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ABSTRACT
A tunable magnetic field at low temperatures is essential for numerous applications, including spintronics, magnetic resonance imaging,
and condensed matter physics. While commercial superconducting vector magnets are available, they are complex, expensive, and often not
adaptable to specific experimental needs. As a result, simple in-house designs are often being used in research environments. However, no
comprehensive step-by-step guide for their construction currently exists. In this work, we provide a detailed manual for designing and building
a cryogenically compatible three-axis vector magnet. The system is tested at the mixing chamber of a dilution refrigerator at temperatures
ranging from 15 mK to 4 K, with no significant increase in base temperature. Safety measures are implemented to mitigate heating from
quenching. The coils are successfully driven with DC currents as high as 3 A, generating magnetic fields of up to 2.5 T in the bobbin’s bore
and 0.4 T at the sample position. Magnetic field measurements using Hall sensors demonstrate good agreement with the predictions of the
designed performance.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0270187

I. INTRODUCTION

Tunable magnetic fields at low temperatures are essential for
both fundamental research and practical applications. They enable
precise control of spin systems, such as rare-earth-doped crystals,1–3

color centers in diamond4 or in silicon carbide,5 and quantum
dots.6 In addition, low-temperature magnetic fields play a cru-
cial role in tuning microwave resonators,7 investigating quantum
phase transitions,8 and studying low-temperature magnonics9 and
other condensed matter phenomena.10,11 On the application side,
superconducting magnets provide stable high magnetic fields for
technologies such as magnetic resonance imaging.12–14

Since permanent magnets offer no tunability without mechan-
ical movement, electromagnets—such as coils—are widely used. In
many cases, controlling not only the field strength but also its direc-
tion is essential.1,15,16 A straightforward approach involves rotating
either the magnet or the sample using a motorized stage.17–20 How-
ever, such mechanical motion introduces vibrations, which can

disrupt sensitive experiments.21,22 Furthermore, movement within
a cryogenic environment can generate unwanted heat, making this
method unsuitable for ultra-low-temperature setups, particularly
in dilution refrigerators operating at tens of millikelvin. In such
cases, a vector magnet—capable of producing a controlled magnetic
field in an arbitrary direction without mechanical motion—is indis-
pensable. However, deploying such electromagnets inside a cryo-
stat presents significant thermal management challenges. Resistive
wires are impractical due to excessive heat dissipation, necessitating
the use of superconducting wires. Superconducting magnets have
been extensively studied,23–25 but minimizing cryostat heating and
preventing magnet quenches remain critical engineering concerns.

Although commercial vector magnets exist,26–28 they are typ-
ically expensive, very complex, and are often designed for specific
cryostat models, limiting flexibility. Consequently, many research
groups have developed their own vector magnet solutions.2,3,21,29–33

However, no comprehensive guide exists for designing and con-
structing such systems, forcing each research group to invest
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significant time in the development process. Furthermore, exist-
ing solutions often lack one or more key features, including the
following:

1. Operation across a wide temperature range (from 15 mK to
4 K).

2. Generation of high magnetic fields (up to 2.5 T) with relatively
low currents (3 A).

3. Three-axis control for full vector manipulation.
4. Measures to minimize heating and prevent quenches.
5. Simulation for magnetic field estimation in three dimensions.

In this work, we present the design, construction, and optimization
of a superconducting three-axis vector magnet operating at the mix-
ing chamber (MXC) plate of a dilution refrigerator (DR). Our system
meets all the above criteria and offers a detailed, step-by-step guide
for reproducibility and customization. In particular, our vector mag-
net is designed for spectroscopic studies of erbium-doped silicon
waveguides. The sample is thermally anchored at the MXC plate of
the DR, and the light is coupled to the waveguides via a lensed fiber.
To be able to address different devices and to optimize the coupling,
the fiber is mounted on a three-axis nanopositioner [see Fig. 2(d)].
Our vector magnet design therefore also accounts for the nanoposi-
tioner and sample holder, which can be inserted in the cross section
of the axes of the three magnets.

The paper is structured as follows: Section II introduces our
model for calculating and optimizing the generated magnetic field.
Section III describes coil construction and thermalization within the
DR. Section IV details quench protection mechanisms. Section V
compares theoretical predictions with experimental measurements.
Finally, Section VI summarizes our findings and discusses potential
improvements.

II. SIMULATION AND DESIGN
In order to develop our three-axis vector magnet, we first esti-

mate the magnetic field generated by a single coil and then extend
the analysis to the full system. The design parameters are then
optimized to achieve the highest possible magnetic field at a fixed
current.

A. Calculation of the magnetic field
We employ an analytical approach to estimate the magnetic

field generated by a coil. Considering a single loop of radius r car-
rying a DC current I, we then calculate the magnetic field B at a
point on the loop axis, at a distance z from its center. Using the law
of Biot–Savart, we find the well-known result,34

B(z) = μ0I
2

r2

(r2 + z2)3/2 ẑ, (1)

where μ0 = 4π × 10−7 N/A2 is the vacuum permeability.
In a more realistic model, the loop consists of a wire with finite

thickness t, internal radius r0, and external radius r0 + t, as illus-
trated in Fig. 1(a). The field can then be approximated using Eq. (1)
with r = r0 (see Appendix A). The coil is characterized by five para-
meters: the internal radius rin, the external radius rex, the height
h, the wire thickness t, and the pitch p, which defines the spacing

FIG. 1. (a) Current loop schematic. (b) Coil model used for the calculation. (c)
Schematic of a wound bobbin showing the holes where the wire enters and
exits the bobbin. (d) Three-axis vector magnet with the coordinate system used
throughout this work.

between adjacent loops [see Fig. 1(b)]. We model the coil as N con-
centric loops of thickness t, repeated M times adjacently. Here, we
are assuming that the layers stack one above another, even though
likely they stack in a hexagonal packing arrangement.29 We can
do this simplification because the translation between two consecu-
tive layers, given by t/2, is negligible, and the variation in distance
between two stacked layers—roughly 15%—is also irrelevant in a
real application. The total magnetic field at a point P1 on the axis,
at a distance z from the closest loop, is then given by

Bcoil(z, rin, rex, h, t, p, I) =
N

∑
i=1

M

∑
j=1

Bloop(zj , ri, I), (2)

where

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

N = floor[(rex − rin)/t],
ri(rin, t) = rin +∑j

k=0 t ⋅ k,

M = floor[h/p],
zj(z, p) = z +∑j

k=0 p ⋅ k,

(3)

and the magnetic field generated by a single loop is

Bloop(zj , ri, I) = μ0I
2

r2
i

(r2
i + z2

j )3/2 . (4)

To optimize the coil parameters, knowledge of the on-axis field
is sufficient in our case, as the sample is positioned at the intersection
of the three axes of the coils. However, for practical considerations,
such as estimation of misalignment effects (see Sec. III B) and field
measurements using off-axis Hall probes (see Sec. V), it is necessary
to compute the field at arbitrary points.

