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Abstract

Across many areas of science, there is a need to generate magnetic fields that are both ultra-stable and
switchable “on” and “off”. Current-carrying wire configurations are switchable but are susceptible to
current noise. Existing current-controlled approaches to switching the field produced by a permanent
magnet involve altering the magnet’s magnetisation, which typically requires large field pulses and
produces excessive power dissipation in high frequency applications. We present a hybrid technique to
switch the field of any arbitrary magnet through use of a non-linear ferromagnetic circuit, named the
‘Saturable Electronic Reluctance Switch’ (SERS). The circuit achieves a linear and monotonic ramp
of the magnetic field up to a current threshold, above which the field becomes constant. Crucially,
the applied current has minimal influence on the magnetic field stability and demagnetisation of
the magnet is avoided. The power dissipated in each switching cycle is expected to be many orders
of magnitude less than for existing permanent magnet switching approaches. SERS is also robust
to fabrication errors, suppressing noise in the control current by several orders of magnitude in a
non-ideal device. To illustrate its application, a SERS-driven device is proposed for generating ultra-
stable magnetic field gradients in a scalable trapped-ion quantum computer. We find this device offers
an order of magnitude reduction in power dissipation compared to state-of-the-art current carrying
wires, while reducing magnetic field noise originating from current fluctuations by up to five orders
of magnitude.

Keywords: magnetic field switching, hybrid magnetic devices, ferromagnetic circuits, low-noise magnetic
fields, magnetic field gradients, trapped ions, quantum technologies, atomic and molecular physics
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Introduction

Across many applications that require generation
of static magnetic fields, there is a recurring trade-
off between achieving a field that is highly stable
and simultaneously switchable.

Important cases are found in the fields of
atomic, molecular and optical physics, where fluc-
tuations in applied magnetic fields are a significant
consideration. One example in quantum infor-
mation processing involves trapped-ion quantum
computing using the Magnetic Gradient Induced
Coupling (MAGIC) scheme [1, 2] with Zeeman-
sensitive qubits in a quantum charged coupled
device (QCCD) type architecture, yielding a
promising avenue for scalable quantum computing
[3]. Here, fluctuations in the applied static mag-
netic fields limit the achievable coherence times
and gate fidelities [4]. Permanent magnets produce
exceptionally low-noise fields, enabling record-
breaking coherence times in trapped ions [5, 6].
Yet, a large-scale QCCD architecture will likely
require zeroing the applied magnetic fields during
fast ion-transport through gate zones to pre-
vent qubit state dephasing [7, 8]. Current-carrying
wires (CCW) enable switchable magnetic fields
[9], but suffer from technical noise and necessitate
the development of sophisticated ultra-low noise
current supplies [10-13]. This apparent dichotomy
between stability and bandwidth can be found in
experiments involving atom traps [14, 15], quan-
tum metrology [16, 17], atomic clocks [17, 18],
Bose-Einstein condensates [19], quantum interfer-
ometry [20, 21], Feshbach resonances [22], penning
traps [23, 24] and nanoMRI [25], to name a few.

A few non-mechanical methods exist to effec-
tively switch the field of a permanent magnet.
Degaussing [26] and electro-permanent magnet
assemblies [27, 28] involve cycling the magneti-
sation of hard and semi-hard ferromagnets via
current pulses. These techniques preserve the field
stability of the magnets in the ON/OFF states,
but typically require large current pulses to drive
the magnets into saturation and, due to their large
hysteresis, are prone to excessive power dissipa-
tion in high frequency applications. An alternative
method which may avoid demagnetisation of the
magnet is to superpose its field with that of a
CCW, temporarily zeroing the field [27]. However,
matching the permanent magnet field requires a
large ampere-turn product, and the resulting field

is subject to current noise when the CCW is
energised.
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Fig. 1 Cross-section of a Saturable Electronic Reluctance
Switch magnetic circuit, illustrating the operating principle
in the low-field “OFF” (top) and high-field “ON” (bottom)
states. Switching is actioned by driving two shunt cores into
full saturation using anti-parallel solenoids. In the OFF-
state, flux from a permanent magnet is directed through
shunts with high magnetic permeability. When a driving
current around the shunts is switched on, the shunts lose
their permeability and the flux is instead directed towards
an air-gap output region. By magnetising the shunts along
a single axis, full saturation is achieved, ensuring perme-
ability remains constant in the ON-state. The anti-parallel
solenoid orientation ensures zero net contribution of the
solenoid fields at the air-gap, eliminating current depen-
dency.

In this work we present a non-mechanical,
low-power and low-noise method of switching the
magnetic field generated by a magnet at the air-
gap of a ferromagnetic core. Called the Saturable
Electronic Reluctance Switch (SERS), the device
exploits the non-linearity of ferromagnets, mag-
netisation directionality and symmetry to switch
the magnetic field of a permanent magnet between
high-field (ON) and low-field (OFF) states, as
shown in Fig. 1. This relatively simple magnetic
circuit creates an output field that is remarkably
insensitive to the applied current. In addition,
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Fig. 2 a) Schematic of a simple Saturable Electronic Reluctance Switch (SERS) device. The device contains a primary soft
ferromagnetic core of cross-sectional area A that provides two paths, P1 and P2, for the magnetic flux, ®,,, of a permanent
magnet of length £, and area A,,. P1 contains two high-permeability shunts, S1 and S2, of area As and length ¢s. Each
shunt is tightly wound with an N-turn solenoid carrying a current 7,1, where n, = (—1)™. P2 contains an air-gap of length
Ly and area Ay, where the experiment requiring a switchable field is located. b) An idealised magnetic circuit model of the

device, excluding primary core reluctance.

demagnetisation of the magnet is avoided, enhanc-
ing output repeatability between switching cycles
and reducing power dissipation.

