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ABSTRACT

Optimal gradient performance is arguably a pre-requisite to realize the full potential of ultrahigh field magnetic
resonance imaging (MRI). The values of using tailored gradient coils for brain imaging have been well ac-
knowledged. Unfortunately, conventional head-only gradient coils have two major technical limitations, i.e.
limited shoulder clearance and limited cooling capacity. A design, coined “flared-end” gradient coil, combined
with a cooling method, named “outer-wall direct cooling”, is proposed to address these problems. The “flared-
end” design permits brain access to the center of gradient coil. The “flared end” structure is 3D-printed. It has
electrical winding patterns (grooves) on one side and evenly spaced cooling channels on the opposite side.
Electrical conductor (copper wire) is fixed into the grooves; coolant is in direct contact with the outer surface of
the electrical conductor above each cooling channel, eliminating interfacial thermal resistance between coolant
and copper wires. Heat transfer area is thus determined by the size and the number of cooling channels. This
approach allows high electric current density for high gradient field strength while maintaining high cooling
efficiency. Additionally, the symmetric coil geometry guarantees intrinsic torque balance. As a proof of concept,
we have made a gradient coil prototype without active shielding. This coil has an inner diameter of 0.3 m, and is
capable of generating 0.337, 0.225 and 0.485mT/m/A along X, Y and Z, respectively. Active shielding was
designed theoretically, but not pursued in the construction of this coil prototype. The new coil geometry and
cooling method offer a novel avenue for new gradient coils tailored for human brain imaging at ultrahigh field.

1. Introduction

coil, G typically extends to a large distance, and thus possesses a high
risk to induce PNS and CS [5,6]. It would thus appear suboptimal to

The performance of the gradient coil is one of the primary limiting
factors in high speed, high resolution magnetic resonance imaging
(MRI), and in diffusion MRI [1]. Conventional MRI scanners are de-
signed to cover a large field of view. The gradient strength and the
inductance of these coils are thus inherently limited by the physical size
of the coil [2,3]. Increasing electrical current and voltage outputs of a
gradient amplifier has been the major technical pursuit to enhance
gradient performance. The “connectome gradient coil” is an exemplar
along this line [4]. However, as electrical current (I) increases, ohmic
heating (Q) also becomes more pronounced, because Q x I°. As a result,
efficient coil cooling to dissipate the heat becomes critical. Further-
more, out of safety considerations, peripheral nerve stimulation (PNS)
and cardiac stimulation (CS) are two physiological factors that ulti-
mately limit the performance of a gradient coil. PNS and CS thresholds
are related to dB/dt. Here B, the magnetic field strength, can be ex-
pressed as [ G(r)dr, G is the gradient field along r. For a body gradient

employ a whole-body gradient coil to image the brain.

The pioneering development of local gradient insert enabled fast
imaging sequence such as echo planar imaging [7,8] and high resolu-
tion MRI to be implemented on clinical scanners [9,10], and helped
open the era of functional MRI [11,12]. Nevertheless, there are two
major technical problems associated with conventional gradient insert
design: 1) “shoulder clearance”: in conventional cylindrical coil design,
the coil has to reach certain length in order to achieve a volume with
high fidelity to the linear gradient field suitable for human brain ima-
ging. However, because the inner diameter of the cylindrical coil ty-
pically does not clear the shoulders of a typical adult, it is quite un-
fortunate that, quite often, one can't place the center of the human
brain to the center of the gradient coil (see Fig. 1A for illustration). In
many cases, only half of the “sweet spot” is used for neuroimaging. 2)
cooling: modern gradient amplifiers capable of providing 600 A or more
current are readily available. Such high current generates tremendous
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amount of heat [13]. For example, assuming a resistance of 0.5 Q, with
an electrical current of 600 A and 60% duty cycle, the ohmic heating
would be 108 kW from a single gradient coil. Driving three gradient
coils simultaneously (as in diffusion imaging) would triple the amount
of heating. The small size of a head-only gradient coil exacerbates the
heating problem due to reduced coil mass and volume available for
cooling tubes.

