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Homogeneous magnetic fields are needed in many applications. The resolution of medical imaging techniques
depends on the quality of the magnetic field, so does the efficiency of electron cooling systems used at particle
accelerators. Current methods of improving homogeneity require complex arrangements of magnet windings.
In this work the application of commercial superconducting tapes for this purpose is analyzed experimentally
and numerically. Shielding effect exhibited by the superconductors can be used to control the shape of mag-
netic field. An open magnetic shield made of superconducting tapes is able to nullify the radial component
of a solenoidal magnetic field, forming the long region of the homogeneous magnetic field.

To form a shield the superconducting tapes are wound on a former. Then it is positioned coaxially inside
an electromagnet. The measurements are performed in DC magnetic field and at zero-field cooling condi-
tions. Numerical model is developed to further analyze the magnetic field. New simplifications and proper
constraints allow the use of an axial symmetry despite relatively complex geometry of the shields. Results
from the simplified model and obtained experimentally are consistent. The decrease of radial component of
the magnetic field and the significant improvement of its homogeneity are observed in a shielded region. The
decrease of shielding quality with the increase of an applied magnetic field is observed. Empirical formulas
describing dependence of shielding quality on the geometry and the critical current of the shield are developed.

I. INTRODUCTION

Homogeneity of magnetic field is a desirable qual-
ity in multiple applications!. It can be improved
using superconducting tapes made of high tempera-
ture superconductors (HTS)2. Currently used meth-
ods include shimming?, active shields* and proper coil
configurations®. The application of HTS shields is ap-
pealing as it is simple and efficient. Application of low
temperature superconductors (LTS) for similar purpose
was also proposed, such as the first application of a hol-
low superconducting cylinder for homogenization of the
magnetic field®. LTS shields, however, have to be cooled
with liquid helium and are viable option only if the sup-
ply of the cryogen is already present’.

Most of the previous work on magnetic shielding with
HTS focused on attenuation of the magnetic field. Bulk
superconductors are capable of full shielding below a pen-
etration magnetic field®. Hogan et al. analyzed the
behavior of bulks in an inhomogeneous fringe magnetic
field®. Notably, no homogenization of magnetic field was
observed. Instead, the magnetic field was observed to
concentrate in non-intuitive locations in the case of inho-
mogeneous fields or on the external surface of the sample
if the applied field was symmetrical. Wéra et al. observed
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significant reduction of magnetic flux shielded by super-
conducting bulks even when the applied magnetic flux
exceeded 1.5 T1°. They also analyzed the effect of cap
on the attenuation strength!!. Fast numerical modelling
methods were proposed for closed shields and magnetic
lenses!2.

Magnetic shielding properties of the superconducting
tapes were tested mostly in AC magnetic field. In this
regime the magnetic field is decreased by the currents in-
duced in the tapes'®. The experiments and simulations
were performed in the range of frequencies between 10
Hz and 144 Hz'*'®. Some measurements in lower fre-
quencies were also done'. Kvitkovic et al'” and Wéra
et al.'®!% analyzed the geometrical effects on the shield-
ing quality. Kvitkovic et al. also described the appli-
cation of a planar magnetic shield to decrease the noise
in the measurements of the magnetic field?°. Magnetic
shields made of superconducting tapes were applied to in-
crease the operating magnetic field of superconductive in-
tegrated circuits?' and the efficiency of contactless power
transfer??,

Using the shielding effect of the superconductors it is pos-
sible to create a magnetic cloak??. Such device is able to
hide the magnetic effect of a surrounded object so that
its presence does not change the magnetic field outside of
the cloak. Application of a magnetic cloak was recently
proposed to stop the interference between the particle
beams?*. To operate it requires the application of a su-
perconducting insert acting as a magnetic shield. Both



bulk and tape superconductors can be used?®.
Understanding shielding effects is important in the de-
sign of superconducting coils. It is expected to affect the
stability of toroidal field coils of fusion reactor such as
CFETR?S. Application of a superconducting shield was
observed to decrease the rate of the direct current decay
in the coil subjected to an external AC field?”. Supercon-
ducting RF cavities also require magnetic shielding, how-
ever the application of superconducting magnetic shields
for this purpose has yet to be investigated?®.