Saturable Electronic Reluctance
Switch

A key property of soft ferromagnets is their ability
to guide magnetic flux. In magnetic circuit terms,
they provide a low-reluctance path through space,
with reluctance defined by R = ¢/uA, where ¢
and A the respective length and cross-sectional
area of the path and p the medium’s permeabil-
ity. At low magnetisation, soft ferromagnets can
display permeabilities as high as 10° times that
of vacuum, o [29]. Such permeabilities arise from
the ease with which the ferromagnet’s internal
magnetic moments are able to reconfigure to an
applied field. However, the density of magnetic
moments within the ferromagnet provide a fun-
damental limit to its magnetisation, leading to
a maximum saturation flux density, Bg... When
fully saturated along a single axis, no further
changes in magnetisation along the same axis can
occur. Any additional field applied along this axis
is subject to a constant permeability of u = po.
The magnetisation stability obtained in full single-
axis saturation is the key principle exploited by
the SERS method.

A basic configuration for the SERS device is
shown in Fig. 2(a) with its idealised magnetic cir-
cuit shown in Fig. 2(b). The circuit contains three
key elements: a magnet, an air-gap section and
a shunt section. These are connected in parallel
by a high permeability ferromagnetic “primary”

core. The magnet, e.g. a permanent-magnet, a
superconducting magnet or a solenoid, provides
the air-gap field to be switched. The air-gap con-
tains the experimental operating region where the
switchable magnetic field is required. The shunt
section consists of a series of solenoid-wound high
permeability ferromagnetic cores configured to
magnetise in anti-parallel directions. This section
magnetically connects the two poles of the pri-
mary core, effectively closing the circuit for the
magnet. The primary core is designed to present
a negligible reluctance to the magnetic circuit
throughout operation. In its simplest form, the
shunt section is composed of two identical shunts.

Following the example from Fig. 2(a), the
SERS device operates by toggling the magnetic
flux from the magnet between path P1, contain-
ing the shunt section, and path P2, containing
the air-gap. When no current is applied to the
solenoids, we approximate P1 to have a reluctance
of Rogg = ls/2u;As, where p; is the initial per-
meability of shunt material. The reluctance of P2
is that of the air-gap, given by Ry = {4/poAy.
In addition, some magnetic flux will leak through
the remaining volume of space between the poles
of the primary core. We represent this leakage by
a lumped parallel reluctance Rieax. Since p; > g
such that Rog < Ry, the proportion of the mag-
net’s flux, ®,,,, directed to the air-gap, ®,, is then
given as a proportion of the parallel reluctances as

RoﬁRleak
o, = 3, ~ 0.
g Rofng + RgRleak + Rofleeak
(1)




Minimal flux exists at the air-gap and the switch
is in the OFF-state.

To ensure the primary core and shunts are not
saturated by the magnet’s flux in the OFF-state,
we impose the following general design condition:

Condition D1. Given a magnet of area A,, sus-
taining a magnetic flux density B,,, the primary
core and shunts must satisfy

AmBm < ZAs,nBsat,n < Aszamp; (2)
n

where A, is the smallest cross sectional area
of the primary core and Bty its saturation flux
density and, for a set of shunts {S(1)...S(n)},
where n > 2, A, and Bgas,, are the areas and
saturation flux density of each shunt core.

When a current of I,, > I is applied to
the solenoids, where Ig,; is the current threshold
required to drive both shunts into full saturation,
both shunts reach their maximum reluctance value
given by Ron = €s/2p0As and hence,

Ron Rleak

®, = ®,,
g 7zon,ng + RgRleak + Roaneak

~ By
3)

The system is now in the ON-state. To max-
imise delivery of magnetic flux to the air-gap,
we ensure the shunt reluctance is greater than
the air-gap reluctance by imposing the design
condition:

Condition D2. For an air-gap of effective length
£y and area Ay, the shunt core lengths, ¢, ,,, and
areas must satisfy

Eg Zs,n
1< A (4)

g9

Crucially, since both shunt cores and solenoids
are identical and magnetised in anti-parallel direc-
tions, their net contribution to ®, is zero. Gen-
erally, this is achieved by imposing the design
conditions:

Condition D3. To achieve cancellation of the
solenoid fields in the air-gap in the ON-state, the
number of turns N,,, current I,, and area Ago1 , of
the shunt solenoids must satisfy

Z nnNnéAsol,nIn _ 07 (5)
n s,n

where 7, = (—1)" determines the orientation of

the solenoid. In addition, each solenoid must have

length Yyo1,5, = {5, and must be tightly wound.

Condition D4. To achieve cancellation of the
core fields in the air-gap in the ON-state, we
impose

Z nnAs,nBsat,n =0, (6)

where A ;,, and By, are the area and saturation
flux density of each shunt core.

