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THE PROBLEM

HTS Development, Dynamic Field
Quality, Magnetization Currents
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HTS DEVELOPMENT
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DYNAMIC FIELD QUALITY

Cos theta design Aligned Block design
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However modelling assumption assume perfect cable geometry
and zero thickened REBCO layer (reality 0.001mm)
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ARTWORK SHOWING MAGNETIZATION CURRENTS

t=70.0000s,1=40833A,Bx=0.00T,By=-0.76 T,Bz=0.00 T
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THE IDEA

Persistent Current Shim
coils, Circuit, Geometry,
Helical Coils
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PERSISTENT CURRENT SHIM COILS
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Fig. 3. The geometry of the dipole used for the calculations. The dipole consists of two racetracks, bend over the z-axis, per pole. For demonstration purposes,
inside the aperture a sextupole shim coil is shown.
with B3 shim coil o with B3 and B5 shim coils 60with B3, B5 and B7 shim coils G\gith B3, B5, B7 and B9 shim coils
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Fig. 8. Magnetic field integrated in the direction of the z-axis over the magnetic length of the shim coils, for the case where the shim coil is longer than the
magnet itself. The integration is performed separately for the x- and y-components, after which the integrated components are used to determine the magnetic
field magnitude. The red line encloses the region where the field integral deviates less than 0.1% from the field integral on the z-axis.
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THE CIRCUIT AND CONCEPT dly  Mis dI4
dt Lo dt’

o The shims are connected in persistent mode
o By topology the current induced in the resistanceless shim coil cancels out only one harmonic
component of the field, independent of the origin, acting as a filter.

o Multiple shim coils can be nested to filter out several (different) harmonics.

o This shifts the issues concerning field quality, away from the coil pack such that these main
windings can be optimized for current density and efficiency.

o The current in the shim can be calculated by approaching the system as a transformer.

Inductance calculations are not straight forward.
TABLE 11

o A heater allows fOI' resetting the current INTEGRATED HARMONIC CONTENT, AT 18 mm RADIUS, OVER THE FULL
LENGTH OF THE COMBINED COIL (SHIM + DIPOLE).

R M2 l2, shim coils (with &) b3 [units] _ bs [units] by [units]  bg [units]
‘ none —419.9 —24.5 —29.1 —42.9
power suppIyCD L5 persistent joint B3 0.18 —24.49 —29.1 —42.9
‘ Bs-Bsx 0.23 —0.22 —20.1 —42.9
Bs-Bs 0.18 —0.26 —20.1 —42.9
Bs-Bs-By —0.93 —0.27 —0.22 —42.9
Be. _ _ _ 49 C
Fig. 4. The circuit diagram used in the numerical model to calculate the g;gigiBg _gég _gg; _83? _3256)
induced current in each of the shim coils. Bg-B+-Bs-Bs 0.19 —0.27 —0.52 —1.24
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SHIM COIL GEOMETRY

B2 (quadrupole)

B3 (sextupole)

B4 (octupole)

B5 (decapole)
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Fig. 1. Coil shape for each of the the first three coil harmonics with both racetrack and canted winding variations. Both variations consist of two separate
layers represented by the light and dark blue lines respectively. A semi-transparent white cylinder was added inside the coils for viewing purposes.
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HELICAL GEOMETRY

o The helical geometry is very suited for the
shim coils since there are no end effects :
Rosin(nf) = wl

: : T = e, Rycos(f) + e,Rosin(f) + €.
o A simple equation represents the geometry 2 Ro cos() + €, Rosin(f) + € n tan(a) or |’
o The maximum harmonic a shim can be ro 1771 1010 cot (o) (1)
. ; s 0 HoLo
Fredlcted analytically from the critical current,, = B N
C(B) 0 PARAMETERS DEFINING THE SHIMS IN THE NUMERICAL EVALUATION.
o Already some experience from the orbital —
name  value description
corrector n 3,5,7 and/or 9  harmonic
o 35.0deg skew angle
dr 1.00 mm midplane rib thickness
s 0.60 mm wire diameter
Tshort 00 number of turns for the short shims
Nopuig 40 number of turns per adjacent shim
Niong 210 number of turns for the long shim
Npt 210 number of elements per turn
iy 2 number of elements in wire width
np 2 number of elements in wire height

Fig. 2. Definition of the parameters that define the shape of the helical coils.
The part on the right is a view on the mid-plane as indicated on the left.
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FURTHER
ANALYSIS

Shim Length, Quench,
Sensitivity, Manufacturing
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SHIM COIL LENGTH AND CONFIGURATION

o In order to validate the concept an experiment will be
performed.

o A numerical analysis is performed on the pseudo
harmonics along the length of the magnet

o The shims work over their magnetic length .

o Since the length and position of the measurement
probe is likely different the result should be compared
to the model.
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I} 'fl!.