To mitigate the “shoulder clearance” problem, many previous ap-
proaches have relied on asymmetric head gradient designs [14-19].
These designs are appealing because i) it reduces the potential of PNS
and CS since the shoulders and torso are outside of the main gradient
field; ii) the linear volume is at the end of the cylinder, and thus
eliminates the “shoulder clearance” problem. However, as discussed by
Setsompop et al. [4], the asymmetric head gradient also has several
undesirable features: i) the design is harder to balance the torque and to
provide effective eddy current shielding; ii) the linearity of the gradient
field is much poorer than conventional symmetric design; iii) the
Maxwell terms (concomitant terms) include odd orders as well as even
orders, complicating their effect on the diffusion pulse sequence [20].
While some of these problems, such as image distortions associated
with gradient field nonlinearity might be manageable by reconstruction
processing [21,22]; in diffusion MRI, b-factors associated with diffusion
concomitant terms and their effect on fiber tracking might be less
straightforward to quantify.

“Folded gradient” design is another approach to mitigate the
“shoulder clearance” problem [23,24]. In a conventional cylindrical
transverse gradient coil design, the segments in the middle of coil
(active segments) contribute to the desired magnetic field, while the
segments on both ends of the coil (return paths) generate undesirable
field and contribute to the overall length of the coil. One can fold the
return paths toward the center of the coil, thus shortening the length of
the coil. A limitation of this design is that the gradient field is highly
non-linear, because the active segments and an equal number of return
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Fig. 1. A. Illustration of the “shoulder clearance”
problem in conventional head-only gradient coil.
The shoulder cannot fit into a typical head-only
gradient coil; only part of the uniform region is used
for imaging a typical human brain. B and C, “flared-
end” coil design. By placing the return paths on the
slanted surface parallel to the shoulder, one can
shorten the overall length of the coil, and thus
minimizing the “shoulder clearance” problem. X and
Y gradients have similar winding patterns, but
shifted by 90°. D, front view of the “flared end” coil.

/Y

paths are both placed toward the center of the coil, and the magnetic
fields generated by them have opposite signs; it is a challenge to opti-
mize the magnetic field in the target volume due to physical constraints.
Notably, a conceptually similar, but more extreme approach had been
reported by Mansfield and others [25,26]: the return paths were co-
axial to the active segments along the radial direction, and thus did not
contribute to the overall length of the coil; a further optimization of
gradient field based on co-axial return paths called “sandwich” gradient
coil design, was previously proposed by Lu et al. [27]. In this approach,
wire loops are embedded in circular planar disks. The active segments
of each loop are placed close to the internal surface and the return paths
are placed close to the outer surface of the disk. The disks are then
sandwiched together. Active segments surrounding the internal surface
generate the desired field, while the return paths serve as shielding. The
advantage of “sandwich” gradient coil is that it can be very short, and
thus eliminates the “shoulder clearance” problem, and the gradient
field can be highly uniform; one limitation is that the efficiency is re-
latively lower than conventional transverse gradient coil.

Anatomically, the outlines of neck and shoulder have an angle of
about 115° (Fig. 1A). One can take advantage of this feature and design
a slanted surface that is parallel to the shoulder outline and place the
return paths on the slanted surface (see Fig. 1B-C). With both ends
flaring out, the return paths are no longer a limiting factor that prevents
the brain from reaching the “sweet spot” of the coil. The X and Y gra-
dients have similar wiring patterns but shifted by 90°. Fig. 1D illustrates
the view from either end. Furthermore, with modern high-power gra-
dient amplifiers, efficient dissipation of ohmic heat becomes a technical
challenge, which is particularly critical for head-size gradient coils due
to limited room for cooling tubes. We present a novel approach, called
“outer-wall direct cooling”, for effective heat dissipation. As a proof-of-
concept, we have built a prototype gradient coil.
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2. Methods
2.1. Gradient field optimization

The proposed coil does not have a classical cylindrical or planar
geometry, and thus lacks an analytical solution [3]. Non-linear opti-
mization approach, such as the momentum-weighted conjugate gra-
dient decent (CGD) method described by Lu et al. [27], is suitable for
designing the winding patterns.

The size of a head-only coil is much smaller than a whole body
gradient coil, the inductance is thus not a major concern; Furthermore,
given the symmetry in coil geometry, the torque is intrinsically ba-
lanced, and the net force is zero assuming uniform By, (see discussion for
nonuniform By), we thus focused on gradient field strength and field
fidelity, and defined the cost function as:

@

Here B, is the desired magnetic field at the mth point in the region
of interest (RO, or the target field), B,, is the calculated magnetic field
at the same point, and M is the total number of points prescribed in the
ROL It is apparent that E is a function of the coordinates of the wire
elements. The goal is to find the optimum coordinates for each of the
wire elements py, P, P2, ---, Pn> Such that the cost function E is minimal.

