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Abstract

Accelerators magnets must have minimal magnetic field imper-
fections to reduce particle-beam instabilities. In the case of coils
made of high-temperature superconducting (HTS) tapes, the
magnetization due to persistent currents adds an undesired field
contribution, potentially degrading the magnetic field quality.
In this paper we study the use of superconducting screens based
on HTS tapes for reducing the magnetic field imperfections
in accelerator magnets. The screens exploit the magnetization
by persistent currents to cancel out the magnetic field error.
The screens are aligned with the main field component, such
that only the undesired field components are compensated. The
screens are self-regulating, and do not require any externally
applied source of energy. Measurements in liquid nitrogen at
77K show for dipole-field configurations a significant reduction
of the magnetic field error up to a factor of four. The residual
error is explained via numerical simulations accounting for the
geometric defects in the HTS screens, achieving satisfactory
agreement with experimental results. Simulations show that if
screens are increased in width and thickness, and operated at
45K, field errors may be eliminated almost entirely for the
typical excitation cycles of accelerator magnets.

Index Terms — High-temperature superconductorsg. mag-
netic field quality, screening currents, persistent magnetization,
superconducting magnetic screens, finite-element analysis,
superconducting coils, accelerator magnets.

1 Introduction

Future circular accelerators for high-energy particle physics are
expected to rely on increasingly higher magnetic fields for steer-
ing and focusing the particle beams [1]. A promisingstrategy
for producing high magnetic fields consists/in adopting accelera-
tor magnets based on high-temperature superconducting (HTS)
tapes [2]. Such tapes are made of rare-earth cuprate compounds
(ReBCO) which have an estimated upper critical field of 140 T [3]
and a critical temperature of 93 K. Consequently, HT'S magnets
are expected to be operated at fields beyond 20T [2] and with
enthalpy margins one order of magnitude above traditional low
temperature superconducting (LT'S) materials, such as Nb-Ti or
NbsSn [4].

Independently of the adopted technolegy, accelerator magnets
must generate high-quality magnetic fields,in their magnet aper-
ture, with imperfections, limited to a few units in 10~% of the
main magnetic field ([5,.6]), because/field imperfections can lead
to particle-beam instabilities [7]# The field quality is determined
by magnet design features such as coil geometry and mechanical
tolerances, and influenced by material properties such as satura-
tion and hysteresis of the iron yoke. Moreover, time-transient ef-
fects such ag mechanical deformation due to Lorentz forces, and
magnetization due to‘eddy currents and screening currents in
normal condueting and superconducting materials are expected
to have detrimental effects.

Screening currents are particularly relevant in ReBCO tapes,
since they behave in the same way as wide, anisotropic mono-
filamentsy resulting in persistent screening currents. The related
magnetization adds an undesired contribution that detrimentally

Figure 1. Example showing a normalized, non-ideal dipole magnetic field,
before (left) and,afteri(right) the introduction of the HTS screens. The
expected'and actual,position of the screens is marked by dashed and solid
lines.

affects the magnetic field quality [8, 9] and decays with a time
constant longer than the duty-cycle of the magnet. The degrada-
tion of the magnetic field is particularly pronounced at low cur-
rents, because the persistent magnetization current is only lim-
ited by the superconducting current density, which is the highest
at lowest field.

Previous work for mitigating magnetic field imperfections led
to, magnetic cloaks for sensors [10, 11|, shim coils for mag-
netic resonance imaging [12] and nuclear magnetic resonance [13]
applications, and selective shields for field homogenization in
solenoids [14]. Recently, persistent-current shims coils were pro-
posed as a conceptual solution for improving the field quality in
accelerator magnets [15, 16]. The coils are designed as magnet
inserts, implementing a canted-cosine theta layout. Moving from
this concept, we propose in this paper HTS screens based on
superconducting tapes for the passive field-error cancellation in
accelerator magnets.

We present a proof of concept using HT'S screens in a dipole-
field configuration. The screens exploit the magnetization pro-
duced by persistent currents to shape the magnetic field in the
magnet aperture. The screens, made by stacks of tapes arranged
in layers, are aligned with the main field component such that
only the imperfections in the magnetic field are suppressed. The
alignment is made possible thanks to the high aspect ratio be-
tween the width and thickness of the tapes. The screens are self-
regulating, do not require active control, and store a negligible
fraction of the total magnetic energy of the magnet as they do
not form any closed loop. The proposed design is called HALO
(Harmonics-Absorbing-Layered-Object) which is fully scalable
and expandable.

The prototype consists in two HTS screens aligned in a par-
allel configuration (see Fig. 1). The screens are inserted in the
aperture of a dipole magnet which magnetic field is perturbed
by means of iron bars. Four iron configurations are investigated,
differing in the field-error magnitude. The HTS screens are ac-
tivated by cooling the prototype to 77 K with liquid nitrogen.
The persistent magnetization due to screening current reduces
the magnetic field error by a factor of three to four.

The prototype is simulated in the 2D setting using the finite
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Figure 2. a) Cross-section of a non-magnetized, conducting shell of thick-
ness §g and resistivity p. The magnetic flux lines distribution is shown for
the cases of b) finite 65 and p, c) negligible §5 but finite p, and d) negligible
ds and p.
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element method, implementing a coupled A-H field formula-
tion [17, 18, 19] for HTS magnets [20]. The numerical model
is used for evaluating the performance limits of the prototype,
tracing the residual error measured in the magnetic field due to
geometric defects, and simulating the HTS screens for working
conditions typical of accelerator magnets.

The working principle of the HTS screen is discussed in Sec-
tion 2. The experimental setup is shown in Section 3, followed by
description of the mathematical model in Section 4. Numerical
and experimental results are given in Section 5, extrapolated in
Section 6 and discussed in Section 7. Conclusions are given in
Section 8.