The goal of this paper is to analyze the behavior of mul-
tilayer magnetic shields made of HTS tapes in terms of
their usefulness to improve homogeneity of the magnetic
field. A configuration in which a shield is placed coaxi-
ally inside a solenoidal electromagnet is considered. The
shields are analyzed in the context of application at the
electron cooling system of ion source KRION for particle
accelerator NICA, currently under construction at Joint
Institute for Nuclear Research in Dubna. Long region (in
the range of few meters) of homogeneous magnetic field
is required to obtain the high efficiency of the electron
cooling process. Initial experimental studies of the sys-
tem were performed?®.

The numerical analysis of the operation of the shield is
performed. Previous works on similar applications fo-
cused on analytical considerations?3%3!. The results of
numerical analysis allow better understanding of the be-
havior of the shield and ways to improve its efficiency.
Axial symmetry is applied in the model and certain sim-
plifications are applied. Despite them a good agreement
between simulation and experiment is obtained. The re-
sults encourage to use the described procedure to esti-
mate the shielding efficiency of any proposed design if
the proper material data are available. The reaction of
the shield to any configuration of an external magnetic
field can be predicted using the proposed model.

Il. METHODS
A. Model

The major difference between a closed and an open
superconducting magnetic shield is the way the shielding
electric currents are allowed to flow. In the closed shields
the current flows freely in the volume of the supercon-
ductor. Such situation occurs when the superconductor
is solid or if the tapes are somehow connected with loss-
less joints. If a coaxial configuration with a solenoidal
magnetic field is considered, a closed shield would at-
tenuate both components of the magnetic field with the
shielding current J4 flowing in opposite angular direc-
tion to that in the electromagnet, as shown in figure la.
Such behavior leads to the complete disappearance of the
magnetic field in a shielded cavity by the superposition
of two solenoidal field patterns®.

In an open shield the currents are restricted by the ge-
ometry of a tape and cannot flow around the axis of the

assembly, as shown in figure 1b. In this case the current
loops are formed to shield the interior of the supercon-
ducting material. It leads to the attenuation of the com-
ponent of the field perpendicular to the surface of the
shield. In the considered axial arrangement the compo-
nent perpendicular to the surface of the tape corresponds
with the radial component of the solenoidal field, leading
to its attenuation. The component parallel to the sur-
face of the tape is equalized behind it, therefore the axial
component is homogenized.

Electric current density and the magnetic field distribu-
tion are found with a numerical model. The model was
applied in Comsol using H-formulation, described fur-
ther in this section®?. The geometry of the shield is quite
complex to recreate in the model. The shield consists of
several layers of superconducting tapes that are not nec-
essarily periodic with respect to each other. To avoid the
need to use a 3D model some assumptions are made to
allow the use of axial symmetry and modeling in 2D.

It is assumed that the currents flowing in the direc-
tion parallel to the axis compensate between neighboring
tapes (currents J, in figure 1b). Compensation is pos-
sible thanks = to the anisotropy of the critical current
density in the tape. The width of the region in which J,
is carried is much smaller than J,5;. The currents flowing
in r direction are neglected. According to these assump-
tions the magnetic field is affected only by current Jg. In
this case only radial component H, and axial component
H_, of the magnetic field H exist. To further decrease the
computation time the symmetry of the system along z
axis is exploited and only a half of the assembly is mod-
eled.

The basic formula used in H-formulation is the combi-
nation of Ampére’s law and Faraday’s law (formula 1)33.
It is assumed that the relative magnetic permeability of
all regions is equal to 1, therefore it is neglected in the
formulas.