The following constraints were applied to ensure that the design be
practical for construction: (i) current must be continuous; (ii) the space
between neighboring wires should be greater than defined minimum
values; (iii) the wire elements should be within defined physical di-
mensions of the coil; and (iv) there must be no crossover between wires.
These constraints can be readily satisfied when the variable to be op-
timized is one-dimensional. For example, for a Z gradient coil on a
cylindrical surface, the variables to be optimized are the z coordinates
of the wire loops of constant diameters (in cylindrical coordinates (r, ¢,
z)). For the X and Y gradients shown in Fig. 1, all three coordinates (r, ¢
and z) need to be optimized. Specifically,

M
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Here dry, i, d¢m, i, dzm, ; are the search directions of the mth wire
segment, at the ith iteration, along r, ¢ and z, derived from the con-
jugate gradient descent algorithm [9]; q; is the step size along z at the
ith iteration, 8 and y are defined according to the following 2 condi-
tions:

(i) for Z gradient coil design, § =y = 0.

(ii) for X/Y gradient coil design, 8 and y are the momentum weightings
of the step sizes for the radial and azimuthal coordinates. a, § and y
are determined based on the first order partial derivatives of E over
r, @ and z (i.e. 0E/dr, OE/d¢p, 0E/0z), and are detailed in reference
(27). We start with an empirical desired gradient field strength G;
define the corresponding B,,, and find the spatial distribution of the
wire elements py, p1, P2, --., Pn, such that the cost function E is
minimal. We then increase or decrease G; by 3 mT/m, depending on
the optimization results, and repeat the above non-linear optimi-
zation procedures. The optimal design is reached after 20-30
iterations. The initial positions of the wire elements py, p1, p2, ---, Pn
were prescribed mathematically, and was somewhat arbitrary.
However, after 2-3 trials, an initial pattern could be readily pre-
scribed. In our experience, the final pattern did not depend strongly
on the initial pattern, since a “bad” initial pattern could be
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corrected during the optimization stages that followed.
2.2. Cooling design

As stated above, with modern high-power gradient amplifiers,
ohmic heating is a serious concern in gradient coil technology.
Conventional gradient coil thermal management can be classified into 3
categories: i) natural convection on the external surface of gradient coil
assembly; ii) forced convection between the coolant inside a tube and
adjacent current-carrying element with insulation dielectric material in
between (here we call it “indirect cooling” for convenience); and iii)
forced convection with the coolant inside the current-carrying element
(e.g. copper tube) of the gradient coil assembly (called “internal direct
cooling”). Natural convection suffers from extremely low heat transfer
coefficient, leading to limited cooling capacity, thus is not discussed
here. The physics of heat transfer related to “direct cooling” method is
detailed in Appendix A.

It follows from Eq. (A-1) in Appendix A that better cooling perfor-
mance can be achieved by two approaches: i) enhancing heat transfer
coefficient h; and ii) maximizing heat transfer area A. The materials,
such as high thermal conducting epoxy, used to stabilize electric cur-
rent carrying materials (e.g. copper wires), typically have a thermal
conductivity (h) of < 2.5W/mK. In contrast, copper has a thermal
conductivity of about 380 W/mK. It thus appears that direct cooling
inside copper tubing (i.e. “internal direct cooling”) is a preferred ap-
proach by eliminating insulating materials between coolant and copper
tubing. However, high pressure drop AP associated with internal
cooling approaching must be taken into accounts as well.

