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Alternating magnetic fields (AMFs) cause magnetic nanoparticles (MNPs) to dissipate heat while
leaving surrounding tissue unharmed, a mechanism that serves as the basis for a variety of emerg-
ing biomedical technologies. Unfortunately, the challenges and costs of developing experimental
setups commonly used to produce AMFs with suitable field amplitudes and frequencies present a
barrier to researchers. This paper first presents a simple, cost-effective, and robust alternative for
small AMF working volumes that uses soft ferromagnetic cores to focus the flux into a gap. As the
experimental length scale increases to accommodate animal models (working volumes of 100s of
cm? or greater), poor thermal conductivity and volumetrically scaled core losses render that strategy
ineffective. Comparatively feasible strategies for these larger volumes instead use low loss resonant
tank circuits to generate circulating currents of 1 kA or greater in order to produce the comparable
field amplitudes. These principles can be extended to the problem of identifying practical routes for
scaling AMF setups to humans, an infrequently acknowledged challenge that influences the extent to
which many applications of MNPs may ever become clinically relevant. Published by AIP Publishing.
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. INTRODUCTION

Heat dissipated by magnetic nanoparticles (MNPs) plays
a central mechanistic role in a variety of minimally invasive
biomedical applications including cancer hyperthermia, ! site
specific actuation of drug release,>* protein manipulation,>®
and control over cellular functions, e.g., neural stimulation
and insulin production.” Research on these topics typically
relies on externally applied alternating magnetic fields (AMFs)
with amplitudes of tens of kA/m and frequencies of hun-
dreds of kHz in order for the MNPs to generate sufficient
hysteresis losses. The magnetic moments of MNPs offer a
plausible energetic handle for actuation by AMFs of this ampli-
tude,'” and experimental evidence has surprisingly indicated
that nanoscale heating of MNPs is orders of magnitude greater
than what macroscopic heat transport equations predict.!!
Scrutiny of indiscriminate use of linear response theory, the
predominant physical model used to describe MNP hysteresis
in AMFs, has led to the development and experimental evalu-
ation of more general models.'>!7 These systems will likely
continue to pose worthwhile fundamental questions and offer
opportunities for applications in medicine and elsewhere.

One way to enable the scientific community in its ongo-
ing study of these topics is to lower financial and technical
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barriers to the creation of experimental setups that produce
AMFs. Laboratories conducting magnetic hyperthermia
research often purchase induction furnaces or contract outside
experts to make custom AMF setups,>!® but these approaches
can be prohibitively expensive. Simple, cost effective, and
robustly functional alternatives exist,'>?* and this paper iden-
tifies and motivates several efficient strategies for creating
suitable AMF-generating electromagnets and their driving cir-
cuits. An effective AMF electromagnet essentially functions
as a low loss inductor, stably operating with uniform field
amplitude in an accessible working volume. A small quantity
of MNPs introduced into a sample, animal model, or patient
are coupled to the circuit driving the inductor by the AMF,
but even a highly efficient electromagnet dissipates several
orders of magnitude more power in waste heat than it deliv-
ers to the MNPs. The benefit of AMFs in this context is not
efficiency of power transfer by the circuit, but rather the tar-
geted delivery of energy to MNPs that leaves surrounding
tissue unharmed. The need to limit off-target power dissipa-
tion by weak eddy currents arising from the conductivity of
tissue is typically stated in terms of a maximum allowable field
amplitude-frequency product, Hy f. Time-averaged off-target
power dissipation depends on many other factors including
duty cycle, geometry of the exposed region, and field profile.
Nevertheless, idealized eddy current power dissipation is a
function of Hy f, so such a limit serves as a useful, if approx-
imate, benchmark. Abiding by a frequently cited estimate

Published by AIP Publishing.
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of this physiological limit, Hof < 5 x 10° Am™' s71,2! has
the practical effect of limiting maximum useful operating fre-
quencies to the low megahertz range for the purpose of heating
MNPs in biomedical applications. At frequencies above this,
the allowable amplitude diminishes more rapidly than the Ho f
product suggests as conductivity of tissue increases, causing
nonspecific power dissipation to increase.?>

When designing an AMF setup for an experiment, the
most crucial parameter to consider is scale; a feasible approach
for producing a high amplitude field in a working volume of
1 cm?® cannot necessarily be scaled efficiently to 100 cm?
(Fig. 1). Unless practical methods can be identified to scale
AMF setups producing the conditions represented in research
to dimensions relevant to humans, many of the applications
of MNPs currently being investigated may never leave the
laboratory. This paper will begin by discussing AMF gener-
ation suitable for characterization of small samples, in vitro
experimentation, and shallow targets in small animal mod-
els. It will then discuss the limitations of this approach in
the context of large working volumes and demonstrate more
appropriate designs, culminating in an analysis of human scale
coils.