2 Working Principle

The working principle is discussed with regards to a non-
magnetized shell with finite thickness ds and constant resistivity
p. The cross section of the shell is shown in Fig. 2a, together with
a local coordinate system (I, L) oriented accordingly to the shell
wide surface. The shell is exposed to an externally applied mag-
netic flux density Bs(r,t) depending on space » € R3 and time
t € R3, with initial condition Bs(r,0) = 0. All the magnetic
properties are considered as constant. Starting from Faraday’s
law, the screening current density J; induced in the shell is ob-
tained as

V x pJi + 0¢(Bs + Bj) = 0, (1)

where E = pJ; denotes the electric field driving the screening
currents, and Bj; is the magnetic contribution fromithe shell to
the magnetic flux density B = Bs + Bj. The distribution of the
magnetic flux lines is shown in Fig. 2b.

By assuming negligible thickness for the shell, that is, s — 0
(see Fig. 2¢), the magnetic coupling occurs only for, the normal
component of the external field source, leaving the parallel com-
ponent unaffected. At the same time, the induced current density
flows only in the plane of the shell. Then, the differential opera-
tors and vectors v are decomposed into their tangential and nor-
mal components (superscripts || and i), that is, Vo= V"' + V1
and v = v 4+ v, accordingly to thé local.coordinate system in
Fig. 2a. With these definitions, (1)dsreduced,to

Vi x pd!' +8,(BE + B =o0. (2)

By assuming negligible resistivitynfor the shell, p — 0 (see
Fig. 2d), the material bgcomes a perfect electrical conductor
(PEC). As a consequencg, (2) i§ reduced to

9s(Bg + Bi) =0, (3)

showing that the magnetic figld has a constant value within the
shell. Since the external field was initially zero, Bil is always
equal and oppesite to Bé—. The screening currents are persistent,
exhibiting no decay time, and their magnitude is determined by
the magnetization required to completely cancel out the exter-
nally applied field. PECs are therefore ideal magnetic screens.

Although perfect electrical conductors are a mathematical ab-
straction, the.superconducting properties of the tapes provide a
reasonablé approeximation of p — 0, allowing for persistent mag-
netization generated by screening currents. This phenomenon is

1.Iron bars 4. Steel tube 7. HTS screen
2. Foam box 5. Tubeholder 8. Counter plate
3.Support plate 6. HTS holder 9. Clips

Figure 3. Exploded view of the parts of thé experimental assembly. 1. iron
bars, 2. polymide foam box, 3. aluminuin support plate, 4. stainless steel
tube, 5. aluminum collars, 6. aluminum HTS holder; 7."HTS screens, 8.
aluminum counter plates, 9. stainless steel clips.

Figure 4. Left: experimental assembly. The support plate at the bottom
bottom holds the iron bars, the foam box and the stainless steel tube which
is blocked by means of two supports at the plate ends. The holder is settled
inside the foam box. Right, top: first HTS holder prototype, obtained by
bending an aluminum plate and fixing the screen using adhesive tape.
Right, bottom: second HTS holder prototype, obtained by machining an
aluminum block and fixing the tapes using aluminum counter-plates and
clips.

combined together with the strong geometric anisotropy of the
tapes and their negligible thickness, creating a selective magnetic
coupling with respect to the spatial components of the applied
field. By choosing a suitable orientation, the tapes can be used
to guide the magnetic field, achieving a field correction only for
specific field components. This is obtained by aligning the tapes
with the main field direction, such that the cancellation effect
occurs only for the undesired field components. The tapes can
be arranged side by side into layers, increasing the equivalent
screening surface. Layers can be stacked on top of each other to
increase the magnetic screening properties. The working princi-
ple is shown by the example in Fig. 1, where a non-ideal dipole
magnetic field is shown before (left) and after (right) the intro-
duction of the HT'S screens.

The working principle is applicable also to 2D magnetic field
configurations with higher number of magnetic poles (for exam-
ple quadrupole fields) as long as the superconducting screens are
shaped accordingly to the main field component.

3 Experimental Setup

The proof of concept aims at demonstrating that the magnetic
field quality can be improved in a given region of space by means
of persistent screening currents. The proof is achieved by using
differential measurements, that is, by assessing the magnetic field
quality with and without the presence of the HTS screens.
Four key-elements are included in the experimental setup: 1) a
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1. Polymide tape
2. Epoxy adhesive
3. HTS tape

Figure 5. Left: multi-layered composite structure characterizing the HTS
screens. Four layers of HTS tapes are arranged in a stack by means of
adhesive tape which provides also electrical insulation. Right: one of the
two HTS screens used for the proof of concept.

TABLE I. Tape specifications (self field)

Parameter Unit Value Description
Superpower [23] Producer
SCS12050-AP Tape label
Hastelloy C-276 Substrate

Sw [mm] 12 Tape width

St [nm] 100 Tape thickness

8¢,Sc [nm] 1 ReBCO thickness

Ot Ag [nm] 2 Silver thickness

t,Cu [nm] 20 Copper thickness

Ot Hs [pm] 50 Hastelloy thickness
n-value [-] 28 Power-law index
T, min (77 K) [A] 304 Minimum critical current
Tc,avg (77 K) [A] 320 Average critical current
Ol [-] 0.042 Standard deviation

dipole field of known magnetic properties, provided by the refer-
ence dipole MCB24 from the Magnetic Measurement laboratory
at CERN; 2) a source of field perturbation, that is, two iron
bars introduced in the magnet aperture; 3) the field-error can-
cellation source, provided by means of two HTS screens; 4)ra
magnetic measurement system for characterizing the field qual-
ity, composed of a rotating coil [21, 22|, a motor drive, and the
data acquisition system for processing the probe signal. The ex-
perimental setup is detailed in the remainder of the section.

3.1 Prototypes

The mechanical assembly is composed of an_aluminum base
plate, a stainless steel tube, two bars madefof irony and._a‘box
made of polymide foam, hosting the HT'S holder with the super-
conducting screens. The assembly is shown in Fig. 3 and Fig. 4
(left).

The plate provides both the mechanical reference for the align-
ment in the magnet aperture and thé mechanical support for the
remaining parts. The tube protects the, field measurement sys-
tem is bolted by means of collars to the front and back folded
tabs of the plate. The iron bars are bolted on perforated folded
tabs located on the left and right,sides of the plate. A set of
holes allows the iron bars‘to be vertically displaced, in order
to investigate the field-error camncellation for different field-error
scenarios.