For internal direct cooling, the size of the copper tubing is a delicate
tradeoff between cooling efficiency and gradient field efficiency. A
large tubing diameter (D) leads to a large heat transfer area A, and is
thus preferred for thermal transfer. However, a small diameter leads to
high electric current density, and thus preferable to achieve high gra-
dient field strength per unit current. Furthermore, pressure drop AP is
associated with flow rate (a key factor in determining cooling effi-
ciency) and copper tubing dimensions, and needs to be evaluated (see
Eq. (A-9) in Appendix A) to achieve required cooling efficiency (see
Egs. (A-2) to (A-8) in Appendix A). Fig. 2 illustrates theoretical simu-
lations of thermal performance and pressure drop with the internal
direct cooling approach. The analytical calculation was performed with
a copper tubing with 1.6 mm and 3.2 mm as inner and outer diameter,
respectively. The overall length was 15m. When the copper tubing
carries 200 Amp current, massive ohmic heating will be generated in-
side copper tubing (Eq. (A-8)) therefore, high flow rate of dielectric
coolant Duratherm 450 Oil will be vital to achieve desired thermal
performance. As mentioned earlier, flow rate is a trade-off between
thermal performance and pressure drop. Thus, the flow rate was sys-
tematically adjusted to identify the optimal point for both acceptable
thermal performance and pressure drop. As shown in Fig. 2, the nature
of coolant flow transits from laminar to turbulent flow at ~0.751 per
minute (LPM), where effective heat transfer coefficient is improved
dramatically. As a result, the sharp enhancement in heat transfer
coefficient of coolant, copper tube surface temperature at the outlet
decreases dramatically at 0.75 LPM. The transition phase between la-
minar and turbulent flow regime provides moderate increment in heat
transfer coefficient from laminar flow. However, the pressure drop
across the copper tube is proportional to square of coolant velocity. In
such case, it is extremely challenging to maintain low surface tem-
perature using high flow rate while keep the pressure drop in a rea-
sonable range (< 1500 kPa), because practically most materials (e.g.
hoses and tubes) cannot stand high pressure. As such breaking the tube
into short segments is necessary, which complicates the cooling design.

2.3. Alternative approach: outer-wall direct cooling

To resolve the dilemma associated with internal-wall direct cooling



Z. Yang, et al.

300 T 30

250 F 1%
o .
< |<--- 120 %
o} B c
g 200 v N/ S g
s 415 O
2 3
g 150 } =
= <o 110 £
-0
B,

100 15

50 1 ] 1 Il O

0 0.3 0.6 0.9 1.2 1.5 1.8

Flow Rate (LPM)

Fig. 2. Theoretical simulation of temperature and pressure drop across a copper
tube as a function of flow rate. Simulation parameters: copper tube
length = 15m, ID = 1.6 mm, OD = 3.2 mm, current 200 A, coolant: Duratherm
450 Oil. Note that very high pressure drop across the copper tube (> 27 MPa) is
necessary to achieve a temperature of 60 °C. Red curve (T,): coolant outlet
temperature; blue curve (Ts): copper tubing surface temperature at coolant
outlet; green curve (AP), pressure drop across the copper tube. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

described above, we propose a novel method. Fig. 3 illustrates our
design approach. Instead of using copper tubes as the electrical con-
ductor which demands tremendous pressure and pump power to cir-
culate coolant inside, solid electrical conductors (e.g. copper wires) are
proposed with coolant in direct contact with the outer surface of the
conductor. Specifically, we 3D-print a frame that has electrical winding
patterns (grooves) on one side and cooling channels on the opposite
side. A total of 36 cooling channels, each 17.2 mm in width, 4.7 mm in
depth, are evenly distributed along the frame. The electrical conductor
(copper wire) is fixated into the grooves using epoxy; coolant flows
inside the cooling channels, in direct contact with one side of the
electrical conductor above the cooling channels, eliminating interfacial

Coolant inlet

Cooling
channel

Coil
conductor
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thermal resistance. The number of cooling channels and coolant dis-
tribution were determined based on theoretical thermal modeling. This
method relaxes system pressure and pump power requirements while
still benefits from direct cooling. This approach is referred as “Outer
wall direct cooling.”

3. Results
3.1. Coil design

We have applied the above non-linear optimization method to de-
sign a three-axis torque-balanced gradient coil for human brain ima-
ging. The inner-most layer was Z with a conventional cylindrical shape,
followed by X and Y, which have cylindrical shape in the middle and
slanted surfaces at both ends. The length of Z cylinder is 28 cm, which is
the effective length of the coil. The inner diameter of Z is 30 cm,
identical to the one by Wong et al. [28] for human brain imaging. The
outer most diameter in the slanted surface is 46.5 cm. This diameter
was chosen to ensure enough clearance so that the coil could be placed
on the patient tables of the commercial MRI scanners, and could be
conveniently moved into/out of the magnet without the need for ad-
ditional mounting structure. The angle between the cylindrical surface
and the slanted surface is 115°.