OH, OH. 10 ) B
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Angular component of the electric field Ey in the su-
perconducting region (cross-section of the tape) is found
with formula 2 employing the power law.

{EO(J(»—Jc)n% when |J,| > J,

Es= T ) Tl

(2)

when |Jy| < J.
Exponent of power law n was assumed as 31 and the limit
of the electric field Ey as 100 uV/m?°. Jy is calculated
as the rotation of the magnetic field with formula 3.

0OH, O0OH,
o = 9z or (3)

Calculation of critical current J,. is based on the experi-
mental data obtained by Zhang et al.>*. The dependence
of the critical current on the orientation and strength of
magnetic flux B is performed according to a procedure
described by Zhang et al.?® and described with formula
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FIG. 1: Expected patterns of shielding currents and simplifying assumptions applied in the numerical model.
(a) Closed shield, (b) Open shield, (¢) Simplified system

4. Values of J.o and By are material constants fitted to
experimental data to reflect the behavior of the tape. Pa-
rameters of o, 3 and +? are based on those for SCS6050
tape and are 1, 0.67 and 7.69 respectively. B is calculated
as v/(poH,)? + (1oH>)?, € is calculated with formula 5.
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The actual thickness of the shield domain in the model
is significantly larger (by the factor of 100) than that
of superconducting layer and is close to the thickness
of entire tape (approximately 100 pum). Such approach
reduces the number of required nodes and improves the
stability of the model. To account for that change the
value of critical current is adjusted. The total current
carrying-capacity of the domain is the same as combined
critical current of all layers of tapes forming the shield.
In the normal region Ey is found with formula 6. p is the
resistivity of a material.

B
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(4)

(5)

Ey=p-Js (6)
The simplified model and the expected pattern of elec-
tric currents is presented in figure lc. The thickness of
the shield is exaggerated. On the external boundaries of
the model region the condition of magnetic insulation is
imposed, forcing the magnetic field to be parallel to the

boundary. To account for the symmetry of the system
the condition of perfect magnetic conductor is applied on
the boundary dividing the magnetic shield in half, forc-
ing the lines of magnetic field to be perpendicular to the
boundary. Operation of an electromagnet is simulated
by the region of uniform current density J, in direction
¢. Its value is adjusted to match the strength of the field
generated by the electromagnets used during the experi-
ments. Axial symmetry condition is applied on the axis.
Additional constraint is imposed separately on the super-
conducting shield region to force the open shield behav-
ior and formation of the current loops. The total current
flowing over the cross-section of the shield (region ()
must be 0. This constraint is expressed with formula 7.

/ Jgdrdz=0
Q

(7)

The model allows to calculate the distribution of mag-
netic field and find the pattern of shielding currents in
the shield. The obtained values are then compared with
experimental results and used to predict the changes of
the magnetic field homogeneity.

B. Experimental

The assembly of the magnetic shield consists of a tube
made of non-magnetic steel and the pieces of supercon-
ducting tape attached to its external surface with kapton
tape. Their arrangement is similar to the one presented
in figure 2a. The tapes are laid on the surface of the tube



and tightly wrapped. The tapes are only partially bent,
therefore the shield is not completely circular and the
approximation depends on the width of the tape. The
layers are shifted with respect to each other by approxi-
mately half of the width of the tape. The magnetic shield
is placed coaxially inside an electromagnet. The dimen-
sions of the electromagnet and the shield are shown in
figure 2b. In the figure the thickness of the shield is ne-
glected. The electromagnet used during the experiments
is capable of generating 13.1 mT/A in its center. The
electromagnet and the shield are placed in a cryostat
and cooled to the temperature of approximately 78 K
with liquid nitrogen.