Given a point P2 at distance z from the loop and ρ from the axis
[see Fig. 1(a)], the axial and radial components of the magnetic field
are, respectively, given by35

Bloop,z(z, ρ, r, I) = B0
1

πQ
[E(k)1 − α2 − β2

Q − 4α
+ K(k)]ẑ, (5)
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Bloop,ρ(z, ρ, r, I) = B0
γ

πQ
[E(k)1 + α2 + β2

Q − 4α
− K(k)]ρ̂, (6)

where α = ρ/r, β = z/r, γ = z/ρ, Q = (1 + α)2 + β2, K =
√

4α/Q,
B0 = μ0I

2r , K(k) is the complete elliptic integral function of the first
kind, and E(k) is the one of the second kind. Given the single loop

expressions, we can write the magnetic field at an arbitrary point P2
in a similar fashion to Eq. (2),

Bcoil(z, ρ, rin, rex, h, t, p, I) =
N

∑
i=1

M

∑
j=1

Bloop(zj , ρ, ri, I), (7)

Bloop(zj , ρ, ri, I) = Bloop,z(zj , ρ, ri, I) + Bloop,ρ(zj , ρ, ri, I). (8)

FIG. 2. (a)–(c) Calculated magnetic field for a current of 3 A. (a) Single loop case. On the x axis, we report the loop radius, and different colors correspond to points on
the axis with varying distance z0 from the loop. The dashed black curve highlights the radii that satisfy Eq. (9). (b) Coil with h = 12 mm. On the x axis, we report rex, and
different colors correspond to points on the axis with varying z0. The dashed-dotted magenta curve satisfies z0 = h/2, which is the minimum allowed z0. The two dashed
lines indicate the condition to have magnetic field equal to 0.1 and 1 T. The green pentagon corresponds to the bobbin z design values. (c) Same as (b) but for coil with
h = 24 mm. The yellow and magenta pentagons correspond to the design parameters of bobbin x and y, respectively. (d) Final design of the vector magnet showing the
three bobbins, attached to the sample holder and the nanopositioners, placed on another holder. (e) Photo of the vector magnet assembly inside the DR.
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Given a coordinate system centered at the sample position,
three coils are placed along the x, y, and z axes at positions rx, ry, and
rz [Fig. 1(d)]. The polarity of each coil is determined by the direc-
tion of current flow. Each bobbin has a side with two holes for the
wire to enter and exit after winding it [see Fig. 1(c)]. If the current
enters the outer hole, the polarity is from the hole side to the oppo-
site face. Using this setup, we can compute the total magnetic field at
any point for given current values.

B. Optimization of the parameters
With the ability to calculate the expected field, we are now able

to optimize the vector magnet parameters to maximize the magnetic
field at the sample position while maintaining a fixed current in each
coil. This optimization must consider individual bobbin properties,
practical constraints, and physical limitations when assembling the
system.

The wire thickness should be as small as possible to maximize
the number of windings. However, excessively thin wires may be
fragile and prone to breaking during the winding process. For our
design, we select a wire thickness t = 0.127 mm. The pitch p is set
equal to the wire thickness t, ensuring compact winding. The inter-
nal radius rin is also chosen to be as small as possible, constrained
at 4 mm to avoid excessive deformation of the copper layer. The
maximum bobbin height is limited by the winding machine stage
(∼45 mm) and the available space in the DR. The key adjustable
parameters are the external radius rex and the distance z, with rex
constrained to a maximum of ∼40 mm by the winding machine. For
clarity, we define z0 = z − h/2, representing the distance of a given
point from the bobbin center.

For a single loop, an optimal radius rmax exists for a given
distance z0 [see the dashed black curve in Fig. 2(a)],

rmax =
√

2z0. (9)

However, this relationship does not hold for a coil, as the total field
results from the sum of multiple loops [Eq. (2)]. In this case, increas-
ing rex while keeping other parameters constant always results in
a stronger field. Thus, to maximize the magnetic field, the bobbin
should be as close as possible to the sample while having the largest
feasible rex [Fig. 2(b)].

For a single coil, an ideal configuration is to make the internal
radius large enough to accommodate the sample at z0 = 0. However,
in the case of a three-axis vector magnet with optical access via a
lensed fiber, this is not feasible. Instead, the minimum achievable
distance z0 is constrained by half of the bobbin height.

It is also impractical to make all bobbins arbitrarily large and
close to the sample, as they would physically interfere with one

another. Our goal is to design coils capable of generating at least 100
mT at 3 A—a reasonable current for standard current sources—and
as close to 1 T as possible. Figure 2(b) shows the calculated magnetic
field as a function of rex for various values of z0. The current is 3 A,
and the height is fixed to the value chosen for bobbin z, which is
12 mm. The black dashed lines mark the limits of 0.1 T or 1 T, with
the area in between the lines representing the allowed parameter
space.

In general, minimizing z0 is preferable to increasing rex, as
smaller bobbins offer several advantages: they are simpler to assem-
ble, occupy less space in the DR, are lighter and easier to thermalize,
and are expected to exhibit more stable superconductivity. The
dashed-dotted magenta curve in Fig. 2(b) represents z0 = h/2, the
smallest allowable z0, with points below this curve falling within the
feasible design space.

Due to spatial constraints, three coils cannot simultaneously
reach their optimal setting. We set the z axis as the principal one
and choose the parameters labeled the green pentagon in Fig. 2(b)
for bobbin z. The resulting field at the sample position is close to
1 T. The parameters for bobbins x and y are then limited by the
design of bobbin z. The final choices, represented by the yellow and
magenta pentagons in Fig. 2(c), yield fields of ∼0.3 T at the sample
position. Given all these constraints, we pick our final design for a
vector magnet [shown in Figs. 2(d) and 2(e)]. The selected design
parameters for each bobbin are summarized in Table I. We high-
light that when mounting the bobbins on the sample holder, we have
some degrees of freedom to let us align their axes with the center of
the sample. Furthermore, bobbin z distance from the sample is tun-
able, and ideally, it can be placed as close as desired to the sample,
with the only limitation given by the nanopositioner stack, which
results in a minimum distance z0 = 10.5 mm.