Il. SMALL SCALE RESEARCH ELECTROMAGNETS:
~2 cm® WORKING VOLUME

A. Principle of operation for electromagnets with cores

Electromagnets employing soft ferromagnetic cores mag-
netized by a current-carrying wire are commonplace in both
laboratories and introductory physics textbooks.>? Regardless
of the particular shape or size of the core, many of these instru-
ments operate on the same physical principle by offering a high
permeability path for magnetic flux with a comparatively small
air gap that dominates the overall reluctance. To clarify how
this leads to strong fields in the gap, consider a magnetostatic
toroidal coil with a small gap of width w and N turns of a wire
carrying a current / [Fig. 2(a)]. An Amperian loop around the
circumference of a circular path of radius r that falls within

resonant
capacitor array
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FIG. 1. Generation of alternating mag-
netic fields at increasing length scales
for biomedical research, progression of
design strategies.

i field coil
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the core relates the field to the current,
Sgﬁ-ﬁlezng+Hc(2nr—w). (1)

Here, H, is the magnitude of the magnetic field in the gap and
H_ is the magnitude of the field in the core, both assumed to
be tangential and vary only with . Magnetic flux is locally
conserved, and in the limit of small gap width relative to the
cross-sectional area of the core A, the fringing behavior of the
field in the gap may be neglected such that a statement of flux
conservation reads

B,A~BA, 2
AMOHg =AucH.. 3)
Here, ug and y, are the permeability of free space and the core,

respectively; B, and B, are the magnetic field in the gap and
the core, respectively. This allows for the substitution

1
MH,=—H,=H, @
He Hr
where relative permeability p, = He/ Lo Substituting Eq. (4)
into Eq. (1) and solving for H, yields
NI N

g ]

w

H, &)

Because of the assumptions made in Egs. (1) and (3), Eq. (5)
provides an upper bound for the field in the gap. Its approxi-
mate form is justified in the limit of high relative permeability
of the core and small but non-vanishing gap width. Even when
the gap is widened somewhat, the same principle is still at
work as demonstrated by the width of the gap dominating the
inductive behavior of gapped toroids [Fig. 2(b)]. According
to a planar magnetoquasistatic finite element model shown in
Fig. 2(c), the field amplitude in the widened gap is predicted to
remain reasonably uniform, with about 70% of the gap falling
within +5% of the mean value.

The advantage of this approach becomes evident when
comparing it with the field of a long finite solenoid. The field
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FIG. 2. (a) Idealized gapped toroidal electromagnet
geometry. (b) The influence of gap introduction on induc-
tance for geometrically identical toroidal cores with 10
turns as measured experimentally using an LCR meter.
Cores were manufactured by Ferroxcube, part numbers
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The enhancement of the field magnitude can be quantified by
imagining that the long solenoid is deformed into the shape of
a toroid acting as the windings of a gapped core while keeping
N and I constant, as shown in Fig. 2(d),

H

. )

5w
Since the gap represents a small section of the circumfer-

ence of the toroid, L/w would generally be much greater than 1.
Despite relying on a few simplifying idealizations, this result
demonstrates the utility of soft ferromagnetic flux paths for
efficient generation of high magnetic fields. The use of a core
allows the same field to be produced with lower current den-
sity and thus significantly lower power. For an electromagnet
producing an AMF, the core will also generate losses that often
far exceed the power dissipated in the wires, as discussed in
Sec. III. However, for small working volumes and with appro-
priate core material selection, the same benefits apparent in
the magnetostatic case can also be realized at frequencies
approaching 1 MHz. The overall expense of an apparatus gen-
erating AMFs at this scale is dominated by the electronics
powering it, so reducing the necessary power also reduces
cost.

B. Practical implementation

In the magnetostatic case, achievable field magnitudes
in the gap can be limited by the saturation magnetization of
the core material.>* At frequencies of hundreds of kHz, AMF

TX51/32/19-3C95, TX51/32/19-3E6, and TX51/32/19-
3F3. (c) Detail of the gap region of a magnetostatic planar
finite element model of electromagnet with a 7.5 mm
gap and nonlinear B vs H manufacturer data for 3F3 at
25 °C. Magnetic field magnitude is shown relative to the
mean magnetic field in the gap (25 kA/m) to assess uni-
formity. (d) A representation of an imagined deformation
of a long solenoid into the windings of gapped toroidal
electromagnet.

3F3
1,52000

amplitudes are more likely to be limited by core losses, either
directly via increased effective resistance within the circuit
or indirectly via the production of waste heat.!” These losses
increase with flux density, and excessive heating can change
the magnetic properties of the core or, worse yet, contami-
nate experimental results. This limitation is compounded by
the fact that power ferrites, the best-performing core mate-
rials between 100 kHz and 1 MHz for this application, are
poor thermal conductors. Consequently, significant heat can
build up in the regions of highest flux [Figs. 3(a) and 3(b)].
For other applications at these frequencies, nanocrystalline
materials and iron powder materials may offer viable alter-
natives, but the comparatively higher conductivity of these
materials usually results in comparatively greater losses at
the flux density amplitudes required for generating useful
AMFs.

Undesired heating can be mitigated through a combi-
nation of design and experimental practice. Small cores are
favorable and active cooling (with water circulated from an
ice bath) can help offset the dissipated heat as illustrated in
Fig. 3(c). One simple approach is to immerse a garden pump
with a filter in an ice chest and flow the water through sili-
cone rubber tubing brought into thermal contact with the core
of the electromagnet with electrically non-conducting thermal
epoxy. Combined with a well-insulated sample holder, these
electromagnets can be used for the measurement of MNP heat-
ing rates with low background. For some experimental setups,
it may be advantageous to modify the geometry of the gap for a
more uniform flux density distribution in the core, as discussed
in the supplementary material.