In the ON-state, magnetisation changes within
the shunt are avoided by saturating the cores
along the same axis that shunts the magnet’s
flux. The air-gap field is therefore insensitive to
variations on the applied current, 61(t), provided
Ion + 0I(t) > Isat. When the current is removed,
the permeability of the shunts is restored and the
system returns to the OFF-state. Through this
method, the largest demagnetising field experi-
enced by the magnet is its self-demagnetising field
in the ON-state, as determined by the air-gap
geometry. Only the soft ferromagnetic materi-
als change magnetisation in each switching cycle.
Therefore, power dissipation due to hysteresis
losses is expected to be many orders of magni-
tude lower than in electro-permanent magnet and
permanent magnet degaussing methods.

To demonstrate the switching profile of the
two-shunt SERS circuit, we derive the full circuit
equation and numerically solve it to determine
the air-gap flux density, By(I), over a current
range of 0 A to 15 A for an idealised example (see
Methods). In this ideal case, all design conditions
are satisfied and there is no leakage or primary
core reluctance. Three different shunt materials
are modelled: MuMetal©, Nickel steel (NS) 4750
and Vanadium (V) Permendur, illustrating how
the material’s BH-curve affects switching. Figures
3(a) and (b) illustrate the respective BH-curves
and calculated differential permeabilities for each
alloy. Fig. 3(c) illustrates the numerically obtained
By(I). Fig. 3(d) shows the air-gap current sensi-
tivity 0

dBy(1
w(1) = 22 7)
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Fig. 3 Numerical and finite element modelling (FEM) results of a SERS circuit. Shown are the a) representative B-H curves
and b) differential relative permeability of three tested shunt materials. The numerically solved air-gap B-field and calculated
current sensitivity, K = dBy/dI, as a function of applied current are shown in ¢) and d) respectively. Switching is observed
by the step-like transition from a linear ramp in the air-gap field to a nearly-constant field value as the applied current is
increased. For an ideal SERS circuit, the initial linear ramp in air-gap field is given by kog = poN/{g, as highlighted with
a dashed line. The same two parameters are calculated for a non-linear 3D FEM simulation of the MuMetal-shunt SERS
circuit and fitted with the analytical model. These are shown in e) and f). g) 3D FEM simulation of the SERS operation in
the OFF (left) and ON (right) states, showing absolute magnetic flux values in each region. In the ON-state, the magnetised
shunts form a visible magnetic circuit loop and a low-field region forms between the shunts and magnet, indicating isolation

of the shunt region.

The MuMetal shunts exemplify an ideal switch

performance, where « falls below 1 x 1078 T A~!

and becomes numerically indistinguishable from
zero. The other shunt alloys, with significantly

higher saturation fields, exhibit slower and less
well-defined switching.



Defining Hg, as the field strength required for
full-saturation of the shunt material, we derive

Hsatgs + Bg,satgg//fé()) (8)

Isap = N (
for the switching current, where By ¢, is the final
air-gap flux density in the ON-state (see Meth-
ods). An optimal shunt material can be defined as
one in which Hgyy < By sarly/ tols, such that

ly
poN

Isat ~

Bg,sab (9)

This is equal to the current that would oth-
erwise be required for a shunt solenoid to
magnetise the air-gap to Bgsat. Below satura-
tion, the current sensitivity is equal to kog =
oN/l,. For the example circuits, we calculate
Lsar, MuMetal =3.8A, g, Ns ar50 = 9.1 A and
Isat, V Permendur — 44 A.

We corroborate these results against a system
with flux leakage and finite primary core reluc-
tance by simulating the MuMetal case using 3D
non-linear finite element method (FEM) software
(see Methods). The obtained By(I) and x(I) are
shown in Fig. 3(e) and 3(f) respectively. The ana-
lytical model provides a close fit to the FEM
results. However, the FEM simulation yields a
finite Kon, indicating a departure from the ideal
case. Fig. 3(g) shows the magnetic field redistri-
bution that occurs between the OFF and ON-
states. In the ON-state, a low-field region appears
between the shunts and the magnet, indicating
magnetic isolation between these parts.

SERS stability and repeatability

In the ideal SERS circuit, current sensitivity of the
output field vanishes in the ON-state and field sta-
bility is limited only by the intrinsic magnetisation
noise and drift of the magnet and ferromagnetic
materials, e.g. thermal magnetisation fluctuations
[30] and the magnetic after-effect drift [31]. This
condition requires full saturation of the shunts and
perfect cancellation of the solenoid fields within
the primary core. The former is achievable by
appropriate choice of materials and optimisation
of their magnetic properties, e.g. through mag-
netic heat-treatment [32]. The latter is limited by
fabrication tolerances, magnetic field leakage from
the coils and finite primary core reluctance. For

example, in the two-shunt design, failing to meet
condition D3 yields a finite current sensitivity. If
we define a switching ratio, & = |kon/Kof, it can
be shown that (see Methods)

Asolz _ Asol1
15 4
where Agol,1 and Agol2 are the shunt solenoid
areas, /1 and /{5 the shunt lengths and R; is
the total reluctance between the two poles of the
primary core, estimated as

LRI SR S N (11)
ROD Rm Rleak Rg '

o = MQRt ) (10)

Ry

%

For the example SERS circuit including leakage, a
10% error in the Agon/ls ratio of a single shunt
yields an a of 1.1 x 10~%. If the solenoid length
is smaller than that of the shunt, flux leakage will
occur leading to reduced cancellation in the pri-
mary core and stray fields. A FEM simulation of
the example SERS device where the length of a
single solenoid is reduced by 1% and 10% of £,
yields o of approximately 2 x 107° and 7 x 107
respectively (see Methods). Another limiting fac-
tor for « is the finite primary core reluctance.
For the example SERS device, a primary core
permeability of p, = 10* theoretically limits o
to approximately 8 x 107% (see Methods). This
limit is mitigated by making the shunts equidis-
tant from the air-gap. Where D4 is not satisfied,
a constant offset, ABy, in the output field will
result. In the two-shunt case,

ABg = As,2Bsat,2 - As,lBsat,l- (12)

However, this offset does not lead to increased
current dependency in the generated field.