III. VECTOR MAGNET ASSEMBLY
This section gives a detailed description on how to make a bob-

bin and to then estimate its effective parameters. Furthermore, we
will describe how to assemble the vector magnet inside the DR in
order to ensure optimal thermalization.

A. Winding procedure
The bobbins are made out of copper, then annealed in vacuum

at 840 ○C for 48 h, followed by gold plating. Annealing improves
thermalization, while gold plating prevents oxidation. For winding,
we use Supercon Cu:SC wires (model T48B-M), where SC denotes
the superconducting material—in this case, NbTi. The bare wire

TABLE I. Bobbin design parameters. The magnetic field at the sample position and in the center of the coil when a current of
3 A is applied is also shown.

Bobbin rin (mm) rex (mm) h (mm) t (mm) p (mm) z0 (mm) B at sample (mT) B in center (T)

x 4 29 24 0.127 0.127 37.5 309 3.59
y 4 35 24 0.127 0.127 45.0 305 4.09
z 4 20 12 0.127 0.127 10.5 767 1.80
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thickness is 0.100 mm, and it is coated with a FORMVAR insulation
layer, resulting in a total thickness of 0.127 mm.

We wind the bobbins using a semi-automatic coil winder (CNC
Mini Coil Winder MK5) [see Figs. 3(a) and 3(b)]. Before winding the
Cu:SC wire, we calibrate the machine using a low-cost copper wire
of similar thickness. This involves winding a few layers, adjusting
the parameters, unwinding, and repeating the process until achiev-
ing reproducible and satisfactory results. Depending on the bobbin
dimensions, the entire winding process takes several hours.

After winding each layer, we apply Stycast 2850 epoxy with cat-
alyst CAT 24LV or 23LV (which has a longer curing time).29 The
epoxy encapsulates the coil, preventing movement under Lorentz
forces and reducing the likelihood of quenching. In addition, Stycast
is thermally conductive, aiding heat dissipation in the event of super-
conductivity loss, and electrically insulating, improving isolation
between loops. To ensure even epoxy distribution, we continuously
rotate the bobbin on the winding machine, avoiding prolonged stops
that could cause epoxy accumulation due to gravity. Periodically, we

FIG. 3. Winding process. (a) Picture of the winding machine. (b) Detail of a bob-
bin during the winding process. (c) Picture of a bobbin after completed winding.
There is a noticeable wire accumulation on one side. (d) Picture of the bobbin after
degassing. The surface roughness indicates the removal of air bubbles. (e) Picture
of an adjusted bobbin design with a thicker side plate, making the wire distribution
more uniform. (f) Picture of the three completed bobbins. Note that bobbin z and
bobbin y have a non-flat side plate.

check for electrical shorts between the gold-plated bobbin and the
wire ends, as damage to the thin insulation layer could lead to unin-
tended contact. We also monitor whether the resistance between the
wire ends is constant over time.

Once the bobbin is fully wound, we cut the wire and con-
tinue spinning for 1 or 2 h (depending on the curing agent) to
allow the epoxy to partially solidify. We then degas the bobbin in
a vacuum chamber at pressures below 1 mbar for about 10 min,
ensuring the removal of air bubbles before complete epoxy solid-
ification. Figures 3(c) and 3(d) show the bobbin before and after
degassing, clearly illustrating the expulsion of trapped air, denoted
by the surface roughness change.

After degassing, we keep the bobbin spinning on the machine
for another 12 h and then allow an additional 1–2 days for complete
drying, including the inner layers. To prevent contamination in the
DR, we perform a second degassing step for at least 1 h. The final
bobbins appear as shown in Fig. 3(f).

During winding, we observe wire accumulation on one side of
the bobbin. In addition, after degassing, the bobbin plate on that side
is no longer flat [cf. Figs. 3(c), 3(d), and 3(f)]. We identify these issues
as being caused by the use of a thin (1 mm) bobbin plate, which
becomes excessively soft after annealing. By using a thicker plate,
we significantly reduce these deformations, as shown in Fig. 3(e).
Another challenge we encounter is the wire breakage during wind-
ing. In some instances, epoxy residue accumulates in the wire feeder,
becoming stickier over time and eventually severing the wire after
around 1–2 h. In other cases, the wire breaks due to too high tension.
For the bobbin shown in Fig. 3(e), we improve the way we feed the
wire and reduce the tension on it. We manage to wind ≈ 32 thousand
windings, i.e., the full frame, without breaking the wire. If needed, in
the future, we could further mitigate this issue by using a thicker
wire and/or a proper tensioner. If the wire breaks despite these mea-
sures, one possible solution is to fully dry the epoxy, as described
above, and then wind additional wire to be soldered to the original
one. However, this approach has not been tested and may impact
the superconductivity of the coil. Even though now we are able to
make bobbins avoiding the issues encountered in the winding pro-
cess, in the following, we will refer to the bobbins shown in Fig. 3(f)
since those have been made to be used in the vector magnet setup
[Figs. 2(d)–2(f)].

B. Estimation of the effective parameters
Since the wound bobbins are neither full nor homogeneous,

we need to adjust the actual coil parameters to account for these
imperfections to be able to estimate the generated magnetic field
accurately. The actual height h is reduced by 0.5–1 mm as the wire
cannot be perfectly aligned with the side walls. The pitch p is set
in the machine to 0.15 mm, while the internal radius rin is kept
as designed. As the thickness t increases due to the epoxy between
the layers and the external radius rex is not uniform because of
winding irregularities, these parameters are the most challenging to
determine. We therefore define effective values such that the total
magnetic field generated by this coil matches the actual one.

Several measurable quantities help us estimate these parameters
(see Table II). The machine logs provide the total number of wind-
ings and layers, and by measuring the wire resistance, we estimate
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TABLE II. Measured bobbin parameters. The wire length is inferred from the measured resistance. The deformation is defined as the distance between the center (original
undeformed plate) and the point of maximum deformation.