The Z coil has a total of 38 loops of wires; the X and Y gradients
have 18 and 13 loops of wires in each quadrant, respectively. Part of the
return paths in X/Y coils rest on the cylindrical surface; the remaining
return paths are embedded on the slanted surfaces (see Fig. 3A). Each
loop is divided into 128 wire segments. For the X/Y gradient, each wire
segment has 3 variables (x, y and z) to be optimized; for the Z gradient,
only the z coordinates need to be optimized. A sphere of 21 cm at the
center of the coil is defined as the region of interest (ROI) to be opti-
mized. Due to intrinsic symmetry of the field distribution, 90 points in
one octant of the sphere is defined as the discrete ROI for X/Y opti-
mization; 45 points in one rectangular plane (x = 0, y = 0) for Z. The
desired magnetic field at each point (B,,) is defined. The magnetic field
at each point of the ROI (Bm) is calculated. The goal is to optimize the
coordinates of these wire segments so that the cost function is minimal
under the physical constraints. The optimization code was written in
standard C language on a personal computer running Linux. The opti-
mization process was performed iteratively. Table 1 lists coil specifi-
cations.

Fig. 3. Schematic  of  “outer-wall  direct
co00liSV0049ng” for an “flared-end” gradient coil. A:
Wiring patterns for a transverse gradient (X/Y) are
shown in brown. The return paths of the coil elec-
trical conductors are placed on a slanted surface to
mitigate the “shoulder clearance” problem. Coolant
flows inside cooling channels in direct contact with
the electrical conductors, eliminating interfacial
thermal resistance between coolant and copper

Coolin g wires. Heat transfer area is determined by the size
channel and the number of cooling channels, not by the inner
— diameter of a copper tube. This approach allows high

electric current density for high gradient field
strength while maintaining high cooling efficiency.
Coolant inlet and outlet are optimized for thermal
performance and pressure drop (B). (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the web version of this ar-

ticle.)

———

Coolant outlet
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Table 1
Coil specifications.

Magnetic Resonance Imaging 62 (2019) 191-198

Gradient axis # of wire loops Field fidelity (RMS)

21 cm dia. sphere”

17 cm dia. sphere”

Gradient field mT/m/A current Inductance (uH) Resistance (ohm)

X 18 x 4 8.94% 2.69%
Y 13 x4 10.62% 3.36%
Z 19 x 2 4.83% 2.31%

0.337 228 0.49
0.225 152 0.44
0.485 126 0.24

@ Calculated within a band of 14 cm in the middle of the sphere with a diameter of 17 or 21 cm. Inductance and resistance are readings from measurements.

Gradient field parameters are calculated from designed winding patterns.
3.2. Coil construction

Given the unique shape of coil windings and cooling design for X/Y
gradients, it is a challenge to build a porotype with conventional ma-
chining technologies. We applied the additive 3D printing techniques to
build major frames for X and Y gradients with designed shape, winding
patterns and cooling channels. The X/Y gradient was divided into 4
quadrants/modules. Each module was printed individually before final
assembly. Z gradient was constructed with G10 fiberglass using 4 axis
CNC machine due to its relatively simple geometry. Solid copper wires
(Gauge 12) were embedded into individual X, Y and Z gradients. The
three gradients were potted together with high thermal conductivity
and high dielectric strength epoxy. Worth of mention, while most 3D
printing materials are weak in nature, and cannot stand the mechanical
stress that the current-carrying elements would experience inside a
magnet, some 3D printing materials, combined with low-viscosity
epoxy produce fiberglass-like structures, and can stand very high me-
chanical stress (see discussion for more details).

3.3. Cooling test and magnetic field mapping

To measure the cooling effect and to compare cooling efficiency
between direct and indirect (forced convection) cooling, Z gradient was
designed to have no cooling channels. It is cooled by coolants flowing
inside the cooling channels in X and Y. Temperature sensors (K type
thermocouple, Gauge 40) were embedded inside epoxy uniformly to
monitor cooling performance in X, Y and Z gradients. Magnetic field
was measured with a Gaussmeter (Model MR3, Alphalab Inc., Salt Lake
City, Utah, USA). A 7 x 9 grid frame was 3D-printed to allow for
consistent positioning of the magnetic field probe inside the coil. The
grids cover an area of 49.5 X 24.1 cm? Fig. 4 shows the prototype
gradient coil with cooling system. Fig. 5 illustrates magnetic field dis-
tribution for X, Y and Z coils. The spatial distribution of the linearity
and homogeneity of the gradient field are generally consistent with
theoretical calculations shown in Table 1.