The box is leak-tight.and works as‘a cryostat for the cool down
of the HT'S screensdo 77 K in'a bath of liquid nitrogen. The box
is machined such /that a central groove on the bottom ensures
the clearance for the tube containing the rotating coil, whereas
two lateral grooves onnthe top allow the HTS-screen holder to
slide into thé box. The HTS-screen holder provides the mechan-
ical support for keeping the screens in parallel position. For this
setup, two prototype iterations for the HTS-screen holder were
developed and testeds

The HTS screens are made of commercially available, second-
generation HTS tapes; their relevant parameters are given in
Table I. The HTS spool is cut in 500 mm long tapes which are
arranged in a multi-layered composite structure, as shown in

AUTHOR SUBMITTED MANUSCRIPT - SUST-104442.R2

1. Experimental assembly
2. HTS screens

3. Dipole magnet MCB24
4. Iron yoke

5. Magnet coils

6. Tube for rotating coil

: o " 1 | B

Figure 6. Top left: side view of the reference dipole magnet MCB24, with
the setup mounted in the magnet aperture. Bottom left: detail of the mag-
net aperture. Right: front view of the magnet.

Fig. 5, left. Each layer is gbtained. bywattaching the tapes to
a 25 pm thick layer of epoxy adhésive, and then the layers are
stacked on top of each ogher:

An offset equal to half of the tape width is introduced between
each layer, leading to a brick wall structure. The offset improves
the screening properties of the structure by preventing the mag-
netic flux lines to penetrate in the gaps between the tapes. For
symmetry reasons, the even-order layers are one tape-width less
wide than the 0dd-order layers. The screens are sealed with 75 pm
thick polymide foils, applied on each side. Such structure is me-
chanically flexible and scalable for both the screen width and
thickness, ensuring electrical insulation between each HTS layer
and for the overall screen.

Two fourAayer, 60 mm wide screens are manufactured for the
proof of concept, with the layers containing 5 and 4 tapes. The
maximum width of the screens is limited by the available space
within, the aperture of the reference magnet. One of the screens
1s shown in Fig. 5, right. The screen curvature is a consequence of
stacking all the tapes on the same side, causing an amplification
of the typical tape convexity. This behavior is not an issue as
the screens are flexible enough to be straightened by the HTS
holder. The curvature may be mitigated by flipping upside-down
the tapes in every second layer of each screen.

The first prototype aimed for the simplicity of construction
(see Fig. 4, top right). The holder was obtained by bending an
aluminum plate, and is used to keep in place the screens by com-
pressing them between the holder and the foam box. However,
the mechanical alignment of the first prototype is not sufficiently
accurate for the proof of concept. The experience gained from the
first holder led to the improved design of the second prototype
(see Fig. 4, bottom right). Here, two aluminum counter-plates
provide a compression force to keep the screens straightened.
The counter-plates are pushed by clips made of non-magnetic
stainless steel, positioned at every 50 mm along the holder. With
respect to the previous version, the second prototype is char-
acterized by a smaller mechanical tolerance and higher stiffness,
producing a better cancellation of the field error. For this reason,
experimental activity focused mainly on the second prototype.

3.2 Dipole Magnet

The reference dipole magnet used for the experiment is shown in
Fig. 6. The magnet is normal conducting and has a linear transfer
function of 316 AT~ for the 0-1T field range. The magnet is
always operated after an initial de-gaussing cycle. Before each
experiment, the magnet goes through a pre-cycle, such that the
magnetization of the iron yoke is kept consistent through all the
measurements. The profile used for the source current im(t) is
shown in Fig. 7. The pre-cycle consists in a trapezoidal profile,
going from zero up to the nominal current I, = 316 A, and back.

After the pre-cyle, the setup is fixed into the magnet aperture.
As the foam box is designed 500 mm longer than the screen, it
sticks out of the magnet aperture (see Fig. 6, bottom), leaving
sufficient space for adding the coolant from outside the magnet
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Current profile for the dipole magnet MCB24
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Figure 7. Current cycle used in the reference dipole magnet MCB24 for
the experimental campaign.

coils. Each test cycle is composed by two consecutive trapezoidal
curves, up to the peak current I, = 31.6 A, producing a magnetic
field in the magnet aperture of 100 mT. The peak value of the
magnetic field is kept low for both preventing the reduction of
the critical current in the tapes, and limiting the magnetic forces
on the iron bars. The current is kept constant for about 120s,
to settle any dynamic effects. The measurements in each cycle
are acquired for both the current plateaus, showing negligible
difference. The data presented in this work are always taken from
the second curve, where the HTS tapes are already magnetized.

3.3 Measurement System

Rotating coils, also known as harmonic coils, are electromagnetic
transducers for measuring the by and aj field multipoles (see the
Appendix). The coil shaft is positioned parallel to the magnetic
axis of the magnet, and rotated in the magnet aperture. The
change of flux linkage @ induces, by integral Faraday “s law Uy, =
—d¢ @, a voltage signal U, which is measured at the terminals of
the coil. By integrating in time the voltage signal, the flux linkage
is obtained and given as a function of the series expansion of the
radial field [6].

The rotating coil used for the HALO characterization is com-
posed of a Printed-Circuit Board (PCB), (36.5mm in length
and 47 mm in width), aligned with the longitudinal centér of the
HTS screens. The PCB contains five coils mounted radially, with
an active surface of 320 cm?2. CERN proprietary digital cards [24]
integrate the induced voltages in the coils rotatingyat a frequency
of 1 Hz. Each measurement is given by the average of sixty rota-
tions of the coils. The measurements deliver a typical precision
of a magnetic-field harmonic of £0.05 units.

4 Mathematical Model ~N

The field problem is formulated by combining a domain decom-
position strategy with a dedicated coupled field formulation de-
rived from [20], using a thin-shell¢approximation for the HTS
tapes [26, 20]. The computational domain containing the refer-
ence dipole magnet and the experimental setup is presented in
Fig. 8. The magnetic field, given in tesla, in the cross section
of the reference dipole magnet is shown enithe top. A detailed
view of the magnet aperture ¢ontaining the experimental setup
and the iron bars which intreduce a field perturbation is given
on the bottom. The position of the HTS screens is highlighted
by dashed lines.

