preliminary magnetic design has been defined
determine forces in the structure. The configurattbosen is
the worst case scenario i.e. with the;8ib field contribution
of 13 T under a total field of 19 T. After evaluagiforces on
the blocks of the insert, we defined the strucamd materials
to support them and then we reorganized the cosgipn.

The structure presented in Fig. 6, is designed &ntain
resulting forces on half of the coils equal to F&36 MN/m
and Fy= 0 MN/m.

Steel external tube
Steel external pad

Iron pole

Steel compression plate

4

- Pole: they ensure the compression stiffness & Yh
direction by applying load on the compression plat€he
material is iron for its magnetic contribution

- External tube: it carries the resulting load dintts the
deformation. Due to the magnetic forces it will e ovoid.
The material used has to have a high elastic limit.

The mechanical stresses in the external tube haem b
calculated for tube thickness 2, 3 and 4 millimetéror each
of these tube thicknesses the winding cross settianbeen
calculated considering the minimum radial thickne$sthe
external pads had to be 1 mm. For a current deosity the
winding of 250 A/mm?2 the stress evolution acros® th
thickness of the tube has been calculated ancoisrsion Fig.

7 and summarized in Table IV.

1100

10001

Mechanical stress (MPa)

L
3.00 3.50 4.00 4.50

Tube thickness (mm)

Fig. 7: The stress evolution across the thickreshe tube for 3 different
tube thickness, 2, 3 and 4 mm.

TABLE IV: STRESSEVOLUTION IN THE EXTERNAL TUBE FOR

J.=250A/MMm2
Tube Coil winding Maximum Maximum
thickness cross section field on stress
(mm) (mm2) axis (T) (MPa)
2 985.5 18.56 1071
3 942 18.4 824
4 893 18.21 649

Considering the external tube would be manufactustdg
316 L stainless steel having an elastic limit 0@ %8Pa [8] at
4 K, the design is safe for the tube of 3 mm thédsr The
average stress across the tube thickness beinghchré60

Fig. 6: Mechanical structure of the insert. Foe thodel, contact has been MPa, the operating stress is around two third @f ¢hastic

considered between coils.

limit and peak stress lower than the elastic limis a
consequence of these calculations the thicknedgeodxternal

The purpose of each of the mechanical parts is thebe has been fixed to 3 mm.

following:

- External pad: it is used to apply uniformly tload from
the coil winding to the external tube. The matetiakd will
probably be 304 stainless steel due to its higétielimit.

- Compression plate: they reduce the oval shapecet
by the magnetic loads by keeping the compressitfness in
the Y direction.

Using this retaining tube the radial deformationtio@ mid-
plane is 0.35 mm. This deformation is lower tham @5 mm
radial gap between the HTS insert and thgSdbmagnet, so
the design constraint stating that no mechanicad lwansfer
had to be allowed between the insert and the duiser
fulfilled.

More critical is the stress in the external padst asaches
the elastic limit of 304 L stainless steel in theglaes at the
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protection scheme is to induce a fast dischargebath
magnets in case of quench detection. Fig. 8 repteshe
simulation of a current decay in case of a quericheinsert,

The von Mises stresses over the coil winding reschgiith a fast discharge for the FRESCA 2 magnet #stothe

locally 400 MPa, the average value being lower tR&9
MPa. The average shear stress over the windingpisd 50
MPa.

VIIl. PROTECTION

initial time of the fast discharge some extra cotriie induced
into the FRESCA 2 dipole, which reaches 10650 & ({50 A
above the nominal value). Later, the discharge tohehe
Fresca magnet dominates the current decay of thertjn
which goes to zero slowly, with a constant time 1.28 s.

A preliminary protection study has been performedhere is some energy transferred from Fresca difmlthe

assuming different quench scenarios, which inclieHTS
insert alone during the test, or inserted in theEGRA 2
magnet with the electromagnetic coupling between ttho
magnets. A coupling coefficient of 0.9 has beenuesl
between FRESCA Il and the insert. This assumptjgpears
conservative because it allows large energy trarigfen one
magnet to the other during the discharge, andsésgga mutual
inductance of 44.4 mH (the mutual inductance viarafor
iron saturation has been neglected).

The Lubell formula [9] has been used to evaluagectiitical

temperatureT,, with the following values for the ultimate

critical temperature and critical magnetic field;c#4 K,
By=36.39 T. The generating temperatufigis then linearly

scaled betweeff. and 4.2 K, with respect to the operating

current. The quench study has been performed Wwighcode
QLASA [10], where the quench velocities are caltedawith
the analytical Wilson’s formula.

Assuming a dumping resistance of 0.590
(corresponding to a maximum voltage of 800 V fa isert),
a threshold voltage for the quench detection sysied® mV
and a delay time of 50 ms for the opening of theigrosupply
switch, the hot spot temperature reaches aboukKighen the
insert is tested alone.

12000 -

10000 - . —

Fresca 2

Current (A)

Insert

015 0.2 025 0z
Time (s)
Fig. 8: Simulation of the current decay of theeimsand FRESCA 2 magnets,

in case of quench of the insert with a triggerexd fischarge for FRESCA 2.

0 005 0.1

In case of test of the insert inside the FRESCAagnet, a
qguench of one of the two magnets would producengef@us
increase of current for the other magnet. For thason the

insert, and the hot spot temperature reaches S00uK.

IX. CONCLUSION

The design for the HTS insert has been studied and

established for all the critical aspects as medarstructure,
operating point and protection. Winding, junctiormd
connection choices will be confirmed thanks to atqtype
tested under a field of 20 T. Using these resthsinsert will
be realized and tested in the dipole FRESCA lItfbteach a
central field of 19 T in the test station.
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