Commercial tape SF12050 by SuperPower Inc. is used
as the material for the analyzed shield. Its thickness is
55 pm, with 1 gm of YBCO as a superconducting layer.
According to the producer the minimum critical current
is 300 A. The width of each tape fragment is 12 mm.
Two layers of the tapes are applied. Measurements start
with the cool-down of the system at zero-field conditions.
After that the current in the magnet is sequentially in-
creased. When a selected value of current is reached the
probe is slided along the axis of the magnet using a step
motor and the magnetic field is measured. The radial
component is measured close to the shield surface, axial
- along the axis of the shield and the electromagnet.
The measurements of two components of the field are
performed using the probe with two PHE-606817A Hall
sensors assembled at Lviv Polytechnic National Univer-
sity. The probes are placed on a probe holder (shown
in figure 2c). The holder is attached to a long rod and
submerged in liquid nitrogen. The probes are supplied
with the current of 10 mA by a current source, as seen
in figure 3. The signals from the probes are processed
by Keithley Model 2000 digital multimeter and sent to
a computer. A second current source is used to supply
current to the electromagnet. The electromagnet current
is read using the source’s internal current meter.

The stepper motor is used to position and move the probe
inside the assembly of the electromagnet and the shield.
For each step the motor’s rotor moves by a constant an-
gle. The probe position is calculated based on the num-
ber of steps and the dimensions of the wheel driving the
movement of the probe. The readout of the Hall sensor
is triggered automatically after each step. The control
system was based on an Atmel ATmega microcontroller
board connected to the PC. The motor is supplied by DC
power supply and controlled by LeadShine M880A step
motor driver by the control signals from the microcon-
troller board, as shown in figure 3. The steering of the
motor and data saving are done using the same computer.

C. Homogeneity criterion and empirical formulas

To check the efficiency of the shield in homogeniza-
tion of the magnetic field a certain criterion has to be
devised. In the considered system the ideal situation is

the magnetic field with only axial component. B, should
therefore disappear in the shielded region S. To account
for these requirements the directional criterion @ p, con-
nected with B,., is defined. It is described with formula
8.

[[|Brs| drdz
S

=1--=-
@p J[|Brns| drdz
s

(8)

B,.g is the local radial component of the magnetic flux
when the shield is applied, B, g is the analogical value
when there is no shield. The criterion can be lower or
equal to 1. Ideal field is achieved when its value is 1.
It can go below 0, meaning that the application of mag-
netic shield actually decreases the homogeneity of the
field. The criterion describes the level of improvement of
the homogeneity of the magnetic field rather than the ho-
mogeneity itself. The region S can be defined according
to the needs of the particular system. In this paper it is
assumed that it corresponds with the region completely
surrounded by the shield. In the analysis of experimental
results and the comparison with simulations region .S de-
notes the line along which measurement was performed.
Then equation 8 becomes one-dimensional. The length
of the shielded region for which the criterion is calculated
is assumed to be the same as the total length of the elec-
tromagnet - 480 mm.

The changes of directional criterion are analyzed for dif-
ferent sizes of the shield and applied currents in the elec-
tromagnet. The empirical formula allowing to calculate
the directional parameter as the function of diameter,
material and number of layers is sought. To generalize
the results the considered parameters are reduced accord-
ing to formulas 9 and 10, for reduced applied electric
current .J,. and reduced diameter d, respectively.

Jo - te
JT B JcO 'ts (9)
ds
== 1
4 = (10)

Je is here the average density of electric current in the
electromagnet, depending on size of the wire and the
number of turns. t. is the thickness of the electromagnet
and t, is the total thickness of the superconducting lay-
ers of the shield. By changing ¢, the different number of
layers of the shield can be considered. Presence of J. in
formula 9 allows to analyze different materials.

The length of the analyzed shield is the same as of the
electromagnet. The aspect ratio between internal diam-
eter of the electromagnet and its length is 1:6. The ob-
tained formula is expected to be valid also for different
ratios, since the value of the directional criterion is dom-
inated by changes of the radial component in the region
close to the ends of the shield and the electromagnet.
To determine the coefficients for the empirical formula
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the simulations were performed for four representative
values of d,. (0.25, 0.5, 0.75, 0.975) and up to J, of ap-
proximately 10. The resultant formula and coefficients
are presented in further section.
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lll. RESULTS AND DISCUSSION

Comparison between the magnetic flux distribution
with and without the magnetic shield found using the
numerical model is presented in figure 4. The signifi-
cant improvement of homogeneity of the magnetic flux in
the shielded region is visible. The maximum strength of
the magnetic flux is slightly decreased and it is averaged
along the shield. The direction of the field is straight-
ened, hinting at the disappearance of B,.