The field problem is solvedainder magnetoquasistatic assump-
tions for the magnetierfield strength' Ff [27, 28| in the supercon-
ducting tapes I'fy,iwhere 7 = 1,..)N¢ and Ny is the number of
tapes, and for the reduced magnetic vector potential A* [29] in
the region QA representing the remaining of the model, that is,
the normal conducting magnet and the air region. The formula-
tion reads

VX p IV xJA* + 00; A* — Xiim = 0 in Q4 (4)
V x pVX H+ 0ypH — V X xjul =0in T'f, (5)
ét/x,ﬁ‘(VxH)dF:O, (6)

Th

1. Iron yoke 0.2
2. Coil

3. Iron bar

4. HTS screen 0.18

5. Rotating coil
0.16

0414

0.12

0.08

0.06

0.04

0.02

Figure 8. Top: magnetic field, in'tesla, in the cross section of the reference
dipole magnet. The field souree is provided/ by means of a normal con-
ducting coil, marked with crossed ' domainss The c-shaped iron yoke guides
the field lines in the magnet aperture, where the experimental setup is
positioned. Bottom: detailed view of the, magnet aperture containing the
experimental setup and the iron bars which introduce a field perturbation.
The position of the HTS screens is highlighted by dashed lines.

Constitutive relation for iron
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Figure 9. Measured B-H curve for the nonlinear u(B) relation.

Lifting function f) at 77K
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Figure 10. Lifting function as a function of the field angle, for tapes at
77K and 100 mT [25].

where o and p are the electrical conductivity and resistivity, u
is the magnetic permeability, d¢ is the thickness of the tapes,
im is the source current in the dipole magnet, u/ is the source
voltage for the r-th tape treated as an algebraic unknown. The
winding functions x; and xJ, distribute the lumped source sig-
nals into the field model [30, 31]. The algebraic constraint (6)
enforces a zero net current through each tape. The field formu-
lation in (4-6) avoids the use of electrical conductivity for the
superconducting domains (o0 — o0) and the electrical resistivity

Page 4 of 12



Page 5 of 12

oNOYTULT D WN =

o &
Displacement —_—

+dg,

Figure 11. Left: visual inspection of the first HTS holder prototype, high-
lighting gaps between the holder and the foam box, as well as displace-
ments and corrugations for both the left and right HTS screens. Right:
geometric-defect parameters, used to implement a realistic geometry for
the HTS screen.

for the non-conducting domains (p — 00), such that the material
properties remain finite [32, 19].

4.1 Constitutive relations

The ferromagnetic materials included in the model are made of
pure iron (Fe > 99.8%). The B-H relation was measured for a
sample [33] and the resulting curve, displayed in Fig. 9, is used
in the model for the pu(B) relation.

The highly nonlinear electric field-current density relation
characterizing HT'S materials (see e.g. [34]) is modeled by means
of a power law [35]. Such simplified relation for the resistivity ne-
glects frozen-field phenomena, occurring only in the low current
density regime. The power law provides faster field relaxation
and decay rates for screening-current phenomena with respect
to the more complex percolation-depinning law [36, 37], there-
fore it is retained as conservative assumption. The resistivity is
given by

p(lJ],B,T) =

n(B,T)—1
) G

Ec [T
Je(B,T) (JC(B7 T)

where J is the current density, T is the temperature; Ee.is the
critical electric field set to 1 x 10=* V m~" [38], and the material-
and field-dependent parameters J. and n are the anisotropic
critical current density and the power-law index, respectively.
The power-law index was measured by thetape producer; and
it is set to 28. The lifting function f(B,7) implemented for
Jc is shown in Fig. 10, for a background field of 100 mT. Data
are taken from [25]|, where tapes fromfithe same producer and
technology were characterized. Then, J¢ is obtained from J. =
f1lc,min/Ssc where the minimum critical eurrent I min and the
superconductor cross section Sg.sare taken from Table 1.

4.2 Geometric Quality

A visual inspection of the experimental assembly highlighted
gaps between the first prototypé of the HT'S holder and the foam
box, as well as displacements‘and corrugations for both the left
and right screens; seenFig. 11, left. Such undesired geometric
defects arise from dntrinsic stresses in the HTS tapes and were
found to detrimentally affect‘the field quality.

The geometric defects introduced in the model are shown for
one screen indFig. 11 right«' The HTS screens are implemented
as two joint arcs of a parabola, whose shape is determined by
the parameters dyp and dg,. Screens are also allowed to rotate
around their central point, accordingly to the angle dg. Three
degrees of freedom are introduced for each screen, therefore the
overall,geometric defect dg is defined for this model as

d. = dl dr dl T dl r T 8
g — up’ “up’ “dn’ “dn? S99 4O ’ ()
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TABLE II. Test campaign.

No. Top Iron Ay Ayy Label
K] bars [mm] [mm]
15% HTS holder prototype
1. 300 No n.a. n
2. 77 No n.a. A
3. 300 Yes +5 —20 medium
4 77 Yes +5 —20 ediu
22d TS holder prototype
5 300 No n.a.
6. 77 No n.a. n-a.
7. 300 Yes +5 +0
8. 77 Yes +5 +o v
9. 300 Yes +5 —20 medium
10. i Yes +5 —20
11. 300 Yes —20 —10 Rish
12. 77 Yes ~ —20 —10 &
13. 300 Yes —20 +5
14. 77 Yes ~ —20 45 check

Note: Bop = 100 mT and rg = 15mm for each test.

with the superscripts | and r referring to sghe left and right
screens. It is worth noting that flat screens are still possible with
dup,ddn — 0, whereas paralleldScreens,require also dy — 0.