3.4. Cooling measurement

Table 2 lists temperature readings for X gradient (readings from Y
were similar to X and are not presented). The measurement was per-
formed with a constant voltage DC power supply capable of a maximum
of 21V output. DC current = 42.1 A (maximum in our experimental
setting for X gradient testing), coolant flow rate = 20.14 LPM for the
entire active gradient layer. An increase in coolant outlet temperature
by 1.3°C indicates overall effective heat removal capability with the
outer-wall direct cooling approach. Further improvement in cooling can
be expected by increasing the coolant flow rate.

Table 3 lists temperature readings for Z gradient. As stated above,
there was no direct-cooling for Z. Instead, the coolant was directed to X
gradient to provide any possible cooling for Z gradient through potting
epoxy and 3D printed part of X gradient. Constant voltage DC power
supply was set to 19.2V, and current was 80 A, coolant flow
rate = 20.14 LPM. As expected, heat propagated mainly from Z to X.
There was no noticeable temperature increase in Y or in the fiberglass

-

Fig. 4. The prototype three-axis gradient coil. Z gradient was built on a fi-
berglass cylinder (inner most). X and Y were built on 3D-printed frames (in-
visible here). They were potted together with epoxy along with a large fi-
berglass cylinder (outer most). The orange frame is a 3D print of an additional
slanted surface parallel to that of the X gradient for epoxy potting.

inner wall.

4. Discussion

There has been a consistent drive for higher magnetic field strength
to achieve higher signal to noise ratio and stronger magnetic suscept-
ibility effects, from which neuroimaging (e.g. BOLD fMRI, diffusion
MRI) benefits the most. Indeed, 7 T scanners have been approved by
FDA for clinical use, and 9.4 T and above are on the horizon [29].
Technically, optimal gradient performance is a pre-requisite to realize
the full potential of ultrahigh field MRI. Compared with gradient coils
tailored for brain imaging, whole body gradient coils have intrinsically
lower gradient efficiency, higher inductance and higher probability of
PNS, all of which are critical limiting factors for fast imaging and for
high-b factor diffusion imaging. The methods reported here provide
solutions to two major limiting factors in current local gradient tech-
nologies, namely “shoulder clearance” and heat dissipation.
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Fig. 5. Field mapping of X, Y and Z gradient coils.

Table 2
Experimental cooling result of the X gradient coil with outer-wall direct
cooling.

Sensor temperature (°C) Time (min)

0 3 5 10 15
Inlet 16.5 16.7 16.7 16.6 16.6
Outlet 16.7 17.9 17.9 18.0 18.0
Sensor (XZ1)* 25.3 26.6 26.7 26.9 27.1
Sensor (XZ2)* 23.9 23.6 23.6 23.7 23.7
Sensor (XY)* 25.2 25.3 25.3 25.3 25.3

2 Sensor XZ1, XZ2 and XY are thermocouple sensors placed between X/Z and
X/Y gradients. Measurements were performed using a constant voltage DC
power supply, DC current =421 A (100% duty cycle), coolant flow
rate = 20.14 LPM; coolant pressure = 98 Pa.

Table 3
Experimental cooling result of the Z gradient coil without outer-wall direct
cooling.

Sensor temperature (°C) Time (min)

0 0.5 1 3 6
Inlet 24.5 26.0 27.2 30.3 32.0
Outlet 24.6 26.2 27.3 30.5 32.6
Sensor (XZ)* 24.5 27.2 29.3 35.0 45.3
Sensor (ZI)* 24.2 24.2 24.3 24.3 24.3
Sensor (XY)* 24.4 24.4 24.5 24.6 24.6

@ Sensor XY, XZ and ZI are thermocouple sensors placed between X/Y and X/
Z gradients and between Z and fiberglass of the inner wall. Measurements were
performed using a constant voltage DC power supply, DC current = 80 A (100%
duty cycle), coolant flow rate = 20.14 LPM. Outer-wall direct cooling was not
implemented in Z coil. It was cooled through natural convection by flowing
coolant in the neighboring X gradient. Compared with data shown in Table 2,
outer-wall direct cooling enhances cooling efficiency.