Bobbin Windings Layers Resistance (kΩ) Wire length (km) Weight (g) Min rex (mm) Max rex (mm) Deformation (mm)

x 19 126 122 5.88 1.65 233.3 20.85 24.25 0.7
y ≈23 000 150 7.62 2.13 300.0 20.25 23.5 4.6
z 7 240 94 1.82 0.51 116.0 17.25 18.6 1.5

TABLE III. Effective bobbin parameters. Number of windings, layers, and the wire length estimated from these parameters. The magnetic field at the sample position and in the
center of the coil when a current of 3 A is applied is also shown.

Bobbin Windings Layers Wire length (km) rin (mm) rex (mm) h (mm) t (mm) p (mm) z0 (mm) B at sample (mT) B in center (T)

x 19 188 123 1.55 4 21.7 23.5 0.143 0.15 37.5 115 2.13
y 22 950 150 1.99 4 23.5 23.0 0.130 0.15 45.0 93 2.49
z 7 524 99 0.52 4 18.0 11.5 0.140 0.15 11.9 397 1.23

its length. Both the effective thickness and the external radius influ-
ence these values. We measure the minimum and maximum rex and
select an effective value within this range.

With these considerations, we estimate the effective para-
meters, which are listed in Table III, along with the expected mag-
netic field at the sample position and in the center of each bobbin.
The measured values for the number of windings, layers, and wire

length agree with those derived from the effective parameters. For
bobbin y, the plate deformation, 4.6 mm, is particularly significant.
This means that the height is also not homogeneous; thus, the effec-
tive external radius must take this into account. Due to the epoxy
layer and the reduced external radius, the expected magnetic field is
significantly lower than in the original design—by about a factor of
3.3 for bobbin y, 2.7 for bobbin x, and 1.9 for bobbin z.

FIG. 4. Colormaps of the calculated mag-
netic field (in mT) when applying 1 A
to a coil, modeled with the effective
parameters. We sweep the coordinates
around the vector magnet origin, corre-
sponding to the center of the sample.
The titles indicate the bobbin to which
we apply the current and which magnetic
field component is considered.
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While the calculated magnetic field values correspond to the
exact center of the sample, the actual nanophotonic devices are dis-
tributed over a 5 mm range along the y axis. In addition, potential
misalignment during mounting must also be considered. It is there-
fore useful to estimate the magnetic field distribution over the chip
surface to assess deviations from the ideal case. Figure 4 shows calcu-
lated magnetic field colormaps in the plane of the chip’s top surface
(xy plane) and along the wide side of the chip (yz plane). Each plot
represents the magnetic field x, y, or z component when applying a
1 A current to bobbins x, y, or z. The range in the y-direction cor-
responds to the nanopositioner range, meaning that we can reach
devices in that region. For the x− and z-axes, we use a 2 mm range
to account for potential misalignment. The magnetic field compo-
nent along the bobbin axis [Figs. 4(a), 4(e), and 4(i)] varies by ∼10%
within the considered planes. As discussed in Sec. V, this variation
is comparable to the uncertainty of the calculated field. The off-axis
field components are negligible for bobbins x and y but not for bob-
bin z (cf. Fig. 4). In particular, when measuring devices far from
the chip center, the y-component of the magnetic field generated by
bobbin z is comparable to that generated by bobbin y. This effect
may need to be considered when precise magnetic field calibration
is required.

C. Thermalization in the dilution refrigerator
The vector magnet is mounted on the MXC plate of a Bluefors

DR (model LD250), which reaches a base temperature of ∼10 mK

before installation. Proper thermalization of both the bobbins and
the wires connected to the outside is essential to reduce the impact
on the achievable base temperature. We aim to minimize wire resis-
tance while ensuring good thermal contact at each flange. In the
event of a quench—a sudden loss of superconductivity—it is, how-
ever, crucial to prevent heat propagation, which could further spread
the quench and affect other parts of the wiring and the overall per-
formance of the DR. The wiring scheme depicted in Figs. 5(a) and
5(b) takes these requirements into account.

The bobbin frames are anchored to the MXC plate via the sam-
ple holder and copper braids, promoting coil superconductivity. As
described in Sec. III A, the coils are made of 0.1 mm thick Cu:SC
wire encapsulated in Stycast, which aids heat dissipation in case of a
quench. The wires are soldered to thicker (0.4 mm) CuNi:SC wires
(model SW-18). Notably, we use CuNi instead of Cu due to its lower
thermal conductivity, which helps prevent heat propagation between
different flanges of the DR. These CuNi:SC wires extend up to the
4 K stage, where they are soldered to annealed 0.4 mm Cu wires. This
transition is necessary because the CuNi:SC wires would introduce
excessive resistance above their superconducting transition temper-
ature at ∼9 K. The Cu wires are soldered to a ten-pin plug mini
connector inserted into a feedthrough at the top of the DR. Along
the DR, we use annealed and gold-plated copper spools to improve
thermalization [see Fig. 5(d)]. The wires are wound around each of
the spool for five turns. One spool is installed at 50 K for the copper
wires, and two spools—one at the 4 K plate and one at the still plate
(1 K)—are installed for the CuNi:SC wires.

FIG. 5. Scheme of the full vector magnet setup. (a) Schematic of the dilution refrigerator, including wirings. (b) Details of the MXC plate. (c) Schematic of the electrical
connections, including the protection circuit. (d) Picture of a thermalization spool. (e) Picture of a soldering pad.
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The soldering points at the 4 K and MXC plates must be both
thermally anchored and electrically isolated. To achieve this, we
design soldering pads [see Fig. 5(e)]. These are copper pads screwed
to the DR plate for thermal anchoring, with pre-tinned copper strips
glued on top using Stycast 2850. Each strip accommodates two wires
for soldering. Since the epoxy is thermally conductive but electrically
insulating, it preserves thermal contact while preventing electrical
shorts to the DR ground. To reinforce the electrical isolation, we first
glue a thin paper sheet onto the pad before applying the epoxy and
copper strips.

After installing the vector magnet, the DR base temperature
increases slightly from around 10 to about 12 mK, before apply-
ing any current. Most of our tests, however, are conducted at 27
mK, as a later unrelated additional component to the DR further
raised the MXC plate temperature. During current ramp-up, the
MXC plate temperature can temporarily reach up to around 200
mK due to the inductance of the bobbins. However, once the tar-
get current (max. 3 A) stabilizes, the temperature returns to within
a few mK of the base temperature. For instance, starting from a base
temperature around 13 mK at zero current, when all the three bob-
bins operate simultaneously at 3 A, the MXC plate temperature rises
to 23 mK.