Even among various ferrites intended for power mag-
netics, careful material selection can significantly reduce
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FIG. 3. (a) Magnetostatic planar finite element model
of flux distribution in the core of a 3F3 electromagnet
(TX51/32/19) with a 7.5 mm gap and magnitude 16 kA/m
at center of the gap. (b) Infrared thermograph of uncooled
electromagnet operating with 16 kA/m gap amplitude at
500 kHz after 30 s. Note correlation of core tempera-
ture with flux density. (c) Sketch of low cost cooling
apparatus with inset thermograph showing coil operating
with cooling with gap amplitude 30 kA/m at 100 kHz.
(d) Comparison of temperature versus time from infrared
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dissipated heat.>> Figure 3(d) compares temperature change
in uncooled, similarly sized toroidal power ferrite cores pro-
duced by several manufacturers. Gaps were cut to the same
width of 7.5 mm and the field in the gap was kept constant
between trials. The cores were all wrapped with a single
close-packed layer of litz wire (1050 strands of 44 AWG
for a 2 mm overall diameter) protected with heat shrink
tubing. Optimality of the core material depends on operat-
ing conditions, but for ferrites in the frequency range 100
kHz to 750 kHz, Ferroxcube’s 3F3 and Epcos’ N87 emerged
as suitable options. Both materials are readily available in
many geometries and heat acceptably at high flux densities
[Fig. 3(e)]. Despite the measures taken to reduce heating, oper-
ation at the highest field amplitudes is typically limited to

durations of tens of seconds punctuated by several minute rest
periods.

Figure 4(a) summarizes the maximum field amplitude
used in standard operation as a function of frequency for sev-
eral designs, as compared to the Hof product clinical limit
discussed earlier. For electromagnets based on metal powder
cores, operation was limited to the low tens of kHz due to
eddy current losses. Though falling below the Hg f limit, the
electromagnet shown in Fig. 4(b) can reach amplitudes of up
to 130 kA/m at 16 kHz. In the hundreds of kilohertz, power
ferrite cores like the one shown in Fig. 4(c) can easily meet or
exceed the limit. Although suitable ferrites for similar designs
that operate near or above 1 MHz do exist? and were tested
up to 2.5 MHz, it was found that the benefits of using of a

FIG. 4. (a) Summary of normal operating conditions rel-
ative to one commonly stated H¢ f product limit, 5 X 10°
A m! 57!, (b) Electromagnet for 16 kHz operation
with two stacked Magnetics, Inc. MPP cores (part num-
ber C055866A2) with a 7.5 mm gap. (c) A Ferroxcube
3F3 ferrite core (TX51/32/19-3F3) with a 7.5 mm gap
wrapped with insulated litz wire. (d) Sketch of wire geom-

etry for a stacked Helmholtz coil. (¢) Stacked Helmholtz
coil incorporating 3D printed wire guides.
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core diminish at these frequencies. The power savings real-
ized by using a core relative to a coreless coil are reduced as
the current required to reach the conditions suggested by the
Hof product limit decreases. If the two approaches require
similar power dissipation to reach the target AMF amplitude,
a litz wire design is favorable because it can transfer heat with
its surroundings more effectively and is therefore more read-
ily cooled.?® One such geometry that maintains the same field
direction and homogeneity as the designs incorporating cores
while reaching frequencies as high as 2.5 MHz is shown in
Figs. 4(d) and 4(e). It employs a conical spiral of litz wire
with a pitch of superimposed Helmholtz coils of increasing
diameter held by a 3D printed wire guide and can optionally
be cooled by a fan.

C. Drive circuit considerations

The circuits powering all of the AMF generation discussed
in this paper make use of either series or parallel resonance,
both of which store energy at their resonant frequency. In a
series resonant circuit, a high voltage can build up between
the capacitor and inductor, while the current in these ele-
ments is constrained (by definition) to the supplied current.
In a parallel resonant circuit, a high circulating current can
develop between the capacitor and inductor, while the volt-
age applied to the two elements is constrained (by definition)
to the supplied voltage. Incorporating a core both increases
inductive reactance and reduces the required current [Eq. (7)];
for a design with many turns of litz wire, this suggests the

a) o Electromagnet

1000
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need for series rather than parallel resonance. The series reso-
nant circuits used to drive electromagnets like those shown in
Fig. 4 can build up thousands of volts between the capacitor
and inductor at resonance, even with the modest currents on
the order of 10 A necessary to achieve the desired field in the
gap. This should be carefully considered for both user safety
and setup durability—high voltage discharge through an unin-
sulated core and dielectric breakdown of the capacitors are
both common modes of failure.'” Wherever possible, arrays
of surface mounted high voltage mica capacitors with negli-
gible equivalent series resistance may be used. The voltage
that this array must be able to withstand V,, can be esti-
mated by accounting for the current amplitude /( required by
Eq. (5), the resonance frequency f,, and the overall capacitance
value C,
— IO
Y 2nf,.C

In some cases, it is desirable to mechanically isolate the inter-
connection between the inductor and capacitor from any circuit
board in order to prevent dielectric breakdown through the
board and mitigate any shunt capacitance to ground that could
occur at that node.

