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Abstract

A review of non-traditional approaches and emerging trends in superconducting magnets for
MRI is presented. Novel technologies and concepts have arisen in response to new clinical
imaging needs, changes in market cost structure, and the realities of newly developing
markets. Among key trends are an increasing emphasis on patient comfort and the need for
‘greener’ magnets with reduced helium usage. The paper starts with a brief overview of the
well-optimized conventional MR magnet technology that presently firmly occupies the
dominant position in the imaging market up to 9.4 T. Non-traditional magnet geometries, with
an emphasis on openness, are reviewed. The prospects of MgB, and high-temperature
superconductors for MRI applications are discussed. In many cases the introduction of novel
technologies into a cost-conscious commercial market will be stimulated by growing needs for
advanced customized procedures, and specialty scanners such as orthopedic or head imagers
can lead the way due to the intrinsic advantages in their design. A review of ultrahigh-field
MR is presented, including the largest 11.7 T Iseult magnet. Advanced cryogenics approaches
with an emphasis on low-volume helium systems, including hermetically sealed self-contained
cryostats requiring no user intervention, as well as future non-traditional non-helium
cryogenics, are presented.

(Some figures may appear in colour only in the online journal)
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1. Introduction

Magnetic resonance imaging, MRI, which started with
the development of the key imaging principles in the
1970s and quickly expanded from resistive and permanent
magnets to the first superconducting imagers in the early
1980s, represents the largest industrial application for
superconducting magnets at the beginning of second century
of superconductivity. MRI has rapidly become a major
imaging tool, both in clinical diagnostics and medical
research. The continuous improvements in image quality
brought about by technological advances in hardware,
including magnets, coupled with novel imaging techniques
and MR applications, have yielded an unprecedented non-
invasive insight into the structures of soft tissues, functional
responses and real-time dynamic images, and enabled radical
changes in modern diagnostics and treatment. The continuing
global growth of superconducting MR scanners (figure 1) is a
testimony to the underlying technological advances that have
taken place over the past decades.

The MRI industry has shaped its volume production
offerings in response to the needs of the clinical diagnostics
market. The highly competitive commercial environment has
maintained an emphasis on cost-effective solutions; and key
technologies have by now been developed and established by
each manufacturer. These well-proven technologies have cost
and risk advantages over the more complex novel solutions,
and are often selected as a basis for new MRI magnet designs,
albeit often incrementally improved or expanded to meet the
new challenges set by more stringent requirements.

Many novel ideas are being introduced through research
concepts and prototypes, but each new technology or
advanced concept has to clear the high threshold of acceptance
of a cost-conscious commercial market. That happens when
(a) the market trends and priorities change (such as access
and feature differentiation in a rapidly globalizing market;
or high emphasis on patient comfort due to demographic
changes), (b) when the suggested technology enables drastic
improvements in cost, performance or scanner utilization
(e.g. helium recondensing technology), or (c) when the change
in commodities availability and cost creates a long-term
impact on the magnet cost structure.

An illustrative example is the rising cost of helium,
which is likely to impact future developments of new
cryogenic configurations as well as the application of non-
NbTi superconductors. During 2009, most helium suppliers
announced price increases of 20%-30% in response to
continued increased costs of raw material, energy, and
distribution. The price of pure helium will continue to increase
as production costs, including the price of crude helium,
increase and helium reserves are rapidly depleted, as indicated
in figures 2(a) and (b). The average cost of liquid helium
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Figure 1. World market sales growth of superconducting MRI
scanners relative to 2010 (newly installed per year, includes 2013—4
projections). Data indicate a total growth of ~25% by 2014, with
over 3000 units installed annually.

in North America is currently around $6 17! and represents
the lower end of the price range; Europe with $10 17! is
somewhat in the middle, whereas Latin America and Asia
occupy the highest band range of $13—15 17!, The issue is
becoming increasingly important since more MRI units are
being shipped to newly emerging markets where liquid helium
refills at the customer site are required.

With few exceptions, the superconducting magnets
presently used by the MRI industry in clinical and high-field
research scanners have horizontal cylindrical cryostats with
annular patient bores, and helium vessels with bath-cooled
coils that use cost-driven NbTi superconductors. Novel
technologies and approaches arise, both within and outside
the MR industry, that offer alternatives in each of the three
areas: (a) non-traditional magnet topologies; (b) advanced
cryogenic solutions, (c) new superconductors. Many of these
approaches, with different levels of development, readiness
and cost, can be a potential response to changing demands
of the diagnostic imaging market.

This paper presents a review of emerging trends and
approaches in MRI magnet technology. While the selection
of technologies is inevitably influenced by the authors’
individual views and experiences, our emphasis has been
on novel alternatives, rather than on attempting a crystal
ball prediction over which ones will eventually survive the
rigorous scrutiny of industry acceptance. The selection of
technological trends in this review, however, does not provide
a forecast of which future products and applications will
appear in accordance with the roadmaps of established and
emerging manufacturers. To a large degree, those will be
shaped by the mosaic of a competitive MR market. But
whatever direction chosen, the emerging novel technologies
will serve as critical tools to address the challenges of the
ever-changing field of MRI.
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Figure 2. Helium storage, production and consumption. (a) Helium storage and production dynamics (Pfotenhauer 2012). (b) Monte Carlo
simulation of the helium wholesale price increase with various confidence levels; price variations are mainly due to production costs and the
imbalance between demand and supply (Cai et al (2010), Copyright 2010 Elsevier). (c) US helium consumption in 2011; NMR and MRI
consume the biggest share of the pie. Reisch (2013) reproduced with permission from C&EN, Copyright 2013 ACS.