The MaTLAB® [39] implefmentationef the particle swarm op-
timization (PSO) [40] is used to détermine dg. The penalty func-
tion adopted for the PSQ,minimizes the difference between field
quality measurements and simulations. The optimization prob-
lem reads

6
min Dol =ai(@e)] + b — b (dg))) s
N 6% ©)
sde |dup, [ddn| > 2zc <0,
|d1‘)| - 'ﬂc S 0»

with the coefficients ’g’ and b}’ being derived from measure-
ments, whereas a}(dg) and b} (dg) are calculated numerically.
The maximum geometric errors in displacement and angle are
set'to rc = 2.5mm and 9. = 50 mrad. The index k is limited to
the dodecapole component, given that high order field compo-
nents are found to be of much lower magnitude. As discussed in
section 5, the simulated field error arising from geometric defects
is,matched with the experimental observations.

5. Experimental and Numerical Results

The test campaign for the HALO experiments is organized in
two parts, assessing the behavior of the HALO device without
and with the iron bars.

In the first part, the HTS screens are characterized both at
room temperature (300K) and in liquid nitrogen (77K), in a
dipole background field. The first measurement determines the
magnetic contribution from the normal conducting materials in
the assembly. The second measurement quantifies the magnetic
coupling of the HT'S screens with the background field, which is
strongly influenced by the precise alignment of the tapes with
respect to the magnetic field lines. The two tests are carried out
for both the prototypes of the HTS holder. Subsequently, these
results are used for fitting the geometric-defect parameters and,
therefore, calibrating the numerical model.

In the second part, iron bars are introduced in the magnet
aperture, adding a field error to the dipole field of the reference
magnet. The field error is modulated by applying to the left and
right iron bars the vertical offsets Ay, and Ay, in a range be-
tween +5 and —20 mm with respect to the horizontal mid-plane
of the rotating coil. Four different scenarios are proposed. The
first three scenarios feature an increasing magnitude for the field
error, therefore they are labeled as low, medium and high. The
fourth scenario is in an anti-symmetric configuration with re-
spect to the second scenario, providing field errors of the same
magnitude. It was used for checking the analysis method, there-
fore it is labeled as check. For each scenario, the field quality is
measured first at 300 K, being affected only by the iron, and then
at 77K, where the HTS screens are also active. In this way, a
comparison of the two measurements gives the net contribution
of the HT'S screens to the field-error cancellation.
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Figure 12. Measured and simulated magnetic field quality, without iron bars. Left: multipole expansion series. Right: Magnetic field error seen by the

rotating coil.

The most relevant features for each of the tests are summarized
in Table II. The first HT'S holder prototype is characterized only
for the medium error scenario, whereas the second prototype
is characterized for all scenarios. All the test are performed in a
100 mT background dipole field, and the multipoles are evaluated
at a reference radius of rg = 15 mm.

Measurements are compared with simulations. With respect
to the tests at 77 K, two geometric models for each HTS screen
prototype are considered. The first assumes perfectly parallel
and flat HTS tapes, whereas the second includes the geomet-
ric defects introduced in (8). All the simulations are carried
out on a standard workstation (Intel® Core i7-3770 CPU @
3.40 GHz, 32GB of RAM, Windows-10® Enterprise 64-bit_op-
erating system), using the proprietary FEM solver COMSOL
Murripnysics® [41].

5.1 Prototypes without Iron Bars

The magnetic field quality is evaluated with thefexperimental
setup mounted in the magnet aperture within ‘a dipole back=
ground field, without iron bars. Measurement and simulation re-
sults are given for the first prototype in Fig. 42a. Measurements
at 300 K quantify the influence of magnetizationfand dynamic
phenomena possibly occurring in the experimental setup within
0.5 units of field error. Measurements swith the HTS /screen at
77K show an undesired self-field error' dominated by the a2 and
b3 components, with contributions from b2 and a4. When cor-
rected for geometric defects, bothsthenmeasured/and simulated
THD factor for the first prototype is equal to 21. Note that for
simulation without geometric defects, the calculated THD factor
is almost zero, thus showing the importance of geometric defect
on the overall result.

The same measurements and simulations are presented for the
second prototype in Fig. 12c./The field erroryat room tempera-
ture is unchanged, whereas measurements at cold show five units
of a2, with minor contributions béelow one unit, and a THD fac-
tor equal to 5. Therefore, thé overall self-field error is reduced
by about a factor'of four compared to the first prototype. The
simulations withngeometric defects reproduce the measurement
results quite/well, which implies that the origin of the remaining
field error is quite welltunderstood, and further reductions of the
THD factor'seem quite feasible through improved manufacturing
techniques.

The net magnetic contribution, in units, provided by the HTS
screens is presented in Fig. 12b and 12d for the rotating coil
region. The field solution is reconstructed from the measured
multipoles for both the prototypes, at 300 K and 77 K. At cold,

TABLE III..Geometric-defect parameters.

Screen Error Unit 15% holder 274 holder
dup nm 1200 -1
Left dan pm —1900 170
dy mrad 47 —5
dup pm 1000 —_75
Right dgn ™  um 2100 5
dy mrad —42 1

the quadrupole field component is dominant in both cases, with
a field inhomogeneity qualitatively higher for the first prototype.

5.1.1 \ Geometric Quality Analysis

The field quality measurements of the HALO setup at 77 K with-
out iron bars are used in the PSO algorithm (see Section 4.2),
obtaining a residual in the penalty function below 0.5 units. The
geometric-defect parameters calculated for the HTS screens are
given in Table III, for both HTS holders. The first prototype
suffers from relevant geometric defects, up to a few millimeters.
In the second prototype, the defects related to curvature and
rotation are reduced by more than two orders of magnitude.

The geometric-defect parameters determine the shape of the
HTS screen in the two prototypes as in Fig. 13, where geometric
defects are graphically magnified by a factor ten. Note that from
Fig. 11, the distortion shown in Fig. 13 is already apparent. The
figure includes also the position of the rotating coil and the hor-
izontal mid-plane. The first prototype is affected by substantial
geometric defect, whereas the second prototype is much closer to
the reference geometry. A residual deformation of the left screen
still persists, leading to a non-perfect parallelism between the
tapes.