A circuit similar to the one shown by Lacroix et al.'’
was used to step up the current supplied by a broadband
amplifier designed for 50 Q2 loads (E&I 1020L). A schematic
with simplified nonideal component models is shown in
Fig. 5(a), along with a representative photograph of the circuit
in Fig. 5(b), and a nonideal transformer model in Fig. 5(c).

®)

200W 100
Amplifier @
8
c 10F
© E
& > ) =
2 =
2 H
ﬁ “T vi' ! £
/ ,, 1EF
shunt E
Electromagnet V‘N; 6 L i : : T
5 6 789105 2 3 4 5 6 789106
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FIG. 5. (a) Simplified schematic for circuit driving AMF electromagnets with cores. (b) Photograph of a representative circuit. (c) Model of nonideal transformer.
(d) Resonances of the same electromagnet placed in series with various capacitor arrays. (e) Estimated resistance of gapped toroidal electromagnets with 28
turns, comparable dimensions, and a 7.5 mm gap, as a function of magnetic field amplitude in the gap. Part numbers for cores: Ferroxcube TX51/32/19-3F3 and
Epcos B64290L82X87. (f) Simulated low current impedance of a model based on measured component values is compared with impedance versus frequency

measurements.
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Only a single capacitor array placed in the secondary is nec-
essary to tune the resonance with the electromagnet, which
has inductance L, [Fig. 5(d)]. The effective resistance of the
electromagnet R,,, is dominated by the core loss and depends
on both frequency and flux density. Figure 5(e) shows how
R.,, varies with frequency and field amplitude in the gap of a
3F3-based electromagnet, estimated by monitoring the voltage
drop across the shunt resistor R, .

In a simplified model of a nonideal transformer [Fig. 5(c)],
the leakage inductances from both sides can be lumped
together as a single secondary-side inductance Licgkage; this
represents the series inductance measured in the secondary
circuit by an LCR meter when shorting the primary wind-
ing. (More precisely, this is a cantilever model of the trans-
former.?’) Lieakage can shift the resonance frequency slightly,
but it is significantly smaller than the inductance of an AMF
electromagnet with the recommended design (e.g., ~1 uH ver-
sus ~75 puH). A parallel inductance L,,, intended to model the
magnetic energy and flux in the core of the transformer,?®
is added to the primary circuit and can be estimated by
measuring the series inductance of the primary windings
with an open secondary circuit. Including this element in
the model predicts a parallel resonance with the capacitor
in the secondary circuit. If the transformer is made from an
intact toroid of the same type used in the electromagnet, L,
will generally be much larger than L., [Fig. 2(b)], and its
parallel resonance will occur at a frequency far below the
series resonance of the secondary circuit. This simple trans-
former model, based on measured quantities, effectively cap-
tures the behavior of the circuit in Fig. 5(f) and makes the
case for approximating the transformer as ideal in the vicin-
ity of the series resonance where the AMF electromagnet
operates.

lll. LIMITS OF SCALABILITY

The scalability of inductors and transformers that incor-
porate soft ferromagnetic cores is a well-studied topic,?”-!
typically focusing on figures of merit assessing storage and
transfer of energy. A similar analysis can be conducted that
considers the consequences of maintaining the same field
amplitude in designs with and without cores as working vol-
ume increases. This constraint results in somewhat different
design tradeoffs than with other goals. Since Sec. II A argued
the utility of the designs with cores on the basis of a reduction
in the power required to maintain a desired field amplitude, it is
logical to first consider how this advantage is lost by increasing
size.

Consider a coreless solenoid and an electromagnet with
a core that are uniformly scaled up by a factor €, while pre-
serving the same field amplitude in the working volume. As
will be discussed in Secs. IV-VI, scaled up designs usually
favor a reduced number of turns, with less resistance per turn,
so that this simple mental picture of enlarging a design with
many turns is not entirely realistic. However, making such
an assumption does not alter the most salient features of the
analysis; both power dissipation and field amplitude can be
seen as functionally dependent on distributions of flux density

Rev. Sci. Instrum. 88, 084301 (2017)

and current density. Maintaining the same number of turns
while neglecting the effect on inductance is therefore a jus-
tifiable analytical expedient that approximates a scaled up
distribution of current density.

The geometric dependence of the Biot-Savart law implies
that to maintain the same field amplitude in a coreless coil, the
new current /. would need to increase by the factor €,

7 =€ C)]
Scaling also changes the original winding resistance R
to a new value R.. In direct current (DC) conditions or when
properly-sized litz wire is used,3? the full cross sectional area of
the wire is utilized, so scaling up the coil reduces its resistance,
Rejp=e'. Without litz wire, for a single-layer winding at
high frequencies, the change in resistance may be estimated
by assuming that the skin effect pushes current density fully to
the outer surface of the wire. In this case, RE/ R = 1. The actual
exponent of the scaling factor for the resistance falls between
these limiting cases, but should come close to the DC case for
an appropriate litz wire selection.??
The power P required to maintain the desired field ampli-
tude with a scaled up coreless coil can be compared with the
power P required for the original coil as follows:

F..-6% o
p coreless I R
such that
P
es(:) <é’ (11
P coreless

Inductance scales with €’ for such a coil, so the ratio of energy
stored in the coil per unit power dissipated (i.e., quality factor,
see Sec. IV) thus increases with € in the coreless case. This
agrees with the well-known principle that coreless magnetics
achieve higher quality factor with increased size.?*-!