2. Mainstream MRI magnets

2.1. Basic cylindrical design—an overview

MR imaging is based on nuclear magnetic resonance (NMR)
principles and discerns tissues by the characteristics of the
signal emitted by their nuclei (usually protons) in a strong
magnetic field when subjected to resonant RF excitation. In
the background magnetic field By created by the magnet,
protons in the body tissues tend to align with the field,
creating a net magnetic moment proportional to Bg. When
an RF pulse of resonant frequency is sent by the RF coil
located in magnet bore, the magnetized protons absorb energy.
The net magnetization vector of the tissue, which is now
precessing at the Larmor frequency wg = y By, where y =
2w - 42.576 MHz T~! is the proton gyromagnetic ratio,
relaxes back. The relaxation characteristics vary for different
tissues, a feature that is used to create image contrast.
A receiver coil picks up the resonant signal emitted by
the rotating magnetization vector, which is used in image
reconstruction. A set of resistive gradient coils is inserted

inside the bore of the superconducting magnet, in order to
provide spatial encoding. Three gradient coils X, Y and Z
are pulsed intermittently; they superimpose linearly varying
fields on the uniform background B, produced by the magnet,
creating linear variations of the resonant frequency wq across
the field-of-view (FOV). A fast Fourier transform, FFT, is then
used to convert the received RF signal into an image.

Thus, together with the magnet, the RF body coil and the
gradient coil assembly represent the three major subsystems
that comprise the resonance module of the MR scanner. These
three subsystems compete for the same annular space that
also provides maximum accommodation and comfort for the
patient (figure 3). The need for high-performance gradient
and RF subsystems, as well as magnetic shims and covers,
translates a patient bore with 60 or 70 cm diameter into a
typical warm bore diameter of the main magnet of 85-92 cm.

A conventional cylindrical whole body MRI scanner
has a length varying from 1.25 to over 2.0 m; the shorter
length challenges and tradeoffs are discussed in section 3.1.
There are many conflicting requirements that need to be
satisfied in the design of MRI magnets (Lvovsky and Jarvis
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Figure 3. Cross-section of a traditional cylindrical MRI scanner and its components (multi-coil design).

2005). One of the key requirements for a whole body
(WB) scanner is stringent homogeneity, typically less than
10 ppm peak-to-peak, which has to be attained over a
large volume ~50 cm DSV (diameter of spherical volume).
Poor magnetic field homogeneities interfere with the linear
gradient fields generated by the gradient coils and thus
distort the position information within the scan volume
and degrade the image quality. Among the three different
types of magnets (permanent, water-cooled resistive and
superconducting), only superconducting magnets present a
viable choice for mainstream, whole body MRI scanners with
field strengths well above 0.5 T. Typical superconducting
MRI magnets are composed of multiple solenoidal coils, the
choice mainly driven by the cost and risk advantages of such
a design, which allows less usage of conductor, good stress
and stability control, together with simplicity and reliability
of manufacture.

The distribution of the magnetic field in current-free
space can be described by the Laplace equation. With regard
to the axial component B, in question, the Laplace equation
takes the form:

V2B, = 0. 1)
In spherical coordinates (r, 6, ¢) shown in figure 4, its

solution can be expressed by spherical harmonics

o0

B, = Z Z P (cos 0) [Ap,m cos(my)

n=0 m=0

+ Bum sin(me)]

Figure 4. Spherical coordinates used in the harmonics
representation of the field of the magnet.

oo N 1
+ ZZ ) P (cos 0)

n=0 m=0

X [Cp,m cos(m) + Dy sin(me)], ()
where P! are associated Legendre polynomials given by

u2)m/2 (_l)m an—i—m(uZ _ l)n

P =(1- 7l gurtm

3)

The first series in (1) represents the magnetic field inside
the bore (there C, ,, = Dy ,» = 0), while the second series
with the singularity at r — 0 describes the fringe field outside
the magnet (there A, = By.m = 0, and M,, = C,, o represent
the external moments of the magnetic system, M, being a
dipole moment and M, a quadrupole moment). For an ideally
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aligned axisymmetric set of coils, one has A, ,;, = By n =
Cn.m = Dy, = 0 for m # 0, so the axial harmonic coefficients
Z, = A, o are only used with Legendre polynomials of the first
kind P, = PY.

The order n represents the zonal harmonics and describes
the axial variation of the B, field, while the degree m
represents the tesseral harmonics and describes the variation
of the B, field in what would be the x—y plane in Cartesian
coordinates. Equations (2) and (3) provide an important
insight into the field homogeneity in terms of different
components (harmonics), the formalism that is extensively
used in the design and shimming of a high-homogeneity
magnet.

Early general guidance was formulated by Williams
(1984) regarding the design of an MRI magnet with a
homogeneity of the order of 107¢ (1 ppm) over 1/3 of the
coil bore, with an indication that at least the first eight orders
(n = 8) must be compensated. In addition, when the coil
system is symmetric about the plane z = 0, only even orders
need be considered. Therefore, in the modern whole body
MRI magnet design, with a target peak-to-peak homogeneity
~107 over a maximum imaging FOV of half the ID of
the coil, only the zonal harmonics with n = 2,4, 6, 8, 10 are
typically compensated. The design of a range of magnets was
also detailed by Garrett to compensate the zonal harmonics
up to a designated order (Garrett 1951, 1967). For example,
a six-coil system would null all harmonic impurities up to
n = 12. The impact of the number of compensated harmonics
on the FOV size and amount of superconductor is illustrated
in Lvovsky and Jarvis (2005).

Because of its large dipole moment, an MRI magnet
produces a strong fringe field extending several meters from
the magnet isocenter. This may adversely affect the electronic
equipment, and requires a careful consideration of magnet
siting. It may also present a patient safety hazard in the
adjacent facilities. Therefore it is now a common approach
to shield the magnets to control the fringe field footprint.
The criterion established in the competitive MR industry has
the 0.5 mT line fully confined within the MR scanning room
(typical Z x R dimensions less than 5 m x 3 m).