IV. SAFETY MEASURES
During the current ramp-up of the coils, quenching occasion-

ally occurs, leading to a sudden increase in the DR temperature. To
mitigate these heating effects from quenching, we have implemented
preventive measures.36,37

FIG. 6. Training of bobbin x [positioned at (−37.5, 0, 0) mm] consisting of a cur-
rent ramp-up and controlled quench event, with all safety measures described in
the main text employed. In the top panel, the x component of the magnetic field,
measured with a Hall probe at position (−21.3, 0, −8.44) mm, as a function of time
is shown in blue. The temperature of the MXC plate (when only the pulsed tube is
used) in red. In the bottom panel, the applied current and the total resistance R are
shown in blue and red, respectively (see Appendix B), measured with the current
source. In both panels, the insets show the quench event in more detail.

A. Protection diodes
In order to prevent excessive heating during a quench, we place

a bridge circuit in parallel with the coils. If the voltage drop in the DR
exceeds the diode threshold—which is the case when the supercon-
ductivity is lost—the current preferentially flows through the diodes
instead of the coil, limiting further heating [see Fig. 5(c)]. In addi-
tion, this circuit also acts as a rectifier, filtering AC components of
the current. We position the circuit outside the DR, as close as possi-
ble to the feedthrough. Placing it inside the DR at the 4 K or still plate
would improve heat dissipation further; however, this would require
cryogenic components that we did not implement. Due to the cable
resistance outside the DR [RS in Fig. 5(c)], the maximum allow-
able current before reaching the diode threshold voltage is therefore
17.5 A (see the calculation in Appendix B).

During a quench, we observe the bobbin resistance rising from
0 to 0.44 Ω within a few seconds. If the current source is not
stopped, the resistance continues to increase gradually, despite this
protection. In parallel, the DR base temperature quickly climbs from
20 mK to 1 K in dilution refrigeration mode (and from 4 to 6 K when
only the pulse tube is used, as shown in Fig. 6) and then continues
to rise. In fact, the residual circulating current in the coil dissipates
power on the order of watts (see Appendix B), which explains the
continued heating. This indicates that the protection circuit alone is
insufficient.

B. Voltage limit and temperature check
Our second safety measure is a voltage limit in the power sup-

ply. We set this limit above the required operating voltage but below
the quench voltage. This ensures that if a quench occurs, the power
supply shuts off automatically. When setting a specific current value,
we must gradually ramp up to the desired value, as otherwise heating
occurs due to the induced electromotive force, since the coils behave
as inductors. To mitigate this effect, we typically increase the current
in steps of 50 mA per second, adjusting the voltage limit accordingly
at each step.

We observe that at low current values, the voltage limit is some-
times reached even in the absence of a quench. We attribute this to
voltage fluctuations during ramp-up and imprecise voltage and cur-
rent measurements at small values. This effect is visible in Fig. 6,
where the resistance exhibits large fluctuations. To address this, we
set a higher voltage limit for current values below 0.5 A. However,
in some cases, the issue persists, requiring an increased limit even

TABLE IV. Measured and calculated magnetic field with fixed Hall probes. In each
row, we indicate to which coil we apply 1 A and which Hall sensor is used. In the
considered reference system, centered at the sample, the positions of the center of
bobbins x, y, and z are (−37.5, 0, 0) mm, (0, −45.0, 0) mm, and (0, 0, 11.9) mm,
respectively. Hall sensor x, y, and z positions are (−21.3, 0, −8.44) mm, (2.24, −28.8,
−0.7) mm, and (2.24, 9.55, 0.5) mm, respectively. The relative discrepancy between
the measured and expected magnetic fields is also shown.

Bobbin Hall sensor Bmeas (mT) Bexp (mT) Discrepancy (%)

x x 68.24 61.33 +11.3
y y 924.0 959.2 −3.7
z z 242.9 244.0 −0.4
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for higher currents. Once the target current is reached, we can safely
lower the voltage limit. As a consequence, the coils do not operate
under fully protected conditions during ramp-up. To address this,
we implement a script that monitors the MXC plate temperature.
If the temperature exceeds a predefined threshold (400 mK in dilu-
tion refrigeration mode; 5 K when only the pulse tube is used), the
current source is shut off.

C. Training
The coils, especially those with more windings, require

training—repeated ramps in the current—to reach high current val-
ues.29 During each cooldown, when we increase the current for the

first time, the coils typically quench at around 2 A. Our safety mea-
sures allow us to handle this safely, although the DR temperature
rises rapidly—from around 100 mK to 1 K in dilution refrigeration
mode and from 4 to 6 K when only the pulse tube is used. After a
quench, we wait for at least half an hour for the temperature to drop,
ensuring that the coil is superconducting again. The ramp-up pro-
cess is then repeated, and the quench current increases with each
cycle. To reach 3 A, we typically require between one to three train-
ing cycles. While our current source is limited to 3 A, larger currents
should in principle be possible.

The quenching occurs due to increasing magnetic forces dur-
ing the current ramp-up, straining the wires, despite them being
embedded in epoxy. After quenching, the bobbin settles into a more

FIG. 7. Magnetic field measurements when sweeping the Hall sensor positions. In the considered reference system, centered at the sample, the positions of the center of
bobbins x, y, and z are (−37.5, 0, 0) mm, (0, −45.0, 0) mm, and (0, 0, 12.75) mm, respectively. Hall sensor x, y, and z positions are (0.3, −4.06 + Y , −13.25 + Z) mm,
(10.74, −15.70 + Y , −14.55 + Z) mm, and (8.14, 1.05 + Y , −0.5 + Z) mm, respectively. Here, Y and Z are the nanopositioner coordinates, which can vary between 0 and
5 mm. The positions of the sensors are varied in the y (upper plots) and z (lower plots) directions. In the former case, Z = 1.7 mm, and in the latter, Y = 2.5 mm. The
magnetic field is measured with 1 A applied to the coil indicated in the title using the indicated Hall sensor. Blue trace: calculated magnetic field. Black trace: measured
magnetic field, before calibration. Red trace: measured magnetic field subtracted with the zero current calibration. For Hall probe z measurements, we subtract 1.19 T from
the black trace to make the plot more readable.
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stable configuration, allowing it to sustain higher currents in subse-
quent cycles. We also observe that when running multiple bobbins
simultaneously, they must be trained together. The combined mag-
netic forces are stronger and act in different directions, necessitating
additional training to maintain stability.