While no significant magnetisation changes
occur to the magnet during switching, the shunts
and primary core undergo large excursions of their
BH-loops that are subject to hysteresis. How-
ever, since the switch toggles between two stable
magnetisation states, ON/OFF-state repeatabil-
ity may be protected by the magnetic accommoda-
tion effect which results in convergence to a highly
repeatable minor-loop on the BH-curve [33]. By
cycling the switch a number of times, it may be
conditioned to create a repeatable output even in
the presence of hysteresis.
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Fig. 4 Ferromagnetic fringe effect gradient-projecting core structures. Magnetic polarity is indicated by colour (blue/red).
a) Ring core arrangement (RCA) structure, with prototype parameters of s = 0.2mm, w = 0.5mm, H = 5.5mm and W =
8 mm. b) FEM simulated magnetic field magnitude in all three planes for the RCA core after magnetisation with cylindrical
permanent magnets of remanent flux density B, =1T, length £,,, =3 mm and radius r,, =1 mm. ¢) Linear core arrangement
(LCA) structure, with prototype parameters of s; = 0.15mm, s2 = 0.2mm, w; = 0.5mm, wz = 1mm, D = 1mm, H =
5.5mm and W = 17.5 mm. Illustrated for each core is an example placement of cylindrical magnets, e.g. permanent magnets
or core-filled solenoids. d) FEM simulated magnetic field magnitude in all three planes for the LCA core, magnetised by

the same set of permanent magnets.

Fringe Field Quadrupole

To generate magnetic field gradients using SERS,
we present the Fringe Field Quadrupole (FFQ)
cores. These consist of four core poles of alter-
nating magnetic polarities that converge into a
series of air-gaps that generate a quadrupolar
fringe-field. Generally, two magnets are required
to magnetise the FFQ poles. The first FFQ geom-
etry, named the Ring Core Arrangement (RCA),
is shown in Fig. 4(a). The fringe-field shaping
parameters are s and w, which enable gradi-
ent magnitude optimisation at a given operating
height (y-axis), h, above the core surface. We
simulate the fields created by a prototype of the
RCA core when magnetised by two permanent
magnets (see Methods). The core is optimised for
h = 500 um, yielding a magnetic field gradient
along the z-axis of 9|B|/0z = 104.7(4) Tm™%.
The resulting fringe-field topology is shown in
Fig. 4(b), featuring a central magnetic field nil
that extends indefinitely along the y-axis and a

radially-symmetric magnetic field gradient in the
xz-plane about the nil.

Fig. 4(c) illustrates an alternative FFQ geom-
etry, named the Linear Core Arrangement (LCA).
Fig. 4(d) illustrates the simulated magnetic fields
of an LCA core prototype. A magnetic field nil
exists along the x-axis with maximal gradient
obtained along the z-direction. In this design, the
fringe-field shaping parameters are s; 2 and w2,
which determine both the gradient magnitude and
nil height above the core, and D, which determines
the nil length along the x-axis. These parameters
are chosen to yield a nil located at h = 500 pm
with an obtained 9|B|/0z = 59.7(1) Tm™1.

SERS-driven quadrupole

Combining the SERS circuit with an RCA core,
we present in Fig. 5(a) an example of a switchable
low-noise magnetic-field gradient device. The core
is designed to be located beneath the gate-zone of
a surface ion trap, generating a large axial B-field



gradient, 0,B = 0|B|/0z, and field nil at the cen-
tre of the gate zone. We simulate the field at h =
500 um, corresponding to a surface trap thickness
of 375 um and ion trapping height of 125 pm (see
Methods). The core is magnetised by two SERS
circuits.

In the OFF-state, I = 0, a minimal remnant
gradient of 9,B = 310.4(9)mTm™? is obtained,
enabling ion-transport across the gate zone. If
required, each pair of shunts may be driven sym-
metrically, n1 = 12, such that they fully cancel
the magnet’s remnant field. Fig. 5(b) shows the
obtained axial gradient as a function of applied
current. With a 2.3 A switching current, an oper-
ational current of 2.5 A creates a 200 mA buffer
to protect against ringing, offsets and drifts in
the applied current. In the ON-state, a current-
insensitive gradient of 9,|B| = 70.5(1) Tm™! is
obtained over a 100 pm span, enabling two-qubit
quantum gates.
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Fig. 5 a) Schematic of a SERS-driven fringe field
quadrupole core prototype for creating switchable ultra-low
noise magnetic field gradients in the gate zone of a trapped-
ion quantum information processor. Here, the device is
illustrated positioned underneath a gate zone region of sur-
face trap, creating a field-gradient along the axial z-axis
with quantisation direction along the x-axis. b) FEM sim-
ulation results of the magnetic field gradient magnitude
produced at an ion height of 500 pm above the core sur-
face as a function of driving current (orange). Also plotted
is the effective gradient sensitivity to current, kg _p, as a
function of applied current (blue, dashed).