The self-field contribution from the HTS screens is affected by
mechanical tolerances. The worst-case screens in terms of max-
imum THD factor are numerically determined using the model
of the experimental setup. In detail, the PSO algorithm is used
for finding the worst-case screen deformation within given con-
straints, imposed by prescribing the mechanical tolerances as
maximum geometric defects in (9). Results are given in Fig-
ure 14, showing that the THD factor can be kept around 1 unit by
applying tolerances of 25 pym. As an example, the same tolerances
were used for the manufacturing of the austenitic steel collars of
the superconducting coils in the LHC main dipole magnets [42].
For perfectly parallel screens in the thin-shell approximation, the
self field error disappears. In practice, due to the finite thickness
of the superconducting tapes, the error is negligible but nonzero.

Page 6 of 12
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Figure 13. Graphical rendering of the geometric defects in the HT'S screens,
for both the version of the holder, as well as for an ideal HALO geometry,
with perfectly parallel HT'S screens. Defects are rendered with a factor ten
amplification.
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Figure 14. Simulated self-field error, in THD units, as a function of the
mechanical tolerance prescribed for the screens. Results are given for the
worst-case design within prescribed tolerances.

5.2 Prototypes with Iron Bars

The iron bars are mounted in the magnet aperture, and the mag-
netic field quality is evaluated. Measurements at 300 K are in=
fluenced only by the iron bars, whereas at 77 K the HALO ¢con-
tribution is also included. For the first prototype, the magnetic
field quality is given in units as a multipole expansion series in
Fig. 15a. The iron bars are mounted accordingly to the medium
error scenario (see Table II), creating 30 units of az and 15 units
of a3, with minor contribution of bs. The HALO reduces the a2
a3 contributions, whereas the b2, b3 and b4 errors are increased:
The increase for ba, b and bs occurs due to the geometric defects
in the first HALO prototype (see section 5.1):

For the second prototype, the iron bars are mounted according
to all the four scenarios described in Table II.{The field error
due to the iron bars is characterized for the low error scenario
(Fig. 15c) by 10 units of a2, with minor contributions of b3 and
a3; for the medium error scenario (Fig. 15e) by 30 units of as
and 15 units of az, with minor centribution of bg; for the high
error scenario (Fig. 15g) by 70/units of ap and 10 units of as
with minor contribution from b and a4. The ¢heck error scenario
(Fig. 151) introduces an error equahin magnitude to the medium
error scenario, but with inverted sign forsthe normal even-order
and the skew odd-order multipoles.

Once the HALO is superconducting, the field error is reduced.
This observation holds true for for each scenario, and for every
field multipole intreduced by theiron bars. The reduction factor
for the dominant multipolesds between three and four, higher
for the components with higher magnitude. The high-order mul-
tipoles (> 4) arerleft unperturbed, and are all within the noise
floor of the background field. Simulation results show that curved
and flat geometries arein qualitative agreement, with the screens
working close to ideal conditions.

The net magnetie,contribution provided by the HT'S screens is
shoewn in Fig. 15 for the rotating coil region. Results are shown
at 300K and,77 K for the first prototype in a medium error sce-
nario, and for the second prototype in the low, medium, hard,
and check error scenarios. The color scales are consistent only by
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TABLE IV. HALO performance results.

No. Holder Field error Ng Nm Qg Qm
1 15t medium 0.40 0.58 1.7 2.4
2 ond low 0.65 0.72 2.8 3.5
3 ond medium 0.86 0.68 6.9 3.1
4 ond high 0.92 0.74 12.6 3.8
5 gnd check 0.85 0.66 6.7 2.9

rows, as the field error in the four scenarios has different mag-
nitude. It is possible to observe for all the scenarios, fromithe
left to the right column, a reduction in the field error and an im-
provement in the homogeneity of the magnetic field distribution.

5.3 Field-Error Cancellation

The THD factor, see (13) in the Appendix, is calculated for the
field-error results in Fig. 15, for both the first and second pro-
totype. Results are shown in Fig. 16 for measurements and sim-
ulations. The magnetic contribution of the HTSiscreens causes
a reduction of the THD factor for/each scenatio, for both proto-
types. The highest reduction is achieved for the scenario at high
field error, where the contribution from,theself-field error from
the screen is less relevant. ~

The overall field-cancellation performance of the HTS screens
is quantified by means ©of . two efficiency parameters. The geo-
metric efficiency ng, togetherwith the related geometric quality
factor QQg, measures the performance degradation caused by non
ideal screen geometries. It is defined as

Fa(Bhao) 1
. GgFalo) _ 10
Fd(Biron) Qg ( )

where By,,10 and\Bji;on represent the measured field in the dipole
magnet with the HT'S screens and the iron bars, respectively. For
high efficiency, the selfsfield error from the screens must be negli-
gible with respect to the overall field error. For perfectly parallel
and infinitely thin screens, that is, for Fq(Bpalo) — 0, the geo-
metrical efficiency 17y — 1 and the screens reach the theoretical
performance predicted by simulations with flat screens.

The ‘magnetic efficiency nm, together with the related mag-
netic quality factor Qm, measures the overall field quality im-
provement after the field-error cancellation. It is defined as

Fq(B 1
e =1 — a both)zlii’
Qm

F d (B iron)

where By,otn is the measured magnetic field in the dipole magnet
with both the HTS screens and the iron bars. The magnetic
efficiency is influenced not only by the geometric defects but also
by the width, thickness, and position of the screens. A complete
cancellation of the magnetic field error consists in Fq(Bpoth) —
0 and corresponds to the maximum magnetic efficiency nm — 1.