4.1. Torque, force and acoustic noise

Our gradient coil has a symmetric geometry and should be ideally
placed in the center of the magnet. Assuming B, is uniform across the
coil geometry, it is straightforward to prove that both the net torque
and net force that the coil experiences are zero. In a realistic arena, By is
not uniform, but is typically symmetric relative to the center of the
magnet; it can be proved that the net torque is still zero. But the coil
experiences a nonzero net force which can be calculated based on
equation F = [ I-dl x B(x,y,z). Modern magnets have a B, uniformity
of tens of ppm within a 50 cm sphere, and the variation in B, across
each wire loop is unlikely to be beyond 2% of B,. As such, the net force
should not be a problem for gradient insert with a symmetric geometry.
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This is different from asymmetric design, where each wire loop can
experience quite different By, and thus the torque and force need to be
balanced specifically.

While the net force is not of a major concern in symmetric gradient
design, the local force and local torque that individual wire segments
experience generates acoustic noise [30]. Placing wire segments on the
slanted surface as shown in Fig. 1C could potentially exacerbate
acoustic noise. Furthermore, the joint between the cylindrical surface
and the flaring surface could exacerbate conductor fatigue-related coil
failures. These issues warrant further investigation.

4.2. “Flared-end” gradient coil tailored for a head-only MRI system

Limited shoulder clearance has been somewhat unfortunate in
conventional head-only gradient coils, as illustrated in Fig. 1A. We take
an ergonomic approach, and place the return paths on the slanted
planes which lie parallel to the outline of the shoulders. This effectively
eliminates the limiting factor from the return paths that contribute to
the length of the coil.

Building a coil with an unconventional geometry like this could be
challenging. Additive 3D printing technology offers novel opportunities
to construct coils with unconventional geometry. Many 3D printing
materials are weak in nature and certainly cannot stand the mechanical
stress that the wire segments experience in MRI. However, certain 3D
printing materials, when immersed in low viscosity epoxy, lead to fi-
berglass like structures that can be applied to fixate wires in place.
Furthermore, new 3D printing materials, such as ceramics, which has
very high thermal conductivity and low electrical conductivity, offer
novel opportunities for developing next generation technologies to
construct coil and to dissipate heat.

In this proof of concept demonstration, we limited the outer dia-
meter of the coil to 46.5 cm—this in turn limited the inner diameter of
the coil to only 30 cm. These two parameters combined limited the
length of the slanted surface to only 9 cm. As such, only a few return
current loops could be placed on the slanted planes. Some return cur-
rent segments still had to be placed on the cylindrical surface, con-
tributing to the overall length of this coil. Thus, the benefits of flared-
end design are fundamentally limited by available flaring surface. There
is a tradeoff among available outer diameter, inner diameter and flaring
surface.

If one applies the same approach to design a head-only MRI system,
i.e. there is no body gradient coil, and assumes the outer diameter to be
70 cm—the inner diameter of many commercial MRI magnets, the inner
diameter of the gradient can be much enlarged (e.g. 45 cm), allowing
for coil arrays necessary for parallel imaging [5]. The slanted surface
can be extended to 14 cm or more, allowing for more return current
loops to be placed on this plane, and thus further shortening the overall
length of the coil. Furthermore, the enlarged inner diameter and further



Z. Yang, et al.

away of the return paths from the coil center would warrant a larger
ROI with high gradient field fidelity than what have been achieved
(Table 1). Additionally, the larger diameter would provide more space
for the design of active shielding of eddy current as well. One might
anticipate that brain imaging is likely the major application of ultrahigh
field MRI scanners (9.4 T or above), the design strategy outlined here
can be applied to design next-generation gradient coils tailored for
head-only MRI system.

4.3. “Outer-wall direct cooling” vs. “internal-wall direct cooling”

“Internal-wall direct cooling” has been widely used in industry.
Nevertheless, this method has several major limitations: i.e. the di-
lemma between cooling efficiency vs. gradient efficiency. A large size of
tube is needed to increase heat conducting areas and reduce pressure
drop (enough flow rate), which are necessary to achieve efficient
cooling. However, a large tube would lead to low electric current
density, hence lowers gradient efficiency. The method presented in this
article kills two birds with one stone. It fundamentally resolves this
dilemma associated with existing gradient cooling methods. Notably,
although our “Outer-wall direct cooling” method was demonstrated in a
gradient coil prototype tailored for brain imaging, it can be readily
applied to whole body gradient coils as well.