01 F 1 without shim_{ 0.1 withoutshim n 1
E \ / E A Y a——
R with B3 short shim doil = N with B3 shim coil 4

01 F i IMagnetic . 0.1} i Magnetic |

02 1 | 1 L L|ength I 1 0.2 1 1 1 | 1 1 Il‘ength

-400 -300 -200 -100 0 100 200 300 400 -400 -300 -200 -100 0 100 200 300 400
z [mm] z [mm]

Fig. 5. The sextupole component at 18 mm as function of the axial position,  Fig. 7. The sextupole component at 18 mm as function of the axial position,
with and without shim coil, for the case where a shim coil is covering only  with and without shim coil, for the case where a single shim coil is covering
a short straight section of the coil. the full length of the dipole.
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PRELIMINARY QUENCH ANALYSIS

o Simple adiabatic quench model

o For a meter long shim there is not enough stored energy to burn the coil.

o More analysis needed for longer coils

0.25

100
2 02 180 X
= 2
® 0.15 4160 3
0.1 140

o 3
Q
© 0.05 120 2
&5 -

0 1 1 1 | | 1 | D

0 001 002 003 004 005 006 007 008

Time [s]

Fig. 9. Adiabatic quench analysis of a 0.8 m long sextupole shim coil
operating at 250 A, without quench protection system.
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rand-n-error Xy-error deformation-error

PRELIMINARY SENSITIVITY ANALYSIS

o A statistical analysis is performed on different type of
errors. N

P bl T

e
-
Srenaan=”
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rand-p-error

o When the shim coi dgenerates harmonics that are not
part of the intended field part of the energy or current is
used in a different harmonlc leading to under
compensation werror

o For errors around 50 micron the standard deviations m
i i ZI cylinder surface

B-error

remain less than a unit.

TABLE III

SENSITIVITY OF THE INTEGRATED HARMONIC CONTENT OF THE SHIM COILS TO RANDOM NOISE IN THE P-DIRECTION. Flg 10. Different types of errors on the wire pOSlthH. On the tOp the view

is along the z-axis. On the bottom the view is normal to the surface of the

coil and error description standard deviation o of the integrated harmonics in units support Cyllnder looklng dlrectly at the slots.
coil type  err. type  err. ampl. b1 bo b3 by bs bg b~ al as as a4 as ag as -
B3 long rand-p 50 u 0.45 0.51 0.00 040 033 0.23 017 042 053 055 041 032 024 019
Bs long rand-p 50 1 117 1.5 1.30 1.03 0.00 0.59 043 107 1.36 124 108 093 062 047
B long rand-p 50 1 2.89 348 340 265 221 1.50 000 271 352 320 281 214 158 1.36
TABLE IV

SENSITIVITY OF THE INTEGRATED HARMONIC CONTENT OF THE SHIM COMBINED WITH THE MAIN DIPOLE. VALUES OF INTEREST ARE IN ORANGE,

coil and error description standard deviation o of the integrated harmonics in units
coil type  err. type  err. ampl. by bo bs by bs bg b ay a9 as ay as ag ar
By long  rand-p 50 0.00 0.02 020 001 00l 001 000 0.0I 00 002 00l 00l 00l 0.0I ; vy o N B
Bs long  rand-p 50 0.00  0.00 000 0.00 0.3 000 0.00 000 000 000 000 000 0.00 0.00 : / ‘ LY A \\‘\ \
Brlong  rand-p 50 0.00 0.0l 001 001 000 000 006 0.0l 001 00l 001 000 000 000 ZEEZ ; V& / ‘ LAY &
By long  rand-n 50 0.00 001 012 0.0 001 001 0.00 001 00 00l 001 00I 0.00 0.0

g 0 - : ) s

Belne y 0. 000 000 000 000 000 000 000 000 0 000 000 0o oo oo Fig 1. Over exaggerated random positional errors added to the geometry
Bs long zy 50 1 0.00 0.73 0.3 000 000 0.00 0.00 0.00 069 000 000 000 000 000 ofasextupole shim coil in the direction parallel to the surface of the support
B3 long 0 05deg 0.00 000 005 000 000 000 000 000 000 12177000 000 000 000 cylinder,
Bs long a 0.5deg  0.00 0.00 043 0.00 0.00 0.00 000 0.0 000 000 000 000 000 0.00
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MANUFACTURING

«— wW—>

o Since valuable space in the aperture is used.
The coils should be as thin as possible
o For a prototype however a wire in channel
approach will be used
, / /g‘_ IN o Later vapour deposition of Nb,Sn (as done for
<dry >dwe cavities at CERN) or YBCO (at 3CS UK) on a
Fig. 13. Close-up showing a CAD drawing of the surface geometry of the Cylinder after Wh]Ch lanes are Scribed USing a
support cylinder for a sextupole shim coil prototype. To allow the layers to .
be wound on top of one another the slots into which the wire is wound are laser can be COHSldered

of different depth.

Fig. 12. CAD drawing of the support cylinder for a sextupole shim coil
prototype.
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DEVELOPMENT PLAN

o Build a Nb-Ti Magic magnet.

o We have the Nb-Ti persistent joint technology, and switches.

o CNC machine, or 3D print the magnet former in Ceramic,
GRP, or Titanium.

o We have the small filament wire 2 -3 um

o Test in a LHC development magnet (such as the 11T),
new one every two months.

o Think how to get to high field for the HTS Magnets.

o High Luminosity orbit corrector could be a candidate
for first implementation.

o Very fresh idea there is still lots to iron out.
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PAPER

o Paper ready for publication
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