The performance parameters 10 and 11 are reported in Ta-
ble IV for all the scenarios. The first prototype features ng = 0.4,
nm = 0.6, and Qm = 2.4. A performance increase is observed for
second prototype, achieving a g up to 0.9 and nm up to 0.75, de-
livering a Qm between 2.9 and 3.8. The field quality is improved
by a factor of almost four, for the high field-error scenario. For
the scenarios where Qg < Qm, the HALO self-field error pro-
vided a partial compensation of the field error due to the iron
bars.

ng =1

(11)

6 Numerical Extrapolation

Although the prototype is operated at 77 K and 100 mT, the ex-
pected conditions for HTS screens within accelerator magnets
are characterized by lower temperatures and higher fields. With
respect to the experiment conditions, an increase in the magnetic
field and a decrease in the temperature would have opposite ef-
fects by respectively decreasing and increasing the critical cur-
rent of the HTS tapes (see e.g. [43]). For this reason, numerical
simulations are used for extrapolating the behavior of the HALO
technology to accelerator-like operational conditions.

The HTS screens are assumed to be eventually operated at
4.5K, in a background dipole field of 10T which is affected by
a bs error of 10 units. The model is shown in Fig. 17, where the
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Figure 16. Measured and simulated magnetic field quality, given in units
as a THD factor. Results are shown for four different positions of the
iron bars. The field error is shown for both the iron bars alone, and with
the HALO. Simulation results are also shown for HTS screens with flat
geometry.

magnetic field is imposed by a boundary source. The magnetic
field and the field-error components are chosen to qualitatively
reproduce a field-scenario within the LHC [5]. Simulations retain
the geometric setup of the screens and the reference radius from
the experiment, with the magnet aperture equal to 3/2 of the
reference radius. The screens are positioned with a horizontal
displacement of 2 mm with respect to the magnet aperture. The
gap accounts for the structural elements such as the beam screen
and the surrounding steel pipe [5].

The b3 field component has a negligible influence on the orien-
tation of the magnetic field. As a consequence, the magnetic field
lines are assumed to be aligned with the HTS screens, achieving
a higher critical current /. in the screens due to the anisotropic
behavior of HTS tapes. In the following, a critical current per
unit of length I, = 250 A mm ™! is assumed, consistently with the
measurements available for commercial tapes in [43] and [44]. It
was verified that the paramagnetic behavior of the Hastelloy sub-
strate at low temperatures [45] provides a negligible contribution
to field quality results for a conservative relative permeability
pr = 1.005, therefore this phenomenon is neglected.

6.1 HTS Screens Geometry

Moving from the screen geometry used in the prototype;. the
tapes per layer are increased from 5 to 8 (4 to 7 for the odd-
order layers), up to 100 mm wide screens, and the number of
layers is increased from 4 to 16. It is worth noting that while
the magnet coil design and the clearance of the magnet,aperture
may pose geometric limits to the screen width, increasing the
number of layers shall be eased by the negligible thickness of the
tapes.

The magnetic field is linearly increased from zero up to 10T
within 10's, then it is kept constant. The magnetic field quality is
evaluated 100 s after steady state operations. The results, shown
in Fig. 18, are given in terms of the THD factor as a function of
the number of tapes per layer, and‘parametrized,with the num-
ber of layers in the HTS screens. It 4s shown that the magnetic
field error is reduced below one unitsIf a field quality constraint
is prescribed, the screen design £an be scaled up to match the
requirements.

The field-error cancellation is\more effective for supercon-
ducting screens closer to theé magnet aperture. This is shown
in Fig. 19, where the THD factor is calculated for screens of
16 layers as a function of the/number of tapes per layer, and
parametrized with the distance between the screens and the mag-
net aperture. For theSshortest sereen made of 5 tapes, an increase
of about 0.3 units/mm is found, whereas for the longest screen
made of 8 tapes an increase of about 0.1 units/mm is obtained.
For this case, the sensitivity of the screen to the horizontal offset
with respect to the magnet aperture is weaker for longer screens.

6.2 Screening Currents Drift

The _magnetic field is linearly increased from zero up to 10T
within 10 sythen it is kept constant. Subsequently, the dynamics
of the HTS screens is simulated for up to 100 h of stable opera-
tions: In this way, the drift of the screening currents is simulated
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Figure 17. Case study for numerical extrapolation. Left: dipole magnetic
field of 10 T, affected by 10 units of bg. The reference cireumference and
the magnet aperture are shown in the center{ Right: magnetic field inside
the reference circumference.
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Figure 18. Simulated magnetic field quality. Results are given in units
as a THD factor, as a finction of the number of tapes per layer, and
parametrized awith the number of layers in the HTS screens.

in steady-state field conditions. The drift is calculated as the in-
crease of the THD factor with respect to the value at the end of
thefield ramp. Results are shown in Fig. 20 in terms of drift of the
THD\ factor as a function of time. The curves are parametrized
by.both the number of tapes per layer, and the number of layers.
The inerease of the THD factor is expected to remain below 0.01
units within 100 h for the 16-layers configuration. If a constraint
is prescribed to the drift of the magnetic field, the screen design
can be scaled up to match the requirements.

7 Discussion

The measurements shown in Fig. 15 show in every scenario a
relevant reduction of the field error, after the HALO has tran-
sitioned to the superconducting state. The cancellation effect is
given by the magnetic contribution of screening currents induced
in the HTS tapes.

The cancellation occurs in all the multipole components, con-
tributing to the homogenization of the magnetic field in the mag-
net aperture, as shown in Fig. 15. The THD factor is reduced by
a factor of three to four (see Fig. 16), depending on the field-error
scenario. The field-error cancellation provided by HALO brings
a net improvement of the magnetic field quality. Therefore, the
proof of concept can be considered successful.

The two holder prototypes reached about 70% and 90% of the
field-error cancellation predicted by simulations assuming flat
screens. The discrepancy is caused by geometric deformations
of the HT'S screens due to mechanical tolerances which affected
the manufacturing of the prototype. Such deformations have a
detrimental influence on the field quality by introducing a self-
field error which poses an upper limit to the HALO performance.
The self-field error delivers a constant field contribution whose
relevance decreases as the overall field error increases.

In this work, the THD factor due to the self-field error was re-
duced to five units. It is expected that such error can be further
reduced by suitable design choices, sufficiently tight mechani-
cal tolerances and a precise manufacturing process. In detail,
rigid HTS holders are recommended for the mechanical support
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Figure 19. Simulated magnetic field quality for screens of 16 layers. Results
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Figure 20. Simulated drift of the THD factor, in units, as a func-
tion of time. Results are shown for 100h of stable operations, and are
parametrized by both the number of tapes per layer, and the number of
layers.

of the tapes, for example rectangular blocks can be accurately
machined such that their opposite faces provide the geometric
reference for dipole screens.