4.4. Coil design method

For coil geometries that warrant analytic solutions, the “target field”
approach by Turner [31] is perhaps the most elegant method to derive
the optimal current distribution. Our coil has a geometry of “flaired-
end”, we employed a nonlinear numerical optimization approach to
derive the current distribution [9,27]. Our method is efficient in de-
signing Z coil, but it takes long computational times to optimize the X/Y
gradient coils. Other methods, such as the boundary element method
and stream function method [32-35] may be more efficient in deriving
the optimal current distribution for X/Y gradients.

Appendix A
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5. Limitations

Active shielding is necessary for advanced imaging applications. In
this proof-of-concept study, our purpose was to demonstrate the feasi-
bility to design and construct a coil with an “flared-end” geometry and
the outer-wall direct cooling method, we did not implement active
shielding due to the complexity in construction. Adding active shielding
is possible, and we have performed theoretical optimization (data not
shown).

Another limitation is that, we were not able to test this coil inside an
MRI scanner due to concerns on scanner warranties. As such, we are not
able to demonstrate structural and electrical integrity of the coil fab-
rication. Our current work is limited to the stage of theoretical feasi-
bility. Nevertheless, the data shown in Table 2 vs. in Table 3 clearly
demonstrate the high cooling efficiency achieved with outer-wall direct
cooling; Table 1 and Fig. 5 demonstrate the potential of “flared-end”
coil geometry in terms of shoulder clearance, gradient field strength
and field fidelity volume.

In summary, insufficient shoulder clearance and insufficient cooling
are two major technical issues associated with head-only gradient coils.
We have presented i) “flared-end” coil design to shorten the overall
length of the coil, and ii) “outer wall direct cooling” to dramatically
enhance cooling efficiency without compromising gradient efficiency.
As a proof of concept, we have built a prototype gradient coil to de-
monstrate the feasibility. We anticipate that the strategies outline here
can be applied to design gradient coils tailored for brain imaging, which
is likely the major application of ultrahigh field MRI.
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When coolant flows inside the copper tubing, Ohmic heat generated inside copper tubing will be dissipated to temperature-controlled coolant.
The amount of heat removal capability of forced convection inside copper tubing is determined by Newton's Cooling Law [36]:

Q = hAAT

(A-D

where, Q is the total cooling capacity, A is total heat transfer area between hot source and coolant, h is forced convective heat transfer coefficient, AT
is the temperature difference between surface and coolant. Higher convective heat transfer coefficient indicates better heat removal capacity of

coolant (i.e., better thermal management performance).

Coolant

) [ dy

-

a

Fig. Al. Schematic of dielectric coolant flowing inside a copper tube.

The nature of coolant internal flow is determined by the Reynolds number. Based on Reynolds number, flow can be either laminar flow or

turbulent flow [37].

(A-2)

where p is coolant density, U is the coolant velocity, d; is effective hydraulic diameter, y is the viscosity.
For ohmic heating generation, heat generated inside the copper tube is uniformly distributed, thus entire copper tube can be treated as uniform
heat flux boundary condition. Therefore, the following constant heat flux boundary condition correlations are applicable [38].

Nitjgm = 4.36

(A-3)
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(7)) (Re=1000) Pr

1+ 12.7(f/8)°'5(Przws - 1) (A-4)

Nu-k
d; (A-5)

Nugpy, =

h=

where, Nu is Nusselt number (dimensionless), f is friction factor, Pr is Prandtl number, which is material property of coolant, h is convective heat
transfer coefficient, k is thermal conductivity of coolant, d; is effective hydraulic diameter of copper tubing.

"7'L'diL
T,= 7+ £
mcy, (A-6)
s &
L=hb+y A7)
q,, 1 2Relec
S md,L (A-8)

where, T, is the coolant outlet temperature, T; is coolant inlet temperature, g, is the heat flux boundary condition caused by joule heating, I is the
current flowing through copper tubing, R is the electrical resistance of solid copper wire. d; is the hydraulic diameter of copper tubing, L is tube
total length, i1 is mass flow rate, c, is the heat capacity of the coolant.

The pressure drop of the coolant at various flow rate through copper tubing is also an important factor to be taken into consideration [38].

1 L

_ /%
1000 (A-9)

b= LndPu
=g (A-10)

where f is friction factor, L is the total length, p is coolant density. The pressure unit is converted to kPa. m is the flow rate inside the copper tubing.
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