For a scaled up electromagnet with a core, Eq. (5) implies
that the current would similarly have to increase by the same
factor € to maintain the field amplitude. The power dissi-
pated in the windings would scale quadratically according to
Eq. (11); however the power dissipated in the core would scale
with volume and therefore €,
eI’R+€’P,V

eﬂR+émV< P. (12)
IR+ P,V

= <
12R + PVv P )with core

A plot of estimated power dissipation versus €, shown
in Fig. 6(a), compares two illustrative cases: a gapped 3F3
toroidal electromagnet and a finite solenoid with similar acces-
sible working volume, both producing an AMF with an ampli-
tude of 50 kA/m at a frequency of 100 kHz. The upper bound
for the power required by the solenoid takes into account the
proximity effect and skin effect expected with a solid cop-
per conductor. The lower bound is based on linear scaling of
estimated power dissipation using a measurement of litz wire
resistance at 100 kHz. For the gapped toroid, power dissipa-
tion was estimated by the voltage drop across the shunt resistor
Rgpunt, and the relative contributions of the core and wire were
estimated using the current and known resistance of the litz
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wire alone at 100 kHz. As expected, at the scale where the
design was implemented, the gapped toroid is more efficient
than the solenoid and its power dissipation is dominated by
the core. Figure 6(a) suggests that the advantages of using a
core to concentrate an AMF in a gap diminish rapidly with
scale, though it should be noted that the specific crossover
point depends on AMF frequency and field amplitude, core
geometry, and material.

Maintaining the same field amplitude in electromagnets
utilizing cores is actually far less scalable at high frequencies
than an analysis of required power alone suggests. The pre-
ceding analysis assumed that the distribution and density of
magnetic flux remains the same in scaled up cores, but large
inductors are actually limited to lower flux densities due to
heating.! If the core is constrained to remain below a particu-
lar operating temperature, and the rate at which it can transfer
heat to its surroundings is proportional to its surface area (area-
sonable though slightly conservative approximation?), then
the allowable energy loss density P, gioweq 1S proportional
to € 1. Losses in core materials can be described as a func-
tion of the flux density, so P, gioweq 1S also proportional to
Bua® where B is the peak flux density in the core and
B is a parameter that is approximately 2.3 for 3F3 accord-
ing to fits of the curves in Fig. 5(e).>® This implies that, at
sizes sufficient to be limited by temperature increase, the max-
imum allowable field in the gap scales as e, Consequently,
larger designs would by necessity be limited to operation at a
lower field amplitude, frequency, or duty cycle as illustrated in
Fig. 6(b). Even for particularly well-designed flux paths such
as the one presented in Gneveckow et al. or the special high
surface area core design developed by Magforce, the use of
a core still limits usable amplitudes.>*3 In principle, cooling
copper tubing or litz wire in a coreless coil by flowing deion-
ized water is comparatively feasible, even in cases with many
kilowatts of dissipated power. Magnetic materials could still
play a role in scaled up designs as shielding to reduce electro-
magnetic interference, but it is generally inadvisable for them
to be incorporated into the main flux path of a large-scale AMF
coil.

IV. MODERATE SCALE: ~200 cm® WORKING VOLUME
A. Resonant tank design

Section III showed that for working volumes larger than
a few cubic centimeters, the most efficient designs surround
the working volume with conductors carrying large currents.
It is advisable to again employ a form of resonance, but
this time a parallel LC configuration, or resonant “tank”
[Fig. 7(a)], is more appropriate.’® Placing an inductor and
capacitor in parallel amplifies the supplied current by the qual-
ity factor, Q, potentially producing large circulating currents
at resonance without those currents needing to be carried by
circuitry external to the tank.’” Q-factor is determined by the
ratio of resistively dissipated power to peak stored energy per
cycle,

_XL _27Tf,LT
0=2-=

, 13
. Ry 13)

where Ry is the resistance of the resonant tank, Ly is its
inductance, and f, is its resonant frequency. For an intuitive
understanding of the frequency dependence of the load pre-
sented by a resonant tank with a large Q value, the circuit
model in Fig. 7(a) offers a close approximation.’’ R, is the
apparent real load of the tank at resonance, which depends on
Q and L7,

@nf,Lr)*

o (14)

Rp =2nf,LrQ=
In the limit of high Q values, the parallel inductance L,
is approximately equal to L7, as indicated in Fig. 7(a).’
Impedance measurements on a resonant tank with various
capacitance values are shown in Fig. 7(b), illustrating how
the impedance of a resonant tank is maximized at resonance
and that R, tends to increase with f;..