Two available approaches are passive and active magnetic
shielding. Passive shielding (iron shield) uses ferromagnetic
materials at the cylindrical outer shell of the cryostat.
(In certain cases, especially with ultrahigh-field research
magnets, passive shielding uses steel plates installed into the
scanner room walls, floor or ceiling.) However, the passive
approach has several potential disadvantages, such as: (1)
the shield is designed for one fixed central field level of
the magnet; (2) the proximity of the ferromagnetic material
makes the homogeneity susceptible to any asymmetry in the
shield or variations in its BH curve; (3) the large amount
of iron requires control and compensation of B, variations
caused by temperature fluctuations of iron elements; (4) the
iron shield increases the total magnet weight by tens of
thousands of pounds (Lee 2001). Active shielding is achieved
by incorporating a group of coaxial coils of a larger diameter
carrying current in the opposite sense to the main coils.
The advantages of this approach include the capability of

a single shield design operating at any intermediate central
field level without substantial degradation of homogeneity
of shielding effectiveness, since the system retains its linear
dependence on coil currents; as well as minimal impact on
system weight and size as compared with the passive option
and thus an increased flexibility in siting. The active shielding,
however, increases the superconductor usage nearly doubling
the ampere—meters of conductor (Lvovsky and Jarvis 2005);
impacts the complexity of the cryostat design, which now
has to accommodate the additional shielding coils (Kalafala
1990); and results in larger magnet dimensions and helium
volume, therefore contributing significantly to the overall cost
of the magnet.

In theory, the required high-homogeneity MRI coil design
can be realized in various multiple configurations, each
compensating all the harmonics up to a certain order using
different numbers of coil pairs, radial and axial positions of
each coil, and turns and layers in the coil. In practice, a
tradeoff selection is performed amongst different potential
designs. The goal is to select the most optimal solution for
the intended product, which, besides the homogeneity and
fringe field requirements, is subject to additional constraints
and limitations, such as magnet dimensions, amount of
superconductor, stress and stability of the windings, etc. To
arrive at such a solution, optimization techniques are now
generally used by all manufacturers, based on an objective
function subject to a set of constraints (examples of such
design optimization programs can be found e.g. in (Lee 2001,
Kalafala 1990, Ogle and Angelo 1991, Crozier and Doddrell
1997, Kakugawa et al 1999, Xu et al 2000, Jensen 2002, and
others)).

No matter how homogeneous the magnet design, the
as-built magnet will invariably deviate from the theoretical
homogeneity, coming short of the level required for
imaging. This is mainly due to the following variations: (a)
manufacturing tolerances of the magnet cartridge introduce
errors in coil placement; (b) manufacturing tolerances
of the superconducting wire itself; (c) the non-isotropic
thermal contraction of coil formers and coil windings during
cooldown to helium temperature; (d) the large EM force
between the windings causing movement of the coils;
(e) errors during the winding process; (f) variation in
magnetization if ferromagnetic components or shields are
involved in the design. All these factors, to a varying degree
of sensitivity, contribute to the as-ramped inhomogeneity
of every individual magnet. To compensate these unwanted
harmonic errors, a magnetic shimming system is included as
an integral part of the magnet design.

A passive shimming system uses a set of ferromagnetic
pieces strategically distributed on a set of shim trays which
are inserted in positions (slots) reserved either on the magnet
bore or inside the gradient assembly, thus to a certain degree
competing for the radial space with other components of the
scanner.

An active magnet shimming system (separate from
the low-strength resistive coils for limited patient-specific
shimming that may be present inside some gradient coils)
relies on a set of dedicated superconducting coils located
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inside the magnet. They are designed for a sufficient
compensating harmonic strength, in the form of an array of
arcs/racetracks with varying azimuthal extent and symmetry
and various positions and extents along the Z-axis, and
produce a set of associated Legendre functions with
predefined n and m as per (2)—(3). The magnitude of the
generated harmonics is controlled by the current; typically in
excess of ten coils would be built into a separate assembly,
with superconducting persistent switches needed to activate
and control individual coils, adding significantly to the cost
and complexity of the magnet. The advantage of the active
shimming approach is its high current-driven capacity. It
successfully accommodates large tolerances in the magnet
build, whilst avoiding the challenge of excessive mass and
force of the passive shim system. However, with an active
correction coil assembly located outside the main coils,
ie. far from the FOV, their effectiveness for high-order
harmonics (n > 6) is limited. For that reason, the active
shimming system is usually still complemented by a set of
passive shims dedicated to high-order harmonics (so-called
hybrid shimming system), albeit with a now much reduced
ferromagnetic shim mass.

In shimming, and in the other areas of the highly
competitive superconducting MRI magnet design, the
challenges have been resolved by different manufacturers
using different approaches to arrive at products with the
stringent performance and quality requirements dictated by
its healthcare use (Morrow 2000, Lvovsky and Jarvis 2005,
Parizh and Cosmus 2011).

2.2. Multi-coil magnet approach and components

Two distinct coil designs that are used to create highly
homogeneous fields are the compensated solenoid and the
discrete multi-coil configuration.

The compensated solenoid originated in NMR and
was employed early in MRI magnets. A solenoidal coil
uniformly wound across the full length of the former is
the major component of this design. The inhomogeneity
created by its end effect is compensated by an optimized
set of coils (compensation coils), wound on the outside of
the solenoid (figure 5). The solenoid is often sectioned into
several windings with graded superconductors, for structural
reinforcement and cost reduction (Liebel 2011). The key
advantages of this approach are a low ratio Bpea/Bo ~
1 and better stress control; while a disadvantage is its
intrinsically large amount of superconductor and cost. The
amount of required compensation grows rapidly when shorter
lengths or larger FOVs are pursued (Lvovsky and Jarvis
2005), as does the total amount of conductor and stresses in
this design. The use of active shielding faces a significant
challenge due to the higher dipole moment of the long
solenoid, the increase in stresses and the need to compensate
inhomogeneity contributed by the shield coils. Therefore
in WB MRI scanners the compensated solenoid design is
reserved for high-field research magnets (Bo = 7 T or 9.4 T),
where having a low Bpeu/Bo ratio is critical for the use
of low-cost commercial NbTi conductors. Such magnets are

%, Cryocoolers %
Compensation ‘
coils r_ﬂ

Nested
solenoids

Figure 5. Coil configuration for the compensated solenoid
approach (GE 7 T magnet).

longer (length up to 3 m or more) (Liebel 2011) than the
clinical 1.5 and 3 T magnets, which use the discrete coil
design. Until recently, most were passively shielded with
heavy iron plates built into the site structure.