V. MAGNETIC FIELD MEASUREMENTS
In order to measure the magnetic field generated by the coils

and verify the validity of our model, we use 2D Hall probes (HHP-
NP Arepoc). As a first step, we confirm that the magnetic field
increases linearly with the current (see Fig. 6). In total, we use
three sensors, each measuring the magnetic field component along
one of the bobbin axes. The magnetic field of primary interest is
the one at the sample position; however, placing the Hall probes
exactly at the sample location is not feasible. For each sensor, we
calculate the expected magnetic field when a given current flows
through the corresponding coil and assume that the actual mag-
netic field at the sample scales with the expected field in the same
way that the Hall probe measurement scales with the expected
value. Table IV summarizes the measured and expected values. We
attribute the observed discrepancies of up to 11.3% to the uncer-
tainty in the Hall sensor sensitivity and positioning—mainly due
to thermal contraction—geometrical deviations of the bobbins from
the ideal model, and external sources of magnetic noise.

In this configuration, we measure the magnetic field at a fixed
position, where the sensors are placed. To obtain an even more
detailed insight into the behavior of the magnets, we proceed to
mount the Hall probes on nanopositioners, allowing us to scan the
sensor position along different axes. First, we perform a scan without
applying any current to the coils, enabling us to account for intrin-
sic sensor offsets and environmental magnetic sources. In addition,
we test the system by ramping the current up to 3 A and then back
down to zero several times. We observe that the measured mag-
netic field at zero current varies by a few mT and it drifts over
time, potentially due to residual magnetization in the coils. Figure 7
presents the measurements obtained from scanning the nanoposi-
tioners along the y and z directions. For each coil, we consider a Hall
probe aligned with the bobbin axis and measure the magnetic field
when 1 A flows through the coil. The plot shows the measured field,
the calibrated field (i.e., after subtracting the field measured at 0 A),
and the expected field from our model.

Our results show that the measured and expected curves fol-
low the same trend, although the absolute values typically differ by
∼10% for bobbin x and even more for bobbins y and z. The discrep-
ancy is likely higher for these two bobbins due to their magnetic
field being highly sensitive to the exact position of the nanoposi-
tioner along the x axis, which has a relatively large error associated
with it. In the upper plot of bobbin x and Hall probe x, we see a
jump in the calibrated curve, due to stray magnetic fields or Hall
probe malfunction during the calibration measurement. In addition,
for bobbin z, we observe a large offset of more than 1 T at zero
current, which we attribute to the Hall sensor itself. The discrep-
ancies between expected and measured values arise from the same
factors discussed earlier—sensor uncertainty, geometric deviations,
and magnetic noise. Notably, in this specific measurement, the Hall
sensor positions are estimated only roughly, relying primarily on
the position readings of the nanopositioners. We conclude that our

model provides a good estimation of the magnetic field generated
by the coils. However, the actual magnetic field in the environment
can be predicted with an ∼10 mT resolution, and we attribute to
it a relative error of about 10%, which can be higher if the probe
position is not known with good accuracy, as in the nanopositioner
scans. From the measurements in Table IV—where the position of
the sensor is known with a better accuracy—we can conclude that
the expected magnetic fields at the sample position and in the center
of the bobbins predicted in Table III are reasonable.

VI. CONCLUSIONS AND OUTLOOK
We have provided a comprehensive manual on the design,

construction, and optimization of a superconducting three-axis
vector magnet. By implementing an effective thermalization
strategy—including optimized wiring in a dilution refrigeration and
carefully anchored components—we are able to individually drive
each coil with 3 A while consistently maintaining a base tempera-
ture of ∼15 mK, which can rise up to 23 mK when the coils operate
simultaneously. The system achieves a maximum magnetic field of
around 2.5 T in the center of bobbin y, while at the sample posi-
tion, we can reach 0.4 T along the z axis and 0.1 T along the x
and y axes. The limitations in field strength could be addressed by
improving the winding process. Based on our design, we estimate
that fully wound bobbins—which are feasible, as demonstrated in
Fig. 3(e)—could generate magnetic fields 2–3 times higher at the
sample position than for these initial attempts. In addition, applying
higher currents—which has been shown for similar systems29—or
increasing the size of the bobbins could further increase the mag-
netic field. For instance, we consider bobbins with the same design
parameters as in Table I but with h = 40 mm (the limit of the winding
machine). We assume that they are fully wound and that the epoxy
thickness is the same as what we experienced. If we drive each coil
with 10 A—well below the protection diode threshold current (see
Appendix B)—we expect to have a magnetic field at the sample posi-
tion of 0.94 T, 1.06 T, and 2.28 T for bobbins x, y, and z, respectively.
However, such heavy magnets, driven with high currents, might lead
to thermalization and quenching issues.

For applications requiring a strong field along a single axis,
placing the sample inside the bobbin, where the field is at its max-
imum, is also a viable alternative. We realized this with the bobbin
shown in Fig. 3(e), which has rin = 8 mm—enough to place a sample
inside it—and can reach a magnetic field of 2.7 T with 3 A. When
strong magnetic field is required in any direction, a way to reduce
the size of the coils is to design a vector magnet where the sample is
placed inside one of the bobbins and the other two bobbins are very
close or attached to it.

Our model is in good agreement with experimental measure-
ments, although in some cases, we observe a significant offset,
mainly due to unknown Hall probe sensitivity and imprecise posi-
tioning, as well as stray magnetic field sources. As a consequence,
for magnetic fields below ∼10 mT, our predictive accuracy is lim-
ited. These deviations are also attributed to the inhomogeneity of
the bobbin radius and height, which could be mitigated by designing
thicker side plates. For applications requiring highly stable magnetic
fields, an upgrade to persistent-mode operation38 could be consid-
ered. Overall, our system offers a flexible and adaptable platform for
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various experimental setups that demand relatively strong, tunable
magnetic field intensity and direction at cryogenic temperatures.
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APPENDIX A: FINITE THICKNESS CURRENT LOOP

We consider a single loop carrying a current I, with a finite
thickness t, an internal radius r0, and an external radius r0 + t, as
depicted in Fig. 1(a). In the case of a flat 2D loop, the magnetic field
is then given by

B(z) = μ0I
2t ∫

r0+t

r0

r2

(r2 + z2)3/2 dr, (A1)

where we integrate the magnetic field contribution over infinitely
thin loops with radii ranging from r0 to r0 + t. By introducing
the dimensionless parameters x = t/r0 and x̃ = r/r0, we can rewrite
Eq. (A1) as

B(z) = μ0I
2r0

1
x∫

1+x

1

x̃ 2

(x̃ 2 + (z/r0)2)3/2 dx̃. (A2)

Since for all relevant cases t ≪ r0, we can approximate the integral
as

B(z) = limx→0
1
x∫

1+x

1
f (x̃, z)dx̃ = f (1, z) = μ0I

2
r2

0

(r2
0 + z2)3/2 .