To generate AMFs with amplitudes of up to 50 kA/m at
frequencies of hundreds of kHz in volumes of tens of cm’,
some laboratories employ induction furnaces or circuits based
on them.>!8 These devices use an AMF generated by the cur-
rent in a water-cooled copper tubing coil to inductively couple



084301-8 Christiansen et al.

a)

R R =2nL fQ

(Q%+1) _
T ~LT

L=L
p

Rev. Sci. Instrum. 88, 084301 (2017)

=
o
o

o]
o

(o]
o

Impedance (Ohms)
IS
o

20

0
200 300 400 500 600 700 800
Frequency (kHz)

1

H__ Normalized to Peak

'max

Impedance Normalized to Peak

= = Tank ii, Q=123 ]
—Tank iii, Q=296 |

Tank iii ;'/
ool &

2
0 5 10 15 20 25 0.90 0.95
Number of Turns N

1.00 1.05 1.10

Frequency Normalized to Resonance

FIG. 7. (a) Basic electrical schematic of a resonant tank for establishing large circulating currents and an intuitive model with nearly identical impedance vs
frequency characteristics. (b) Impedance vs frequency for a handheld coil with various resonances. (c) Analysis of the role of voltage and power constraints on
optimizing the number of turns in an idealized tank circuit. (d) Measured Q-factor values of resonant tanks with comparable inductance and resonance frequencies
but different inductor design. (e) Photographs of the coils measured in (d). Tank i is a simple 8 turn copper tubing coil. Tank ii incorporates 4 parallel copper tube
conductors into an 8 cm diameter two turn solenoid. Tank iii incorporates two parallel litz wires (42 x 10 x 10/44 AWG) surrounded by flexible Teflon tubing

for flow.

to conductive workpieces in order to deliver kilowatts of heat.>

Direct use of such furnaces as AMF sources may be effective
in some cases, but they can be expensive in the 100 kHz-1
MHz frequency range and are typically limited to a fixed fre-
quency. Furthermore, the fundamental purpose of an AMF coil
is subtly different: most of the possible biomedical applica-
tions require the dissipation of a fraction of a milliwatt by the
MNPs, implying that the tank operates essentially unloaded.
Identifying the design goal as maximizing AMF amplitude at
resonance for an unloaded resonant tank will subsequently be
shown to suggest the use of fewer turns and parallel conduc-
tors, design characteristics that would be unwarranted for an
inductive furnace application. (In its loaded state, the effec-
tive resistance introduced into the tank by a metal workpiece
should already far exceed the resistance of the coil for efficient
power transfer.)

General characteristics of the tank needed to maximize
the field amplitude at resonance are suggested by a few basic
circuit considerations that account for constraints on power
and voltage. The field amplitude of a coil with N turns can be
estimated by

H() za/IoN. (15)

Here, a is a proportionality factor determined by the coil geom-
etry. The approximation is warranted for a tightly confined
current distribution, such as in a low aspect ratio solenoid. For
along solenoid, the dependence on N is weaker because adding
turns to the ends has diminishing marginal utility for increas-
ing the field at the center. Assuming that each turn contributes
a resistance Ry, to the coil such that its total resistance is
given by Ry, N, the maximum power that can be delivered to
the coil P,,,4, limits the maximum value of the field,

(16)

ngxs(a %)NOS

Rtum

In the idealized resonant tank of Fig. 7(a), the maximum
circulating current is additionally limited by the inductive reac-
tance of the coil X; in combination with the maximum voltage
that can be applied to the tank V,,,,. This maximum voltage
limit is a design parameter set by the capacitor array of the
tank or perhaps ultimately by safety and dielectric breakdown
considerations, especially given the possible path to ground
via the circulating cooling fluid. Consistent with the approx-
imation made in Eq. (15), let X; ~ 2nf,A;N?, where A; is a
geometry dependent inductance factor and f; is the resonant
frequency,

V, \%
fp< 22 oMt a7
X,  2x[,AN?
aViyax 1
H,o < N 18
(27TfrAL ) (%)

Taken together, Eqs. (16) and (18) illustrate a fundamen-
tal tension in designing tank circuits that maximize the field
amplitude. Increasing N to reduce the required power eventu-
ally increases the inductance enough that the field amplitude
may instead become limited by the voltage that can be applied
to the tank. Regardless of the particular geometry or exact
dependence on N, a design maximizing the field amplitude
in the working volume operates where these two limits coin-
cide. Figure 7(c) illustrates this principle with generality for
three cases defined in terms of the ratio of the prefactors in
Egs. (16) and (18). By attempting to reach higher field
amplitudes in scaled up high frequency coils (increased Ay),
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increasing P,qy, and decreasing Ry,,,,, the optimal number of
turns is pushed progressively lower and the maximum grows
progressively sharper, indicating the advantage of geometries
with a few turns that carry high currents. High Q-factor is desir-
able so that power can be delivered efficiently and the majority
of resistive losses occur in the tank. This, however, must be
achieved by decreasing tank resistance rather than by increas-
ing tank inductance. Decreasing Ry, can be accomplished
by the use of actively cooled litz wire or parallel conductors,
though it should be noted that interconnect loss can become an
important factor with highly paralleled conductors. Figure 7(d)
shows how these strategies increase the Q-factor for sev-
eral coils with comparable inductance and similar resonance
frequency depicted in Fig. 7(e).