The multi-coil design, on the other hand, places emphasis
on a true minimum ampere—meters of superconductor for
a given homogeneity, albeit at the expense of higher Bpeak
and stresses. This is the dominant configuration in cylindrical
clinical MRI magnets with By < 4 T. Discrete field-shaping
coils are strategically distributed along the bore to compensate
each other’s zonal harmonics. The number of coils is
dictated by the balance between the number of variables
(coil positional angles) and the number of harmonics to be
compensated (Lvovsky and Jarvis 2005). Secondary variables,
such as coil shape and Cu/SC ratio, can help additionally
tune Bpeax and stresses in the coils. Six field-shaping main
coils (three coil pairs in a symmetrical magnet, see figure 3)
represent a common configuration for an MRI scanner, having
up to 10th order harmonics compensated over a FOV with
dimensions half those of the magnet bore diameter.

Modern clinical scanners are actively shielded. Sets of
shielding coils, coaxial to the field-shaping coils and having
opposite current direction, are positioned inside the helium
vessel at the outermost radius in order to reduce the fringe
field of the magnet. Homogeneity in the multi-coil design,
which relies on a balance of harmonics between the coils,
is especially sensitive to coil position variations, within a
fraction of a millimeter. Intra-coil and inter-coil Lorenz forces
are addressed in the structural design of the magnet. A
conductor stabilizer usually provides the main support for the
intra-coil stresses; sometimes overbind is wound on top of the
coils to control hoop stress in the coil.

Whether the coils are in-pocket wound, or modular
(i.e. wound and impregnated off-line), the former and its coil
interfaces have to accommodate considerable inter-coil forces.
For example, the force F, on the outermost main coil can
exceed 0.8 MN in a 1.5 T and 3.5 MN in a 3 T whole body
magnet. A key challenge is managing stresses and movements
at the coil interfaces. The interface design has to allow transfer
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Figure 6. Traditional cryostat for an MRI magnet with a cryocooler sleeve (adapted and modified from Komarek (1995)).

of full inter-coil forces without frictional disturbances that
would quench the coil during energization. The main (inner)
former can either be designed as a separate component, or
incorporated into the helium vessel inner cylinder. Likewise,
the shielding coils can use a separate former, or be wound in
separate channels and supported off the main former.

If active shimming is employed, a set of correction coils
is added. A full set of correction coils includes transverse shim
coils and usually requires a dedicated former. If only a limited
number of zonal harmonics (Z;, Z) is targeted, correction
coils can use the space between the field-shaping coils or be
wound on top of them.

In either configuration, the following circuit components
are placed within the 4 K envelope (figure 3):

(a) Superconducting joints between coils, each with re-
sistance ~10719 Q or less. They guarantee persistent
operation with a long-term drift rate under 0.1 ppm h~!.

(b) Main superconducting switch with an embedded heater.
The heater is activated during magnet ramp, and turned off
after the magnet is parked to close the persistent circuit.

(c) Quench protection circuit components. These may include
resistors, diodes and a quench protection switch that opens
during the quench event and diverts current into the
quench heaters embedded in the coils. These heaters start
secondary normal zones and spread the dissipating stored
energy.

(d) Power leads—can be either retractable or permanently
embedded.

(e) Superconducting joints and switches are placed in
designated low-field areas with an adequate cooling
arrangement in order to ensure their stable, reliable
performance.

The majority of commercial MRI magnets use a helium
bath in which coils and components are immersed; although
scanners with conduction-cooled magnets have also been
developed (Herd et al 1995, Havens 1995, Havens and Smith
1997, Laskaris et al 1995, Razeti et al 2008, Byrne et al 1999).

2.3. Helium bath cryogenics

Figure 6 shows the typical cryogenic infrastructure of a
cylindrical MRI magnet. In this example the cryostat has
an outer vacuum case (OVC) made of metal, one thermal
shield (usually at a temperature of 40-50 K) and the helium
vessel, housing the magnet assembly. Top left shows a typical
cryocooler in its vertical orientation, ready to fit into the
cryocooler sleeve, as indicated.

The liquid helium fill level to keep the magnet
superconducting at 4 K is also shown. For a complete fill,
typically 1500-2000 1 is used. Depending on the temperature
gradient that may develop inside the magnet (from bottom to
top) and on the superconducting coil design, which defines
coil stability, lower fill volumes may be tolerable. The
minimum allowable volume may also differ between the
ramping process and the subsequent persistent operation of
the ramped magnet.

Any advanced/alternative cryogenic concept for MRI
applications needs to address all the following operating
modes:

e Energy saving pre-cooling of the magnet down to the
operating temperature (usually done with liquid nitrogen
or a recoverable liquid helium facility).

e Magnet ramp up to full field, preferably with captured
boil-off helium gas during ramp.

e Normal operating condition (NOC), see also section 5;
self-contained operation.

e NOC with extra heat loads (due to gradient heating) that
reduce the cryogenic margin, and ensure no helium loss
(zero boil-off/recovery).

e Ramp down.

e Shipping ‘ride-through’ (from factory to MRI site),
optimizing losses to minimize the cost.

e Cooldown to operating temperature or refill at the customer
site, with high-efficiency transfer.

e Safe ramp up at the customer site.
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e Magnet quench, with an energy dump into a liquid helium
bath (see also section 5 for details). Quench gas may be
captured in the factory, but normally would be released into
the atmosphere through a vent line at the customer site.

Cryocooler technology is constantly progressing. Cur-
rently, the dual-stage cryocooler cools the thermal shield
thermally linked to its first stage. The second stage is
connected to the recondenser which re-liquefies escaping
helium gas from the helium vessel (the so-called zero boil-off
operation, or ZBO, the technology developed and introduced
into products by GE (Chen 1997)).