(A3)
This is equivalent to the expression for the magnetic field of a
single loop [Eq. (1)] with r = r0. Using similar arguments, this
approximation also holds in the 3D case.

APPENDIX B: PROTECTION CIRCUIT CALCULATION

In the low-current regime, where no current I is flowing
through the diodes, the supplied voltage is given by

V = (RL + RC + RS + RB) ⋅ I, (B1)

where RL is the resistance of the long cable from the protection box
to the current source, RS is the resistance of the short cable from the
top of the DR to the box, RC = 0.5 Ω is the resistance in the protec-
tion circuit, and RB is the resistance of all the wires inside the DR [cf.
the schematic in Fig. 5(c).] We assume RB = 0 Ω when the bobbin is
superconducting, although there is a small residual resistance from
the copper wires in the upper parts of the DR. The total resistance
measured by the power supply is the sum of all these resistances

R = RL + RC + RS + RB. (B2)

At low temperatures, when no quenching occurs, we typically mea-
sure R = 1.06 Ω. Given that the short cable is ∼1 m long and the long
cable is around 6 m long, we assume RS = RL/6, yielding RL = 0.48 Ω
and RS = 0.08 Ω. When a quench occurs, the measured resistance
initially jumps to R = 1.5 Ω and then continues to increase. This
indicates that the resistance inside the DR has increased to at least
RB = 0.44 Ω.

As the current increases, it eventually reaches a threshold value
Ith, at which point current starts flowing through the diodes,

Ith =
Vth

RS + RB
, (B3)

where V th is the threshold voltage of two diodes in series, which is
around 1.4 V. The top panel of Fig. 8 shows Ith as a function of RB.
When the coil is superconducting, we find Ith = 17.5 A, meaning that
the coils can be driven up to this current. In a quench scenario, Ith
quickly drops to 2.69 A. Below this value, the protection circuit does
not effectively dissipate the current, allowing RB to keep increas-
ing until the threshold condition is met. Even when the threshold
voltage is reached, some current still flows through the coil, approx-
imately equal to Ith. The power P dissipated in the bobbin when
I > Ith satisfies

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

P = VB ⋅ Ith,

VB = Vth − RS ⋅ Ith,

Ith =
Vth

RS + RB
,

(B4)

where VB is the voltage drop inside the DR. Solving for P, we get

P = V2
th

RB

(RB + RS)2 . (B5)
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FIG. 8. Diode current threshold Ith (top plot) and power P flowing in the coil (bottom
plot) as a function of the coil resistance RB. The dashed red line indicates the
typical coil resistance as soon as a quench occurs.

The bottom panel of Fig. 8 shows the dissipated power as a function
of RB. We observe that even when RB = 5 Ω, the power remains on
the order of 0.5 W. This suggests that the protection circuit is insuf-
ficient to fully prevent DR heating, although it does help in limiting
the power in the coils.

REFERENCES
1M. Raha, S. Chen, C. M. Phenicie, S. Ourari, A. M. Dibos, and J. D. Thompson,
Nat. Commun. 11, 1605 (2020).
2J. Rochman, T. Xie, J. G. Bartholomew, K. C. Schwab, and A. Faraon, Nat.
Commun. 14, 1153 (2023).
3A. Strinic, P. Oehrl, A. Marx, P. A. Bushev, H. Huebl, R. Gross, and
N. Kukharchyk, “Broadband electron paramagnetic resonance spectroscopy of
167Er:7LiYF4 at mK temperatures,” arXiv:2501.04657 [quant-Ph] (2025).
4O. T. Whaites, C. I. Ioannou, B. J. Pingault, G. L. van de Stolpe, T. H. Taminiau,
and T. S. Monteiro, Phys. Rev. Res. 5, 043291 (2023).
5J.-F. Wang, L. Liu, X.-D. Liu, Q. Li, J.-M. Cui, D.-F. Zhou, J.-Y. Zhou, Y. Wei, H.-
A. Xu, W. Xu, W.-X. Lin, J.-W. Yan, Z.-X. He, Z.-H. Liu, Z.-H. Hao, H.-O. Li, W.
Liu, J.-S. Xu, E. Gregoryanz, C.-F. Li, and G.-C. Guo, Nat. Mater. 22, 489 (2023).
6D. Huber, B. U. Lehner, D. Csontosová, M. Reindl, S. Schuler, S. F. Covre da
Silva, P. Klenovský, and A. Rastelli, Phys. Rev. B 100, 235425 (2019).
7M. Xu, X. Han, W. Fu, C.-L. Zou, and H. X. Tang, Appl. Phys. Lett. 114, 192601
(2019).
8O. Lee, J. Sahliger, A. Aqeel, S. Khan, S. Seki, H. Kurebayashi, and C. H. Back,
J. Phys.: Condens. Matter 34, 095801 (2021).
9M. Cocconcelli, S. Tacchi, R. Erdélyi, F. Maspero, A. Del Giacco, A. Plaza, O.
Koplak, A. Cattoni, R. Silvani, M. Madami, A. Papp, G. Csaba, F. Kohl, B. Heinz,
P. Pirro, and R. Bertacco, Phys. Rev. Appl. 22, 064063 (2024).