To determine the impact of the reduced gradi-
ent current sensitivity,

_ 4 9|B|
S ) R P

Ko (13)
we make a direct comparison to CCW structures
for switchable gradient generation. Siegele-Brown
et al. report CCWs with an effective ko.p =
11.1 Tm~! A~! for the same ion height of 125 pm
[9]. Since CCW gradient strength scales linearly
with current, a large xg_p is desired to achieve the
required gradient strengths without prohibitively
large Joule losses. However, this simultaneously
increases the impact of current noise and drift.
The SERS quadrupole displays a ramping ks, B
of 38.2(1) Tm~* A~!, followed by a sharp drop to
a finite kg, p of 1.2(2) x 1073 Tm~1 A~! at satu-
ration. These results indicate the device exhibits
a larger efficiency than CCWs while attenuating
current noise by up to five orders of magnitude.
While kg_p will depend on fabrication tolerances,
as shown earlier, orders-of-magnitude reductions
in current sensitivity are still achievable in a
non-ideal device.

The ON-state continuous Joule losses are cal-
culated as 2.05 W at 300 K (see Methods). For the
same gradient, this is an order of magnitude reduc-
tion from the 17.9 W estimated for CCWs at room
temperature. The increased efficiency compared
to CCWs is due to the ability to use multi-turn
solenoids, as opposed to embedded CCWs being
limited to a single layer. By shaping the magnetic
field through its geometry, the FFQ core provides
freedom to optimise the magnetising source for
reduced power dissipation, inductance and man-
ufacturability. Furthermore, the added distance
between the dissipative solenoids and the trap sur-
face provided by the device reduces heat transfer

to the gate zone, reducing motional decoherence
[34].

Conclusion and outlook

The analysis and modelling presented in this work
indicates that the SERS circuit can offer current-
controlled magnetic-flux gating while strongly
suppressing sensitivity to noise in the applied cur-
rent. Experimental realisation of a SERS device
will allow the remaining material-dependent lim-
its, including magnetisation noise, drift and



hysteresis-related repeatability to be quantified in
practical devices. If coupled with a sufficiently
low-noise current source, a SERS circuit could
provide a switchable magnetic field with stabil-
ity limited by the noise and drift properties of
the employed magnetic materials, offering a useful
tool for experimental research. Conversely, a near-
ideal realisation of the circuit may substantially
reduce the noise specification of power supplies
used to generate magnetic fields, effectively act-
ing as a passive broadband filter on the control
current. Thus, having the potential to reduce
the cost, complexity and environmental impact
of such experiments. This work effectively shifts
the problem of compromising between stability
and bandwidth to one of manufacturing preci-
sion. Furthermore, SERS may provide a route to
flux-gating fields from semi-hard magnets, super-
conducting magnets, or solenoid magnets in appli-
cations that are compatible with field delivery via
a ferromagnetic core. For example, in persistent-
current superconducting magnets, SERS could
provide a route to modulating the delivered field
without directly switching the superconducting
current path to interrupt the persistent currents,
such as with persistent-current-switch approaches
[35].

The two presented FFQ gradient cores exploit
the fringe effect to project a quadrupolar magnetic
field into a volume of space outside of the core. By
eliminating the need to interpose the experimental
region in the core air-gap, they provide hindrance-
free miniaturisation and are readily integrated
into experiments. Hence, applicable to fields where
large magnetic field gradients are required in a
miniaturised device, such as magneto-optical traps
[36], small-scale NMR imaging [37-39], electrical
manipulation and individual addressing of spin
qubits [40, 41], and microfluidics [42, 43].

Combining the SERS circuit with an FFQ
core, we provide a solution to one of the key
challenges facing trapped-ion quantum computing
with MAGIC on a QCCD architecture. The five
orders of magnitude decrease in current sensitiv-
ity compared to CCWs creates a path towards
permanent magnet level stability while remaining
suitable for ion-transport. In addition, we calcu-
late similar room-temperature power dissipation
as that reported by CCWs at cryogenic temper-
atures [9]. This relaxes the thermal management

requirements for a large-scale computer, leading to
reduced running costs and environmental impact.

Methods

Two-shunt SERS circuit equation

A more rigorous determination of the air-gap
induction as a function of I is obtained by mod-
elling the magnetic circuit through Hopkinson’s
law,

F =R, (14)
where F is the drop in magnetomotive force
(mmf) over a reluctance carrying flux ®, and

Gauss’s law,

> =0, (15)

3

where ®; is the total flux carried by each element,
i, between the primary core poles. The circuit con-
sists of five parallel elements: the shunts (labels
‘1’ and ‘2’), the magnet (labelled ‘m’), the air-
gap (labelled ‘g’) and the parallel flux leakage
between the poles of the primary core (labelled
‘leak’). Examining the circuit in Fig. 2(b), since
we assume the reluctance of the primary core to
be negligible, there will be no significant mmf
drop between the parallel elements. As such, the
shunts, magnet and air-gap all share a common
mmf, F4. The magnet contributes an mmf, Fp,, to
the circuit with series reluctance R,,. Each shunt
solenoid will contribute an mmf of 1, NI to the
circuit, where 71 = —1 and 73 = 1. The flux in
each shunt core will depend non-linearly on the
H-field in the shunt, such that ®; o = B(Hj 2)As.
We also assume a non-negligible Rie.x. Through
equation (14) and defining “up” as the positive
direction for mmf and flux, we find