The cryocooler (GM type 4 K cooler) is usually fitted
in a separate cryo-sleeve and does not share the vacuum of
the main cryostat. The so-called sock is either evacuated or
directly connected to the cryostat helium reservoir and is
thus serviceable. The performance of the cryocooler degrades
in the field by about 0.13 W yr~!; therefore the cryocooler
usually requires replacement after a few years of service,
depending on the cryostat background heat load. With the
introduction of the Pulse Tube Refrigerator (PTR) with an
absence of serviceable parts, this type of cryocooler can
be deeply embedded in the cryostructure, taking on even
further design roles, as described for example in Stautner
(2001, 2002). PTRs are now commercially available, and
their reliability keeps improving. With reference to the above
cryostat operating modes, the PTR offers further unique
advantages not commonly known, namely the ability to
drastically shift first and second stage cooling power by
changing the mutual flow distributions. This is most beneficial
whenever the thermal shield demands more cooling power
during cooldown, e.g. at the customer site or when a transient
increase of the liquefaction rate is desirable.

Advanced MRI units should also address every aspect
of reducing the environmental burden by incorporating green
technologies as much as possible. One key aspect herein
is the reduced cryogenic liquid helium (LHe) inventory.
Another is power consumed by the refrigeration system
(mainly by helium compressor), the gradient system and
overall electronics. Among others is coil former recycling and
lead-free components, to name but a few.

3. Non-traditional configurations
3.1. Quest for openness

3.1.1. Challenges of wide/short bore. ~With any MRI scanner
for human applications, either for whole body or specialty
imaging, the key driver that has an influence on the magnet
configuration is the patient space. Since the early days of
clinical imaging, patient comfort has always been behind the
quest for more open scanners.

Besides accommodation of claustrophobic patients, the
larger diameter and shorter bore of the whole body scanner
enables interventional procedures, such as catheterization, IV
and others, when the patient has to be reached inside the
scanner. As a result, in the current whole body cylindrical
MRI market the trend is developing towards a 70 cm patient

bore (PB) as a new standard for high-end scanners, that was
previously dominated by a PB = 60 cm. A shorter magnet
length is often pursued to allow the patient’s head outside the
magnet for the majority of procedures.

For the specialty scanners, such as head or extremities,
a larger and shorter bore provides better accommodation
of specific human anatomy. A smaller size of the magnet
and the specifics of the application may provide more
opportunities to take advantage of the anatomy (for example,
narrow head versus wider shoulders) than the ‘universal’ WB
configurations.

Both with WB and specialty magnets, more effective use
of the bore space can be traded for other key parameters,
such as field strength By, homogeneity, and fringe field in an
attempt to optimize the system cost.

The outline of space occupied by the superconducting
coils will be further referred to as the coil envelope. In
cylindrical magnets the coil envelope is constrained by four
boundaries—the inner and outer radii Rpi, and Rpyax plus the
two outermost axial Z-positions (often shorter for the shield
coils that for the main coils, due to the need to support their
outward forces).

Overall, the resonator module contains nested envelopes
of different levels (figure 3). The scanner covers delineate its
outermost envelope, which directly defines the patient space
and comfort. The magnet, or vacuum vessel envelope, is
the next inside. Space between the covers and the magnet
accommodates: (a) the cover mounting, (b) other scanner
components such as the gradient and RF body coil, and (c)
their electrical and cooling connections. Because of this space
occupied by the gradient and RF coils inside the bore of
a cylindrical scanner, the patient bore PB = 600-700 mm
translates typically into a magnet bore (MB) diameter of
around 900 mm. The performance of both the gradient and
the RF coil is highly sensitive to their annular space, therefore
the tradeoff between the MB and gradient/RF radial space has
an important impact on the optimal MR design.

The coil envelope is incorporated inside the magnet
envelope. The space between the two is defined by the cryostat
components and coil support elements such as formers.
Coil envelope boundaries to a large degree limit the cost
and performance in a homogeneous magnet design, and
consistent efforts have been applied to minimize this space.
The introduction of a zero boil-off cryostat (Chen 1997, 1998)
with a helium recondenser brought about a magnet design
with a single thermal shield (40-60 K range) instead of two
(at ~20 and ~80 K). This resulted in a noticeably reduced
cryostat space and shorter magnets. Improvements in the
performance of multi-layer insulation (MLI) further reduced
the gaps between the magnet and coil envelope. Certain
designs allow intrinsically better utilization of the magnet
space by coils, for example those with modular off-line coils
that have reduced or no former at Ry, or cryogenless designs
with the elimination of the helium vessel.

In superconducting cylindrical MR magnets, to create
a field-of-view (FOV) adequate for whole body imaging,
the envelope-constrained coils need to generate a region
with Zpoy > 0.40 Rpin; Rrov > 0.45 Rpin and homogeneity
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of 10 ppm peak-to-peak. The coil radii Rpin, Rmax and
length Zpax, fringe field and FOV are key coil envelope
and field requirement constraints that affect the amount of
superconductor, peak field and stresses, and hence the cost and
risk of the design.

Multiple coils have to be strategically placed in the
coil envelope to achieve a balanced field of the required
uniformity. A targeted FOV defines the maximum order of
axial harmonics N that need to be canceled (equivalently,
the number of derivatives d¥B,/dz¥ = 0), and thus affects
the number of discrete coils required, which have to balance
out each other’s inhomogeneities. (In practice, however, some
magnets are designed around homogeneity at field points
following a certain profile that may have residual lower order
harmonics in an ideal design.)

When the length of the cylindrical envelope is not
constrained, the coils will occupy their natural positions,
which correspond to the minimum of ampere-turns (Lvovsky
and Jarvis 2005). Once the length is shortened beyond the
outermost natural position, the amount of conductor and peak
field Bpeak start to increase. The shorter the magnet length,
the larger the opening angle o = tan~! (Rmin/Zmax) of the
coil envelope, and the bigger the design penalty. Such a
dependence is shown in figure 7, where an unconstrained
region can be observed at Zy,x > 65 cm, followed by an
accelerated increase of Viong and Bpeak for shorter magnets.
Starting at o ~ 37°, a negative coil pair appears between
the outermost (large) and adjacent (medium) coils, which
creates an outward force on the outer coils and requires
additional space for the outer flange support. Compressed and
moved inward, the outermost coils acquire a high pancake-like
aspect ratio. The total number of coils and the number of
new negative pairs keep growing—until, at some critical
value Z .. the solution ceases to exist (from the practical
standpoint, the magnet configuration becomes unfeasible well
before this point because of unacceptably high Bpex and
stresses in the coils). The critical envelope length Z7_  (or
critical angle a*) depends on the coil current density Jepe: the
higher Jeng, the larger the critical angle o*.