Numerical simulations for flat screens are found in qualita-
tive agreement with measurements, although they overestimate
the HALO performance. Geometric deformations were identified
in the first HTS holder prototype by means of a visual inspec-
tion, and were integrated in the model by means curved screens.
Geometric defects were quantified by means of an optimization
algorithm, leading to simulations in quantitative agreement with
measurements. Optimization results shall be used garefully, since
over-fitting is a risk, for example of the superconducting prop=
erties of the tapes. However, the geometric defects\for the two
prototypes are determined only once and in the absence.of iron.
With the subsequent addition of iron, and in spite/of the absence
of ’re-fitting’ for geometric defects, the measured and simulated
results in Fig. 15 show a high degree of, consistency, which is a
strong indication of the excellent predictive value of the simula-
tion model.

The HTS screens are simulated at 4.5 K and'in 10T dipole
background field, for working conditions typical of accelerator
magnets. The field-error cancellation is still effective as long as
the equivalent critical current density of the screens is increased
accordingly, that is, by increasing the number of layers and de-
creasing the operational’ temperature. Numerical results show
also that the field-error cancellation can be improved by increas-
ing of the width and_the mumber of layers of the HT'S screens.
The THD factor isfreduced below one unit, leading to a nearly
perfect cancellation of the field error. The decay of the screening
currents over time, and the consequent degradation of the field
quality, is expected tonremain within 0.1 units over 10 hours,
being negligible in comparison with the operating time of accel-
erator circuits [5]. The persistency of the screening currents is
the cornerstone of the gverall HALO technology. For this reason,
the screening currents decay rate must cope with the field qual-
ity-requirements in the target application. The field drift can be
kept withinuspecifications by choosing in the design phase ap-
propriate/features for HALO, such as the critical current of the
tapes and number of layers in the screens.

10

In an accelerator magnet, the HT'S screens must be centered as
close as possible around the beam vacuum chamber. The HALO
technology is expected to provide the maximal benefit to mag-
nets made of ReBCO tapes, as at low current the field quality is
those magnets is expected to be heavily degraded by persistent
magnetization phenomena. The maximum field error that can
be canceled is determined by the equivalent critical current of
the HTS screens. This design parameter can be increased either
by adding layers to the screens, or by decreasing the operational
temperature. In order to integrate HALO in accelerator mag-
nets, the combination of both the strategies is envisioned, as the
magnetic fields are expected to be up to two orders of magni-
tude higher than in the experimental setup used(for the proof of
concept. For this reason, an operational femperature below 20 K
is recommended.

8 Conclusions and Outlook

This paper presents the proof of concept for HALO (Harmonics-
Absorbing Layered Object), a technology for field-error can-
cellation based on ReBCO tapes composing passive and self-
regulating HTS screens. The/working p&inciple relies on the per-
sistent magnetization from/ screening currents for shaping the
magnetic field in a given region of space, for example the aper-
ture of accelerator magnets. By aligning the screens to the de-
sired field shape, this technology allows for a selective field-error
cancellation for both.the dynamic and static contribution to the
error.

In the analysis'of the resultson the first prototype it was found
that geometri¢ defects in this prototype have a detrimental ef-
fect on the measured field quality. The lessons learned from the
first prototype were applied to the second prototype, and the ob-
served geometric distortion was found to be substantially better.
The field quality is measured in four field-error configurations
obtained, with different positions for the iron bars. It was found
that the HALO prototype provides a significant reduction of the
THD factor associated to the field error, up to a factor four,
reaching up to 90% of the performance expected by numerical
simulations.

Measurements are compared with simulations. The analysis is
carried out under magnetoquasistatic assumptions, using time-
domain simulations based on a coupled A-H formulation im-
plemented in a 2D FEM model. Simulations provide the HALO
theoretical performance in case of perfectly parallel HT'S screens,
and quantify the geometric defects for the screens in the exper-
imental setup, achieving quantitative agreement with measure-
ments. Numerical extrapolation shows that a complete error can-
cellation may be achieved by increasing the width and the thick-
ness of the screens, for operational conditions compatible with
accelerator magnets. At the same time, the field-quality drift due
to the persistent currents decay can be kept within specifications
by a suitable choice of design parameters.

The HTS screens are applicable regardless of the technology
used for the magnet, as long as they are kept in superconducting
state, and might be of use for applications beyond accelerators
where stringent field quality requirements need to be satisfied.
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Appendix: Magnetic Field Quality

In accelerator magnets, the magnetic field quality is traditionally
defined as a set of Fourier coefficients known as multipoles. These
field coefficients are given by the solution of the Laplace equation
AA = 0 in the magnet aperture, for the cross sectional plane
of the magnet aperture. The multipole expansion series [6] is
calculated at the reference radius rg, usually chosen as 2/3 of
the magnet aperture. By decomposing the magnetic field B by
means of complex notation as B = By + iBx, the series reads

B s X T+ 1y k=1
B= - b 12
1x104,§(’“+mk)< ) ’ (12

T0

where Bj is the dipole field component, k is the order of the
eigensolution generated by ideal magnet geometries, and by and
ap are the 2k-pole normal and skew coefficients, given in units
(1 x 10=% of the main field). Therefore, in dipole fields the mag-
netic field error is quantified by the magnitude of the £ > 2
multipole coefficients.

The total harmonic distortion (THD) factor Fy4 is a scalar
quantity defined for r = rg as

Fq(B) =

In this paper, the calculation of Fy is done up to the dode-
capole components (k = 6), consistently with (9). The numerical
evaluation of the field quality is obtained by sampling the mag-
netic field solution along the reference circumference over 4096
points homogeneously distributed. Subsequently, the multipole
coefficients are calculated by means of a Fast Fourier Transform
algorithm applied to the radial field component [6].
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