Improvement of homogeneity is clearly seen when look-
ing at the results of the measurements and calculations
shown in figure 5. The value of radial component of the
magnetic field measured 1 mm from the internal surface
of the shield is presented for the range of electric current
applied in the electromagnet up to 10 A. Experimental
and model results for the unshielded field are shown for
comparison. The value of radial component is normal-
ized to the maximum value calculated with the numeri-
cal model for the given applied current at the unshielded
configuration. The current applied in the electromagnet
is shown to the left, corresponding normalizing value to
the right. The results close to center of the assembly are
not shown for better visibility of the interesting region.
The magnetic field in the central part of the assembly is
almost fully homogeneous.

Radial component of the field disappears almost entirely
in the shielded region. Close to the end of the shield it
quickly increases. Sometimes it is even observed to ex-
ceed the maximum value observed in unshielded case, es-
pecially in the lower range of an applied magnetic field.
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This effect is due to the concentration of the shielding
current at the end of the shield. The total current in this
part is significantly higher than in the remaining part
of the shield. In the central part of the tape two cur-
rents are observed flowing in different direction on each
surface. The integration of electric current density over
the cross-section of the shield yields zero total current, in
accordance with the requirements of the constraint and
predictions of the behavior of the open shield.

The size of the region in which the radial component is
close to 0 decreases with the strength of the external mag-
netic field. It happens because the size of the shielding
current is limited by the value of the critical current of
the superconducting tape. In the considered configura-
tion the angular shielding current is observed to saturate
the available current density at the ends of the tape. In
the remaining region the current is significantly lower
and only partially penetrates the width of the supercon-
ducting layer of the tape. When the applied magnetic
field is increased, the length of the region in which the
current-carrying capacity is filled also grows. Therefore,
the distance along which the radial component decreases
to 0 becomes larger. Additionally, the critical current of
the superconducting tape decreases with the increase of
the magnetic field, exacerbating the effect.

Values of directional homogeneity criterion calculated
with formula 8 based on the results of modeling and ex-
periments are presented in figure 6a. Consistent with the
previously discussed results, the criterion decreases with
the increase of the applied magnetic field. According to
the model results, if the external field is close to 10 mT
the achievable improvement (in the given configuration)
is almost 80%. In the field close to 0.13 T it decreases to
65%. Further decrease of shielding quality is expected in
higher applied magnetic fields.

The agreement between the experimental and model re-
sults is good. Some discrepancy observed in low mag-
netic fields can be caused by the slight misplacement of
the measuring probe. The assumption that the effects of
the shielding currents flowing in z direction in the neigh-
boring tapes cancel each other seems to be correct. No
additional shielding effect or disturbances coming from
these currents are observed experimentally. The numer-
ical model is able to properly predict shielding efficiency
of the shield if proper material data are available, even
despite the simplifications. Thanks to the application of
2D axial geometry, the proposed approach allows to sig-
nificantly decrease computation time and eases the anal-
ysis of the results. The approximate time of calculation
of a single magnetic field distribution is 30 minutes, with
slightly less than 30000 nodes. The time of computations
depend on the applied magnetic field and the degree of
saturation of the shield region with current.

The results of analysis of the shield operation in wide
range of diameters and applied currents are shown in
figure 6b. Empirical formulas are formed to allow pre-
diction of the value of QQp for different combination of .J,.
and d,.
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Up until a certain threshold value of J,.; depending on
d, the value of QQp remains constant for a given d,. To
calculate this value, marked as Qp,,.., for a given d,,
fomula 11 can be used.