A similar ‘knee dependence’ appears with regards to
other parameters. Selecting the right point on the ‘knee’ is
key to optimal magnet design. Such a selection is based
on tradeoffs between the magnet length (bore radius, FOV)
on one side, and the cost and risk of the design on the
other. Moving up the knee beyond the appearance of the first
negative pair becomes increasingly difficult, as the outward
forces from the growing negative coil on its outermost positive
neighbor grow very fast, which requires additional space at the
outer flange for structural support of the forces, which negates
any achieved shorter length.

Additionally, at that point the conductor length, peak field
and coil stresses have increased dramatically, which would
translate into a high-cost and high-risk design. All these
considerations dictate a practical limitation to the level of
openness of cylindrical MRI.

For a given envelope, the magnet cost and risk are
directly linked to the selected coil current density Jepg,
and the operating fraction of the critical current iop, =
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Figure 7. Sensitivity of the coil volume and peak field to the length
of the coil envelope Leny = 2Zm,«. Example shown for

By =15T,FOV =45cm x 45 cm, 5 G line

Z x R=4.5m x 2.5 m; Ryin = 50 cm; coil current density

Jeng = 15 kA cm™2.

Iop/1. (Bpeax). The latter is determined by the cross-section
of NbTi, while the first is mostly determined by the copper
stabilizer. A sufficient area of copper in the conductor is
needed for (a) reacting hoop and axial stresses in the coil,
(b) conductor stability and (c) quench protection. The amount
of superconductor (Cu/NbTi ratio) is determined by the
required stability margin and persistence. While different coil
technologies, such as wax or epoxy impregnated may have
different stability limits, resulting in different maximum iop
values, the persistence limits in commercial MRI NbTi-based
conductors with a n-value above 30 usually allow iop > 0.7.
As the persistence, and to a large degree the stability margin,
are mainly influenced by the few inner layers in the coil
with the highest Bpeak (Lvovsky 2009), the use of so-called
conductor grading, both between the coils and within the same
coil pocket, is often employed for cost and risk savings.

MR scanner configurations other than tubular have been
explored, and some are described below. However, none so far
can match the wide use in clinical practice of the mainstream
WB cylindrical systems. This is mostly due to the universality
of their scanning applications; the efficiency with which a
cylindrical system generates a large homogeneous FOV; and
a well-optimized cost-driven NbTi-based design that has been
developed in a highly competitive marketplace.

For specialty scanners, non-traditional topologies may
provide additional advantages, with shapes better adapted to
specific human anatomy. They may also provide opportunities
for smarter utilization of the overall scanner space, including
gradient and RF coil placement. The smaller dimensions of
specialty scanners with a small bore and small coils result in
low intra- and inter-coil stresses. That enables simpler former
and cryostat solutions, and may facilitate easier introduction
of novel MTS and HTS superconductors.

3.1.2. Split-open configurations. An existing patient-
friendly alternative to the described tubular topology, often
called the open or split MRI configuration, is the one where
the patient space is not constrained inside the solenoidal coils,
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Table 3.1. Parameters of commercial WB split-open MRI scanners with superconducting magnets (see figure 11).

Parameter Signa-SP OpenSpeed Panorama 1T Oasis 1.2T OpenSky

Manufacturer GE GE Philips Hitachi Paramed/ASG

Product introduced 1994 2000 2004 2008 2006

Central field By 05T 07T 10T 12T 05T

Field orientation Horizontal Vertical Vertical Vertical Horizontal

Geometry Split bore Vertically split gap ~ Vertically split gap ~ Vertically split gap ~ Horizontally split
(2 annuli) gap

Frame/posts 2 posts, at top 2 posts 120° apart 2 posts 180° apart 2 posts 180° apart U-frame, soft iron
and bottom

Cryostat 183 183 204 220 240

length/height, (excl.

cold head) (cm)

Cryostat OD (cm) 193 172 223 — 200

Patient gap (cm) 58 gap, 60 45 45 45 58
patient bore

Imageable DSV >30cm 40 cm 45 cm 45 cm 26 cm

0.5 mT line 8.1 x 10.2 4.7 x 3.8 4.0 x 2.6 — 4 x4

(R (m) x Z (m))

Shielding Passive Active Active Active Passive

Shimming Passive Passive Passive Passive NdFeB PM shims

Magnet weight (ton) 3.6 8.4 7.0 — 25

Superconductor Nb3Sn tape NbTi wire NbTi wire NbTi wire MgB; tape

Operating ~10 4.2 4.2 4.2 18

temperature (K)

Cryogenics Conduction- Zero boil-off He Zero boil-off He Zero boil-off He Conduction-
cooled bath bath bath cooled

Helium volume (1) None 300 1500 — None

but rather created between them. The body of the patient
enters the scanner between the two poles of the magnet,
perpendicularly to the direction of the magnetic field By,
i.e. to the axis of solenoidal coils. Most open MR scanners
have a horizontal gap AZ with a vertical field By, but there
are systems with a vertical gap and a horizontal Z-axis as
well. Examples of commercial whole body superconducting
MRI scanners with a vertical By orientation are the GE 0.7T
OpenSpeed, Philips 1.0T Panorama and Hitachi 1.2T Oasis.
Among scanners with a horizontal field orientation are the
GE 0.5 T Signa-SP (Nb3Sn ‘double-donut’ interventional
configuration), or Paramed’s 0.5T MgB, OpenSky scanner
(parameter comparison, see table 3.1).