B. A case study: 8 cm diameter resonant tank
for freely moving small animals

To demonstrate the application of these principles, a coil
was constructed for experiments with awake, freely behaving
mice. The first step was to establish the intended operating
frequency and working volume. For this example, the target
frequency was approximately 150 kHz and the working vol-
ume consisted of a cylindrical space with diameter 8 cm and
height of at least 4 cm. This working volume lent itself to a
finite solenoid fashioned from 0.25 in. copper tubing. Using
the open-source finite element modeling software FEMM,
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an expected field profile could be simulated for magnetoqua-
sistatic conditions,*” with the solenoid approximated by a stack
of current-carrying rings. A design incorporating N = 8 con-
ducting rings was selected due to the predicted uniformity of
the field, which ranged from a minimum of 29 kA/m to a
maximum of 44 kA over the entire working volume [Fig. 8(a)].
The maximum field amplitude as limited by available
power could be estimated by assuming a resistance per loop,
Rio0p, accounting approximately for the skin effect (2.0 m€). In
order to avoid over-estimating the achievable AMF amplitude,
it was prudent to suppose that perhaps 50% of the maximum
DC supply power would be dissipated by the coil for an inverter
circuit like the one discussed in Sec. IV C. In this case, the as-
sumption implied an approximate P, of 3 kW. The maximum
current per loop, 1,0, could then be estimated as follows:

Prax 3000 W
L < _y —434A. 19
9 2\[NRipoy N 8-0.00200Q (1)

Assuming that one or more metallized film capacitors
(High Energy Corp. CHE6100M) were placed in parallel to
handle the combined current of the loops, the maximum volt-
age that could be applied was limited to 600 V. In order
to mitigate the inductance, some of the loops need to be
grouped in parallel. Let K represent the effective number of
turns of the coil accounting for parallel groupings. Here, K
could assume the values 1 (8 parallel conductors), 2 (4 parallel
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FIG. 8. (a) Cross-sectional view of a finite element model plot for a stack of 8 rings carrying 434 A each. (b) Voltage and power limits used to determine the
optimal number of parallel conductor groupings for the tanks appearing in (f) and (g). (c) Heat exchanger for cooling resonant tanks with rapidly flowed deionized
water. (d) Field amplitude at 164 kHz as measured by 3 interpenetrating orthogonal inductive pickup loops along the z axis of the coil, as compared with the
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kHz operation. Insulating black potting epoxy covers the turns of copper tubing. (g) Resonant tank for ~720 kHz operation. Note two series layers of capacitors

in the array to boost voltage tolerance.
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conductors), 4 (2 parallel conductors), or 8 (1 single conduc-
tor). The same finite element model could then be used to
determine how many turns should be placed in parallel by
integrating over the volume to find the magnetic field energy,
U. This quantity is relatable to inductance L by K and the
current per 100p o0,

2
2U K
L=—=2U . 20

12 (NII()()[J) ( )

Figure 8(b) shows how changing the effective number of
turns K changes the influence of the 600 V limit on the max-
imum current per loop. Since Fig. 7(c) suggests an optimal
design in the vicinity of the crossover between the voltage
and power limit, the two-turn solenoid with four parallel con-
ductors was the best available choice. The overall current in
the tank with this selection was predicted to be approximately
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1.7 kA, and although this tremendous current was distributed
across the four conductors and three parallel capacitors, effec-
tive cooling was necessary to avoid failure due to Joule heating.
This was accomplished with a custom heat exchanger that
rapidly circulated deionized water from a reservoir [Fig. 8(c)].

The AMF amplitude developed by this apparatus as mea-
sured by a homemade three-axis inductive field probe consist-
ing of three orthogonal loops of litz wire with known diameter
(13 mm) closely matched the profile predicted by the mag-
netoquasistatic finite element model [Figs. 9(d) and 9(e)].
The field strength along the lateral axes of the tank is some-
what less symmetric in the actual coil [Fig. 8(f)], as expected
from the simplifying approximation of cylindrical symmetry
in the simulation. Under these operating conditions, 4.2 kW
were delivered, implying that some 70% of this power was
dissipated in the coil itself, with the remainder presumably
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accounted for by the resonant capacitors and switching losses
in the inverter. Comparable operation at higher frequencies in
a coil with identical geometry requires raising the voltage tol-
erance of the tank. For example, a coil intended to generate a
lower AMF amplitude at a frequency of ~680 kHz uses a series
capacitor array to double the maximum voltage [Fig. 8(g)].

C. Full bridge driver

Commercial amplifiers with built-in protections against
damage from mismatched loads are undoubtedly the most con-
venient means to supply tens to a few hundred watts of power to
AMF setups with adjustable resonance frequencies. However,
the tank circuits described in Sec. IV B require substantially
more power to reach comparable amplitudes. Linear amplifiers
capable of supplying kilowatts do exist but can be prohibitively
expensive. Driving AMF coils at resonance implies that while
frequency adjustability is a desirable feature, linear amplifi-
cation over a wide bandwidth is not actively utilized and is
therefore a waste of both expense and efficiency. Instead, a
custom full bridge inverter was developed to convert a reg-
ulated DC supply (e.g., 600 V, 10 A maximum) to a square
wave with a frequency set by an input signal from a function
generator. More sophisticated inverter designs are available,*!
but a full bridge was selected on the basis of its simplicity and
it proved sufficient for the purpose. Additional discussion of
the inverter as well as the role of a transformer with leakage
inductance that impedes high frequency components of the
square wave can be found in the supplementary material.