10L. Pan, X. Liu, Q. L. He, A. Stern, G. Yin, X. Che, Q. Shao, P. Zhang, P. Deng, C.-
Y. Yang, B. Casas, E. S. Choi, J. Xia, X. Kou, and K. L. Wang, Sci. Adv. 6, eaaz3595
(2020).
11J. P. Pekola and B. Karimi, Rev. Mod. Phys. 93, 041001 (2021).
12W. Wang, H. Qu, Y. Wang, H. Wang, J. Cheng, C. Wang, H. Wu, and F. Liu,
Rev. Sci. Instrum. 94, 123703 (2023).
13Y. Lvovsky, E. W. Stautner, and T. Zhang, Supercond. Sci. Technol. 26, 093001
(2013).
14K. Deguchi, T. Ishiguro, and Y. Maeno, Rev. Sci. Instrum. 75, 1188
(2004).
15J. Chen and M. Afzelius, “Efficient and reversible optical-to-spin conversion for
solid-state quantum memories,” Quant. Sci. Technol. 10(2), 025060 (2025).
16L. Rossi and L. Bottura, Rev. Accel. Sci. Technol. 5, 51 (2012).
17A. Holzäpfel, S. Rinner, K. Sandholzer, A. Gritsch, T. Chanelière, and A.
Reiserer, Adv. Quantum Technol. 2024, 2400342 (2024).
18K. Izawa, H. Takahashi, H. Yamaguchi, Y. Matsuda, M. Suzuki, T. Sasaki,
T. Fukase, Y. Yoshida, R. Settai, and Y. Onuki, Phys. Rev. Lett. 86, 2653
(2001).
19H. Suderow, J. P. Brison, A. Huxley, and J. Flouquet, J. Low Temp. Phys. 108, 11
(1997).
20H. F. Hess, C. A. Murray, and J. V. Waszczak, Phys. Rev. B 50, 16528
(1994).
21J. A. Galvis, E. Herrera, I. Guillamón, J. Azpeitia, R. F. Luccas, C. Munuera, M.
Cuenca, J. A. Higuera, N. Díaz, M. Pazos, M. García-Hernandez, A. Buendía, S.
Vieira, and H. Suderow, Rev. Sci. Instrum. 86, 013706 (2015).
22M. Zhang, J. Wang, W. Meng, J. Zhang, Q. Feng, Z. Wang, Y. Lu, Y. Hou, and
Q. Lu, Rev. Sci. Instrum. 95, 033704 (2024).
23Z. J. J. Stekly and J. L. Zar, IEEE Trans. Nucl. Sci. 12, 367 (1965).
24M. Wilson, Superconducting Magnets, Monographs on Cryogenics (Clarendon
Press, 1983).
25Y. Iwasa, Case Studies in Superconducting Magnets: Design and Operational
Issues, 2nd ed. (Springer, New York, 2009), p. XXXIV, 682.
26Bluefors, Vector magnets, 2024 (accessed 29 Jan 2025).
27Cryomagnetics, Multi-axis vector magnet, 2025 (accessed 30 Jan 2025).
28O. Instruments, Superconducting magnets, 2025 (accessed 30 Jan
2025).
29M. Raha, “A telecom-compatible quantum memory in the solid-state: Single
erbium ions coupled to silicon nanophotonic circuits,” Ph.D. thesis (Princeton
University, Princeton, NJ, 2021).
30M. J. Weaver, P. Duivestein, A. C. Bernasconi, S. Scharmer, M. Lemang, T. C. v.
Thiel, F. Hijazi, B. Hensen, S. Gröblacher, and R. Stockill, Nat. Nanotechnol. 19,
166 (2024).
31J. Etesse, A. Holzäpfel, A. Ortu, and M. Afzelius, Phys. Rev. A 103, 022618
(2021).
32J. Liu, Q. Wang, L. Qin, B. Zhou, K. Wang, Y. Wang, L. Wang, Z. Zhang, Y. Dai,
H. Liu, X. Hu, H. Wang, C. Cui, D. Wang, H. Wang, J. Sun, W. Sun, and L. Xiong,
Supercond. Sci. Technol. 33, 03LT01 (2020).
33X. Zhang, H. Liu, F. Liu, Y. Shi, T. Qu, L. Shao, Z. Hong, and L. Guo, IEEE
Trans. Appl. Supercond. 31, 1 (2021).
34D. J. Griffiths, Introduction to Electrodynamics, 4th ed. (Cambridge University
Press, Cambridge, UK, 2017).
35E. Dennison, Magnet formulas, 2018 (accessed 30 Jan 2025).
36P. F. Smith, Rev. Sci. Instrum. 34, 368 (1963).
37B. J. Maddock and G. B. James, Proc. Inst. Electr. Eng. 115, 543 (1968).
38D. Patel, S.-H. Kim, W. Qiu, M. Maeda, A. Matsumoto, G. Nishijima, H.
Kumakura, S. Choi, and J. H. Kim, Sci. Rep. 9, 14287 (2019).

Rev. Sci. Instrum. 96, 065208 (2025); doi: 10.1063/5.0270187 96, 065208-12

© Author(s) 2025

 07 July 2025 14:34:09

https://pubs.aip.org/aip/rsi
https://doi.org/10.1038/s41467-020-15138-7
https://doi.org/10.1038/s41467-023-36799-0
https://doi.org/10.1038/s41467-023-36799-0
http://arxiv.org/abs/2501.04657
https://doi.org/10.1103/physrevresearch.5.043291
https://doi.org/10.1038/s41563-023-01477-5
https://doi.org/10.1103/PhysRevB.100.235425
https://doi.org/10.1063/1.5098466
https://doi.org/10.1088/1361-648x/ac3e1c
https://doi.org/10.1103/PhysRevApplied.22.064063
https://doi.org/10.1126/sciadv.aaz3595
https://doi.org/10.1103/revmodphys.93.041001
https://doi.org/10.1063/5.0167006
https://doi.org/10.1088/0953-2048/26/9/093001
https://doi.org/10.1063/1.1710696
https://doi.org/10.1142/s1793626812300034
https://doi.org/10.1002/qute.202400342
https://doi.org/10.1103/physrevlett.86.2653
https://doi.org/10.1007/bf02396814
https://doi.org/10.1103/physrevb.50.16528
https://doi.org/10.1063/1.4905531
https://doi.org/10.1063/5.0191662
https://doi.org/10.1109/tns.1965.4323653
https://doi.org/10.1038/s41565-023-01515-y
https://doi.org/10.1103/PhysRevA.103.022618
https://doi.org/10.1088/1361-6668/ab714e
https://doi.org/10.1109/tasc.2021.3101761
https://doi.org/10.1109/tasc.2021.3101761
https://doi.org/10.1063/1.1718368
https://doi.org/10.1049/piee.1968.0101
https://doi.org/10.1038/s41598-019-50549-7