Split MR magnets can be divided into the following two
categories:

Type I—with soft iron frame (yoke) connecting the
two poles. The yoke serves as a low-reluctance magnetic
connecting path that closes the space outside the poles, thus
constraining and channeling the magnetic flux generated by
the coils. The superconducting configuration of this type
takes its origin in earlier permanent and resistive iron-assisted
MRI magnets. There the iron frame has either a C-shape,
where the patient table travels along the wide back of C
(e.g. 0.35 T Siemens Magnetom C!); or an O-shape, where
the patient enters between the two columns on each side of
poles (e.g. 0.3 T GE Brivo MR235); or 4 columns. Besides
their function for channeling magnetic flux, the columns also
serve as structural elements providing mechanical support
against the large attractive forces between the poles. In
superconducting magnets, the supporting columns also carry
cryogenic connections between the two halves of the magnet

(Herd et al 1995). Homogeneity in the magnets with the iron
yoke is provided by the pole design while the superconducting
coils act simply as generators of a magnetomotive force,
much like permanent magnet blocks or resistive coils. Control
of the fringe field is done by a yoke design that limits the
leakage field into the room, so no shielding coils are required.
This configuration does not require multiple strategically
positioned coil pairs, and a single coil at each pole may be
sufficient. In contrast to the type II configuration, precise
control of the coil positions in the type I magnets becomes
less critical, due to the substantially reduced sensitivity.
Paramed’s 0.5T MgB, OpenSky (magnet by ASG) presents
an example of such a configuration. The central field in the
type I configurations does not exceed 0.5 T. The effectiveness
of the soft iron yoke diminishes at higher fields while its
weight grows. The tradeoffs in the type I design include the
gap, homogeneity, fringe field and weight of the magnet. To
achieve high By with a 45 cm DSV in a whole body gap while
sufficiently constraining the leakage field, the frame weight
may exceed 20 ton, which impacts the siteability of such a
scanner.

Type II split-open magnets represent a much lighter
alternative, with no iron frame present. In the absence of a
magnetized pole, the superconducting coils are responsible
for creating the homogeneous region of the central field By.
A set of multiple coils is located symmetrically in each half of
the split magnet; precise positioning of the coils is critical. In
some ‘intermediate’ designs where the superconducting coils
are assisted by ferromagnetic elements (Laskaris and Palmo
1999), the primary role of those would be limited to force
management and conductor reduction. Similar to cylindrical
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Figure 8. First whole body interventional conduction-cooled Nb3Sn MR magnet; By = 0.5 T. (a) Configuration with a patient bore and
surgeon access—magnet without covers; (b) scanner Signa-SP during surgery arrangement.

magnets, in ironless split magnets the magnetic flux returns
through the air around the magnet, therefore to keep the
5 G line within the required limits, active shielding coils are
required. Large attractive forces between the poles are reacted
by posts that represent the cold structure connecting the two
halves inside the 4 K region.

Type I WB MRI magnets have been created for field
strengths from 0.5 to 1.2 T, although designs up to 2 T have
been discussed (Borceto et al 2012). The practical limit on
the field strength in the type II configuration, as in cylindrical
MRI magnets, is dictated by the maximum stresses, conductor
stability and the overall cost of the design.

The first split superconducting commercial MRI magnet
was designed by GE for interventional Signa-SP scanners
and installed in 1994. Since then, a total of 15 have been
in operation in different clinics throughout the world. The
0.5 T scanner with horizontal field orientation takes images
of the operational area in real time during surgery. It is
remarkable that the first whole body split magnet design
started with the most challenging topology dictated by
its interventional nature for surgical applications (Havens
1995). In addition to the traditional horizontal bore, which
accommodates a moving patient table, it had vertical gap
in the middle for surgeon access (figure 8). It was also the
first cryogen-free conduction-cooled whole body MRI magnet
(used two cryocoolers). The superconducting coils are wound
from Nb3Sn tape conductor. This interventional scanner has a
patient bore and surgeon gap, which includes space occupied
by the gradient coils located in the bore and inside the gap.
The magnet weight is 3.6 tons.

A substantial challenge exists when scaling such an
interventional topology to 1.0 T and higher. The combination
of the full-size bore with an appreciable room-temperature
gap for surgeon access imposes a steep penalty on the
magnet design, impacting stresses, Bpeak, and the amount
of conductor, hence rapidly increasing the magnet cost. In
addition to limitations for the magnet, this topology creates
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Figure 9. Comparison of the amount of conductor in cylindrical
and split-open configurations, as a function of the ratio of FOV-Z to
the coil radius, or half-split for the open geometry (Lvovsky and
Jarvis 2005). Copyright 2005 IEEE.

a challenge for gradient coil performance, as split cylindrical
gradients now have an interruption in the most effective region
|Z| < gap/2.

The above limitations became the reason why, in pursuit
of image quality comparable to 1.5 T cylindrical imagers,
high-field open scanners adopted a pure split geometry
without a patient bore. Designs with By > 0.5 T are actively
shielded, which allows keeping both the weight and fringe
field within limits comparable to cylindrical scanners. In each
half of the magnet, field-shaping coils are located closest
to the gap, while the shielding coils are as far away as
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possible, limited by the magnet height. The split geometry
of the ironless high-field open design is characterized by the
following key features and challenges:

(1) An increased amount of conductor compared with
a cylindrical magnet of the same FOV. Figure 9 compares
normalized ampere-meters for unshielded cylindrical and
split-open configurations (Lvovsky and Jarvis 2005). While
the dimensionless comparison in figure 9 is given for a gap
having the same size as the bore diameter in a cylindrical
scanner; the difference would be smaller for real vertical
clinical systems, as a 40—45 cm vertical gap can adequately
accommodate human anatomy with its smaller anterior
dimensions. The split configuration includes negative polarity
coils among the field-shaping coil set;

(2) The need to have two cryostats separated by posts
significantly increases the number of cryogenic components
and complexity of the assembly compared with the
mainstream cylindrical magnets. The two-vessel cryogenics
becomes a primary cost driver for split-open magnets. With
vertical systems, consideration should be also given to the
helium connections between the two vessels and the dynamics
of helium levels in them. Helium boil-off in the upper vessel
(e.g. during power outage) would start exposing the shielding
coil, while the level in the lower vessel would create the risk
of fast exposure of the most vulnerable main coils, which are
located at the top near the gap.