F
d =29 16
g Rg’ ( )
F
Blop = ——=2 17
fealk Rleak ( )
and T r
®,, = sm_ Y9 1
— (18)

for the air-gap, leakage and the magnet respec-
tively. We note that F, is negative since it will
generally act in opposition to the magnet. Given
that, from equation (15)



Zq)i:(bl—F(I)Q‘f'(I)m"'q)leak_'_(I)g:O’ (19)
4

a governing two-shunt SERS circuit equation can
be given as

B(H1)As + B(Hs)As

Fm — Fyg Fy Fy
— — =0 20
* Rm Rlcak Rg ’ ( )
where from Ampere’s law
—NI — NI —
H1 = 67]:9 and HQ = T]:g (21)

for a shunt length of /5. Given the circuit param-
eters and the non-linear B(H) function for the
shunt material, 7, can be solved numerically for
each value of applied current. The magnitude of
the magnetic flux density in the air-gap is then
given as | By ()] = polF, (1)]/4,.

SERS switching current

To find the switching current, I5,;, we differentiate
equation (20) with respect to I, yielding

dB(H,)
A,
*dH,

1,1
Rm Rleak Rg

From equation (21) we obtain

dH
-+

A
dI

dB(H,) dH
*TdH, dI
dr,

W _— 0.

(22)

AN (dB(H,) dB(H)
l, ( dHy, — dH, )
A, (dB(H,)
f( dH

a7y
dl
d]-'g

a

dB(H,)
T, )

< ! + ! + 1) (23)
Rm Rleak Rg

The on-state condition occurs when dF,/dl = 0,
which is true when

dB(Hy) _ dB(Hy)

. 24
dH> dH, (24)

This indicates that switching occurs when the dif-
ferential permeabilities, p} 5, of each shunt are
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equal, i.e. becoming fully saturated such that p} =
7 o- We define Hg,y as the point on the
shunt material’s BH-curve where full saturation
occurs. From equation (21) it is apparent that S2
saturates at higher current than S1. Therefore,
switching occurs when |Ha| = Hgat, yielding

1
AT (Hsatgs + ]:g,sat) )

N (25)

Isat =

where Fyqar is the air-gap mmf at saturation,
given by

RonRicakR
fg,sat = ﬁfma (26)
A
where
A= RoancakRg + RlecakRg
+ RmRonRg + 7€7n7Q01[1,R'1ead<~ (27)

Equivalently, Fj ¢at can be expressed in terms of
the air-gap flux density in the ON-state, By ¢as, as
Fysat = Bgsatlg/ 0. Hsar can be estimated from
the shunt material’s BH-curve while Fg ¢ can
be derived from the device geometry and magnet
mmf or through the required By gat-

Numerical calculations for the
example SERS device

The example permanent magnet based SERS
device is modelled with the parameters shown in
Table 1. The shunts and magnet are modelled
as cylindrical with radii r; and r,, respectively.
The shunt-solenoids are assumed to have an inner
radius and length equal to that of the shunts.
We omit flux leakage in this example. Three
representative material models are utilised from
Comsol Multiphysics®’s materials library: nickel-
steels “Mu-metal®” and “4750”, and cobalt-steel
“Vanadium Permendur”. The normal (extrinsic)
BH-curve is extracted from Comsol up to a field
strength of 1 x 10 Am™' by simulating a per-
fectly wound closed-toroid of each material. This
data is then interpolated in Python using SciPy’s
CubicSpline() function to obtain a callable B(H)
function. The differential permeabilities, '
dB/dH, of each material are obtained using the
first derivative of the cubic spline.

For the permanent magnet, the mmf and
reluctance are given by F,,, = £,,B;/(prpt0) and



Table 1 Example permanent magnet based SERS device
parameter list.

Element  Variable Value Description
Ts 1 mm cylinder radius
Shunts 45 4mm cylinder length
N 30 turns
Tm 1mm cylinder radius
Lo, 4mm cylinder length
Magnet B, 1T remanent flux density
Lo 1.05 relative permeability
. Ay 4 mm? gap area
Air-gap Ly 0.2mm  gap length

R = Lm/pritoAm, where B, is the magnet’s
remanent flux density and pu,. its relative recoil
permeability. The air-gap flux density is given by
By(I) = polFy(I)|/€y. We use SciPy’s brentq()
function, which implements Brent’s root-finding
method, to solve for F, at each value of applied
current in equation (20), given the model param-
eters and material B(H) function. Leakage is
neglected by assuming Rieax = 00, such that
Pieak = 0. To find k(1) = dBy(I)/dI, we inter-
polate the obtained Bgy(I) using CubicSpline()
and obtain the first derivative. Approximate pre-
diction of the switching currents is carried out
by visually estimating the H-field at which the
differential permeability of each tested mate-
rial reaches pp. We estimate Hgap MuMetal =
400AI?(1_17 Hsat, NS 4750 = 4 X 104 Am~! and
Hgat, v Permendur = 3 X 10° Am™'. The switch-
ing current is then calculated using equation (25),
where by taking Rjeax = 00 equation (26) simpli-
fies to

RonRy -

Fosat = R R R Ry + RonRom™ ™

(28)

Uncertainty estimation in finite
element analysis

When calculating magnetic field gradients and
current sensitivities from results obtained by finite
element analysis, two sources of uncertainty are
considered: uncertainty in the accuracy of the sim-
ulated fields and uncertainty in the fitting of the
field data. The former uncertainty is estimated by
running the finite element simulation using two
different mesh densities and comparing the dif-
ference between the obtained results. The highest
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mesh density used is limited by the computer’s
available memory. The smaller mesh density is
chosen as a significant reduction in mesh elements
that does not compromise convergence of the solu-
tion. Since we assume a further mesh refinement
would lead to a smaller difference in the solutions
than the one obtained, the obtained difference is
used as an error bound. In the latter case, the
uncertainty is the standard error obtained from
the linear fit. The final reported uncertainty is the
highest of the two.