V. OUTLOOK FOR CLINICAL SCALABILITY:
>1000 cm® WORKING VOLUME

Research on biomedical applications of MNPs acted upon
by AMFs implicitly assumes that particular AMF conditions
employed experimentally can be feasibly scaled to the human
body. Studies are conducted over a wide range of AMF con-
ditions, often with a markedly higher Ho f products than the
AMF that can be produced by a clinical scale electromag-
net.>* The reasoning behind the resonant tanks demonstrated in
Sec. IV may be extended to coils suitable for reaching a target
deep inside a human brain.

Recalling the conclusion of the earlier thought experi-
ment of coil scalability (Fig. 6), a useful geometric starting
point for designing a suitable tank is a (purely hypotheti-
cal) superconducting circular loop with a diameter of 35 cm
[Fig. 9(a)] that can accommodate a head with ample room
left for insulation. Consistent with the analysis in Fig. 7(c),
the large voltages already necessitated by the inductance of
this single loop recommend against a design with multiple
turns [Fig. 9(b)]. Taking the target point to be the center of the
loop, a bound on the minimum current needed to produce an
amplitude meeting the Hy f product limit can be calculated,
since distributing current density by adding additional paral-
lel conductors will only increase the total required current. In
envisioning how to replace this loop with real wire, e.g., water-
cooled litz wire, it is neither practical to restrict the required
current to a single conductor nor to attempt to distribute it over
thousands of parallel conductors. The latter strategy would, in
principle, minimize the necessary power, but it does so at the
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expense of dramatically increasing the total required current,
which causes the capacitor array to grow formidably in size
and expense. A rational compromise is to set a target value
for power to be dissipated per wire. The heat exchanger in
Fig. 8(c) was able to compensate for about 1 kW of power
dissipated per conductor, so this quantity can serve as a conser-
vative limit for the purpose of discussion. Using measurements
of the linear resistance of the litz wire incorporated into the
coil in Fig. 9(c) and the physical dimensions of the loop, the
maximum current per wire can be estimated, which suggests
the necessary number of conductors.

To determine an efficient geometric distribution of these
parallel conductors, one can assume that together they form
an N by M rectangular cluster of wires with spacing that
accounts for the outer diameter of the surrounding cooling tube
[Fig. 9(a)]. Then the total resistance of the coil and the total
field produced at its center may be found by a sum or super-
position of constituent rings, respectively. Figures 9(d)-9(f)
illustrate how total dissipated power varies with M and N
for a fixed total number of conductors. At low frequencies
(e.g., 50 kHz) where large currents are required, the neces-
sary power is >150 kW [Fig. 9(f)], a level that far exceeds
that of the higher frequency alternatives. In cases where total
required power is comparable for two possibilities, higher N
improves field uniformity [Figs. 9(e) and 9(h)]. A finite ele-
ment magnetoquasistatic model for this distribution of current
predicts the variation of the field as shown in Figs. 9(g)-9()
and additionally offers a means to calculate inductance using
the magnetic field energy. The capacitor array must withstand
both the total resonance current and the voltage applied to pro-
duce it. Such an array would consist of up to several hundred
parallel and series elements that require cooling and account
for a significant portion of the cost of such a system (Fig. 9).

This analysis has several limitations. Notably, the current
was assumed to be uniformly distributed over the parallel con-
ductors. A more detailed design might balance the inductance
and resistance of the conductors simply by constraining them
to the same length and distributing their connections to the
capacitor array in a way that mitigated differences in contribu-
tions to inductance. Also, the power dissipation of the capacitor
array was neglected, so required power would certainly exceed
the values in Figs. 9(d)-9(f), though the array would operate
at a lower current density than the coil. Crossover of the wires
as they connect to the capacitor array [Fig. 9(b)] would add
some resistance, but the field would drop off more quickly far
from the resonant tank, a feature that could help reduce its
inductance.

VI. CONCLUSION

In identifying useful methods for producing AMFs, the
most important consideration was scale. This paper began with
simple, inexpensive designs that used soft ferromagnetic cores
to expose ~2 cm’ working volumes to amplitudes of 10s of
kA/m at frequencies between 100 kHz and 1 MHz. With little
required power, these electromagnets can offer valuable exper-
imental data on trends in MNP heating or test the feasibility
of ideas for biomedical applications in vitro. The advantage
of this approach diminishes rapidly as coils become larger
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and the need for AMF generation in volumes suitable for
freely behaving animals necessitates strikingly different coil
designs employing resonant tank circuits with more than 1 kA
of circulating current.

By extending the same principles to hypothetical setups
with dimensions required for clinical applications, the anal-
ysis reflected increasing challenges, cost, and complexity for
scaling up AMF coils. Previous work has suggested that the
constraint of an Hg f product limit alone is insufficient to assert
an unambiguously optimal type of MNPs; differing magnetic
properties can lead to markedly different AMF conditions for
optimal heating.!” The relative technical feasibility and physi-
ological suitability of these optimal AMF conditions can vary
markedly. This suggests that the scalability of AMF setups is
a consideration that must help to inform materials design of
MNPs if the techniques employing them are to be realized in
the clinic.

SUPPLEMENTARY MATERIAL

See supplementary material for a discussion of additional
modifications that can be made to a gapped toroid for a more
uniform flux distribution and designs for the inverter that drives
the resonant tank circuits. Detailed plans including part lists,
board layouts, technical drawings, and other documentation
sufficient to reproduce these setups will be provided upon
request to either of the corresponding authors.
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