QD max (dr) = 0.86 +0.007 - d,, — 0.063 - dz (11)
J+ is calcuted with formula 12.
Jyt (dy) = 3.18 — 4.99 - d,. + 2.44 - d? (12)

In the region with constant Q) p the superconducting layer
has sufficient current-carrying capacity to nullify a radial
component of magnetic field possible to be affected with
given geometry. It can be seen that if the shield has the



same length as the solenoid it is not possible to entirely
remove the radial component. Decrease of J,; with ry is
connected with changes of shape of a solenoidal magnetic
field with the relative distance from an axis. On the
axis the field is entirely straight, farther from it the total
radial component encountered by the shield increases.
Above J,; the superconducting current in the shield is
insufficient to maintain its constant attenuating ability
and @Qp starts to decrease. Changes of d, affect value
of @Qp similarly to previous case, by changing the total
value of radial component in the shielded region. Qp
in the entire considered region can be calculated with
formula 13.

QDmar When JT < th

QD:{a+b~Jr+C~Jf when J,. > Jpy (13)

a, b and ¢ are found with formula 14, 15 and 16, respec-
tively.

a=0.96—0.13-d, (14)
b= —0.034 — 0.0032 - d, (15)
¢ = 0.00072 + 0.000875 - d,. (16)

The presented results suggest some ways to improve the
efficiency of the shields in homogenization of the mag-
netic field. The most important is the increase of current
carrying capacity. Decrease of r; also leads to increase
of homogenizing abilities of the shield, but limits its use-
fulness by decreasing the size of the shielding region.
The increase of the current carrying capacity can be
achieved by adding more layers of the superconducting
tape to the shield or by slight changes of geometry. Spi-
ral arrangement of the tapes could promote the flow
of the shielding currents in the direction in which the
anisotropic tapes exhibit the highest critical current den-
sity. Such pattern is complex to manufacture and can in-
crease the production costs. Another way is to decrease
the operating temperature of the shield. This approach
rises spending on cooling. Finally, different type of tapes
with higher current density can be used. However, it
would can the availability of the material and increase
its price.

The proposed solution is advantageous as it allows to uti-
lize short pieces of tapes, which normally are considered a
by-product in the production of longer pieces. The length
of the piece of tape required to produce the shield corre-
sponds with the dimensions of a shielded region. Inter-
action chamber of the electron cooling system for NICA
will have length of 2 m, typical length of scanner bore in
MRI is close to 1 m. Comparing this values with typical
length of short pieces of tapes offered by the producers
it can be seen that the material to produce the open su-
perconducting magnetic shields is readily available and
abundant. This and the simple construction of the pro-
posed shields predestines them to be applied in multiple
systems for the control of the shape of magnetic field.

IV. CONCLUSIONS

Significant improvement of homogeneity over a long

shielded is successfully obtained with the application of
the open magnetic shield. The radial component of the
magnetic field is decreased over almost entire length of
the shielded region. The improvement of homogeneity
decreases with the increase of the external magnetic field
due to the limitation set by critical current density of
the tape. The results of numerical modeling agree well
with the experimental ones. The proposed screens are
cheap and efficient method of improving the homogene-
ity of magnetic field even in large regions. Analysis of
the results suggests the methods to further improve the
efficiency of the shields. It can be done using the tapes
with higher critical current and by the increase of the
number of layers of the shield.
The proposed superconducting shields can find applica-
tion in the devices requiring homogeneous magnetic fields
as the method of obtaining the desired magnetic field
shape, such as electron cooling system and MRI devices.
They can also increase the length of homogenous region
in magnets, for example ones used for the characteriza-
tion of superconducting cables. The design of the shield
for specific application is fast using the proposed sim-
plified numerical model. Further research on the open
magnetic shields is planned, including the application of
new materials and geometries and analysis of behavior in
other configurations of an applied magnetic field.
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