Finite element analysis of the example
SERS device

We carry out 3D non-linear finite element analysis
of the example SERS device using Comsol’s Mag-
netic Fields (mf) interface of the AC/DC module.
The model geometry is illustrated in Fig. 6. The
device parameters are shown in Table 1. Addition-
ally, the primary core is formed of two rectangular
cores of cross-section 2.5 mm x 2.5 mm and length
12mm. The primary core is made to taper into
a 2mm X 2mm square air-gap. The primary
core material is modelled using Comsol’s non-
linear Vacoflux 50, with a B,y of approximately
2.3T. The shunts are modelled using Comsol’s
non-linear MuMetal. The shunt solenoids form a
perfect cylindrical conductor around the shunt of
thickness 0.3 mm. The device is encapsulated in
a box modelled with Comsol’s “perfect vacuum”
and infinite element domains are applied at the
boundaries.

rim

air-g

shunts magnet

Z

7 .
S vacuum surrounding

Fig. 6 Illustration of geometry used for the Comsol evalu-
ation of an example SERS device. The air-gap flux density,
By, is evaluated at the point marked by the red dot.



Applied current is swept from 10A to 1mA
using Comsol’s Auziliary Sweep feature, facilitat-
ing convergence by starting in the fully-saturated
regime. The air-gap B-field as a function of applied
current is then evaluated at the geometric cen-
tre of the air-gap. Comsol’s Magnetic Fields, No
Currents (mfnc) interface is used to evaluate the
air-gap field at 0 A. By including leakage reluc-
tance, Rjeak, in the numerical calculations, SciPy’s
curve_fit() function is used to find the value of
Rieak that minimises the residual between the ana-
lytical model and Comsol By(I) data, yielding
Ricak =15.9MH ™.

SERS stability analysis

In the ON-state, both shunt cores are fully sat-
urated and their differential permeabilities are
constant and equal to po. Under the assump-
tion that only small perturbations, 1, in current
occur, the resulting perturbation in air-gap mmf,
0Fy, is described by a linear derivation of the
magnetic circuit equation as

~NoI - 6F,  NoI-6F,
R1 Ro
Fn—6F, 6F, OF,
Rm a Rleak B qu B

0. (29)

In this case, R1 = ¥s51/10As011 and Ry =
ls2/thoAsor2. In this case, 51 and fso are the
shunt lengths which are not assumed to be equal.
We do, however, assume the solenoid lengths are
equal to the shunt lengths to avoid flux leakage.
Differentiating equation (29) with respect to 61
and given 6B, = 1100.F,/l, we obtain

1o
Rs Ri)’

( 11 1 1 1 >1
=l>+>+—0—+ + .
(31)
Since R; is in fact the effective total reluctance
between the primary core poles, it will be almost
invariant to small geometrical changes. Hence, we

can estimate R; by assuming the ideal case in
which

_ o RN
on gg

(30)

1,1
Ri Rz Ron

(32)
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Given all geometric parameters, this expres-
sion allows us to calculate the finite ko, obtained
when manufacturing errors prevent perfect satis-
faction of condition D3. For I < I, the OFF-
state ko = poN /ﬂg, hence we can express the
switching ratio as

K-’OH

Asol,? .
es 2

)

Asol,l
es,l

o =

= poRy (33)

Roff

To evaluate flux leakage effects, we carried out the
same Comsol simulation as detailed in the ‘Finite
element analysis of the example SERS’ section.
Using Comsol’s Parametric Sweep feature, we
reduce the length of one of the solenoids by 0%,
1% and 10%. kopn is then evaluated by obtaining
the first derivative of a CubicSpline() interpola-
tion of the obtained B, (I) data. kog is calculated
analytically. The mean « obtained over the range
I = 4.5A to 7.5A is reported. With 0% reduc-
tion, a baseline a = 1.4 x 107° is obtained. At 1%
and 10% length reductions, o = 1.9 x 107° and
a = 6.9 x 107° are obtained respectively. Being
above baseline, these quantities indicate leakage
related limits on «.

A finite primary core reluctance will result
in additional series reluctance, §R, between the
shunt furthest from the air-gap (S1) compared to
the one that is closest (S2). In an ideal device,
we may model this added reluctance by setting
R1i =R+ IR and Ry = R, where R = {,/ppAs.
Hence, from equation (30), we find

R
“‘m<m+mm)

Therefore, it is important to ensure the primary
core permeability remains large, i.e. it does not
saturate, such that R > 6R. For the example
SERS device, we calculate R by assuming a mean
path length within the primary core of 5.5 mm,
cross-sectional area of 2.5mm? and relative per-
meability u, = 10%.

(34)

FFQ field calculations on Comsol

Both the RCA and LCA fringe-field cores are sim-
ulated in 3D on Comsol using the Magnetic Fields,
No Currents (mfnc) interface of the AC/DC
module. Both cores are modelled using Comsol’s
non-linear Vacoflux 50. The core poles are mag-
netised using two cylindrical permanent magnets



Table 2 FFQ gradient evaluation, including mesh
refinement, obtained by linear regression of |B(z)| over
different ranges. Standard error obtained from linear
regression.

No. of 0.B (Tm_l) Standard
Core mesh elements [z-range (pm)] crror
ge (B (Tm™1)
104.7 [-15, -115] 0.4
RCA 113,742 104.7 [15, 115] 0.4
104.8 [-15, -115] 0.4
540,744 104.7 [15, 115] 0.4
59.6 [-15,-115] 0.1
LCA 84,174 59.6 [15, 115] 0.1
59.7 [-15, -115] 0.1
843,235 59.7 [15, 115] 0.1

with remanent flux density B, = 1T, relative
recoil permeability u, = 1.05, length [ = 3mm
and radius r,, = 1mm. The device is encapsu-
lated in a box modelled with Comsol’s “perfect
vacuum” and infinite element domains are applied
at the boundaries. The RCA core field-shaping
parameters for optimal gradient magnitude at h =
500 pm are chosen based on results from previous
work [44]. For the LCA core, Comsol’s Paramet-
ric Sweep feature is used to find the field shaping
parameters that create a magnetic field nil at
h = 500 pm, without gradient magnitude opti-
misation. For each core |B(x,y,z)| is evaluated
along the z-axis at © = 0 and y = 500 pm. The
magnitude of the magnetic field gradient is then
estimated through two separate linear regressions
(SciPy’s linregress() function) of |B(z)| over two
ranges, z =—15pum to —115pm and z 15 pm
to 115 pm. Convergence of the result is checked
through mesh refinement, the obtained results are
shown in Table 2.

SERS-driven FFQ prototype
evaluation

The permanent magnet SERS-driven gradient
device is simulated on Comsol using 3D non-
linear analysis with Comsol’s Magnetic Fields
(mf) interface of the AC/DC module. The param-
eters of the shunts, magnets and solenoids are the
same as detailed in Table 1. The shunt solenoids
form a perfect cylindrical conductor around the
shunt of thickness 0.5 mm. The primary core is
formed of two rectangular cores of cross-section
3mm x 2.5 mm and length 9.3 mm. The RCA core
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is formed using the same pole geometry as detailed
in Fig. 4. The primary core and RCA poles are
modelled using the non-linear model for Vacoflux
50. The shunts are modelled using Comsol’s non-
linear MuMetal. Fig. 7 illustrates the simulated
geometry.

| ‘*‘ primary core h— reg|on
\ ‘/1 ’
\ 5 == v

= \‘i; "

Fig. 7 Illustration of geometry used for the Comsol eval-
uation of the SERS-driven gradient device.

Obtained results are shown in Table 3. Two
meshing densities are simulated to ensure con-
vergence of the simulated fields. For x = 0 and
y =500um the RCA core generates a field with
0B,/0z = 0B,/0z = 0 and 0,B = |0|B|/0z| =
|0B,/0z|. This facilitates calculation of 0,B at
each current by enabling a linear regression (using
SciPy’s linregress() function) from z = —50 pm to
50 um of the B, (z) data at = 0 and y = 500 pm.
Ko,p is obtained from the first derivative of a
cubic spline interpolation of the obtained 9, B(I),
using SciPy’s CubicSpline() function. The ramp-
ing kg, p is calculated from the mean of kg, p(I)
in the range I = 0.5 A to 1.5 A. For the ON-state
Ko, B, the selected range is I = 2.5 A to 7.5 A.

Joule losses are estimated assuming tight
single-layer edgewise winding with rectangular
wire. The wire is modelled as having a conductive
cross-sectional thickness ¢ = 0.1mm and width
b = 0.5 mm with a surrounding insulating layer of
thickness ¢ = 0.01 mm. The total conductive area
is Ay, = ab. Assuming a helical winding with aver-
age radius r, = r5 + b/2 + ¢ and pitch p = {5/N,
the total wire length is given by

Ly = N\/4n2(rs +b/2 4 ¢)2 + (£,/N)2.  (35)



Table 3 Comsol simulation results for the SERS
gradient device. For 0, B, standard error is
obtained from the linear regression. For kg, 5,
standard error is obtained from the set of data
used to calculate the mean kg, 5. Two meshing
densities are simulated: mesh 1 (41,003 elements)
and mesh 2 (75,929 elements).

Variable Mesh  Value Standard
error
9;B (Tm~1) 1 70.6 0.1
at I = 2.5A 2 70.5 0.1
9.B (mTm1) 1 309.5 0.4
at I =0A 2 310.4 0.4
ko.B (x10%) 1 1.45 0.03
at I = 2.5A 2 1.24 0.03
Ko.B 1 38.032 0.003
at I = 1A 2 38.161 0.003

The total Joule losses for all four solenoids are
then given by

_ 4pLay 72

P
Ay

(36)

where p 1.725 x 1078 Qm is the resistivity
of copper at 300K [45]. CCW Joule losses are
estimated from their reported 438 m2 resistance
at room temperature and the current required
to match the SERS quadrupole gradient given
Ko.p = 11.1Tm 1 A=t [9].
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