(3) The significant attractive force between the two halves
has to be met by 4 K structural components inside the
posts. The two posts carry all the cryogenic and electrical
interconnects between the halves. Post locations (either
180° apart, or at an angle) present a tradeoff between system
stiffness, on one hand (vibrations impact on image quality),
versus openness/interventional access, on the other. Since
primary Lorenz forces are acting on individual coils, an
adequate coil support structure (formers) has to be designed
into each half. Such a structure provides local support for each
of the coils while transferring substantial total axial forces
to the post supports that connect the two halves. Its design
has also to ensure that the out-of-plane coil deflections, a
potential source of transverse harmonics Z 1; Z; » etc, would
stay within the maximum allowable limits.

(4) For vertical MRI scanners, fringe field containment
within the imaging room of a multi-story hospital presents
a particular challenge. Unlike with a horizontal cylindrical
magnet, here the small vertical distance to the floors above
and below imposes tight limits in the unfavorable Z-direction.
Some leverage can be gained by increasing the diameter of
shielding coils, each having compensating negative dipole
moment

M = (/3)lop Y Nu(Ri} + Roy + RiyRoy,),

Ncoil

“4)

where Iy, is operating current, N, is the total turns in
the nth shielding coil, and Ri, and Ro, are the inner and
outer radii. A conical configuration with a shielding diameter
larger than the main diameter lends itself to a improved
perception of openness (Lvovsky et al 2003), albeit with an
increased overall diameter, impacting interventional access to

the imaging region. When the fringe field constraint along the
Z-axis is placed too close to the magnet, multiple shielding
coils appear (Lvovsky and Jarvis 2005), driven by need to
carefully shape the local field from the shielding coils to
conform to the required 0.5 mT line.

(5) Vertical split-type scanners often take advantage
of the different human body orientation by employing an
ellipsoidal FOV with FOVz < FOVpg, due to the lesser
design penalty for extending the homogeneous region in the
radial direction. A large circular area in the coronal XY
plane provides coverage from side-to-side and along the body,
while the smaller FOV axis is adequate to cover a shorter
anterior—posterior, front-to-back anatomy. A shorter FOV,
also helps in reducing the inter-coil gap, providing a sufficient
distance between the coils on each side of the gap and the
FOV. Additionally, due to gradients recessed in the poles,
the split-open topology places small coils farther away from
the patient surface. As a result, FOV-Z in the split-open EM
design can be extended to be almost equal to the patient gap.

(6) The shimming system challenges are rooted in the
limited space and specifics of the split-type orientation. To
provide enough degrees of freedom in the set of compensating
spherical harmonics (2-3), the distribution of passive shim
elements has to cover a sufficient range of angle 6. While in a
cylindrical MRI the shimming positions are distributed along
the bore, thus covering fnin < 6 < /2, the split-open magnet
has shim pieces in the poles (recesses), i.e. within an angle
0 < 0 < Omax. Positions with small 6 help with higher-order
harmonics, but are less efficient for the low orders. The
limited distance AZ reserved for the shim system by the
expanse of the gradient and RF space, imposes limitations
on the total shimming capacity, as well as on the maximum
Z-dimension of each shim element. Shim magnetization
is more challenging compared with cylindrical scanners,
where a single shim element positioned along the bore can
commonly occupy 10—20 mm or more in the Z-direction, and
easily saturates to produce a magnetic moment M.

(7) Finally, the split geometry dictates that gradient and
RF coil halves are placed in the designated recesses made in
each pole. Such a gradient and RF topology, with its limited
space affecting patient gap size is intrinsically less effective in
producing high strength Gy, Gy, G;, By fields compared with
the traditional annular arrangement of cylindrical scanners.
The recess is usually sized to occupy a radial space limited by
smaller field-shaping coils only, leaving large coils as close
to the gap as possible, in order to reduce the penalty to the
magnet design (Lvovsky et al 2003) (figure 10(a)). Conical
recess and conical gradient coils (Overweg and Aldefeld
2003) (figure 10(b)) allow improved separation between
primary and shield gradients, thus increasing the gradient
strength and incurring a gradual progression of space penalties
on each subsequently smaller field-shaping coil.

In clinical practice, split-open MRI scanners have to
compete with a wider bore and shorter tubular MRI. Even
not having full openness of the split magnets, shorter tubular
scanners address a substantial portion of claustrophobic
concerns. The primary driver is the wider patient bore;
expanding the segment of scanners with a 70 cm patient bore
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Figure 11. Split-open WB superconducting MRI scanners: (a) 0.5 T Signa-SP interventional (GE); (b) 0.7 T OpenSpeed (GE); (c) 1.0 T
Panorama (Philips); (d) 1.2 T Oasis (Hitachi); (e) MgB»-based 0.5 T OpenSky (Paramed).

becomes a new standard that is replacing the 60 cm segment  high-7, superconductors in MRI magnets in the future would
for clinical installations where customer comfort is paramount ~ ease some of the constraints, such as coil stability limits, thus
(even though the bore has to be traded off for space and hence  enabling designs with higher By and Bpeak. However, a long
some performance of gradients). Ultra-short scanners, such as  road ahead is required before other limitations such as high
Siemens 125 cm long Espree, improve the openness angle, stress tolerance, persistence and, most of all, conductor cost
albeit as mentioned above (figure 7) such a gain in openness ~could bring new conductors to the level at which the split-open
has to be weighed against an inevitably smaller FOV and configuration could reach substantially wider application in
higher magnet cost. clinical practice.

In summary, the present split-open topology for the whole
body scanners, albeit attractive for patient openness, is limited ~ 3.2. Non-standard geometries
to the low-end-By scanners. The intrinsically high cost of the
double-vessel configuration undermines its competitiveness  3.2.1. Types of non-traditional topologies.  Early after the
with traditional cylindrical scanners. The introduction of onset of superconducting MRI magnets, the pursuit of patient
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Figure 12. Examples illustrating the disk concept: (a) Dorri and Laskaris (1995); (b) McDougall and Bird (1987). (c) McDougall and

Hanley (2008).

openness has generated interest in non-tubular geometries.
However, within traditional superconducting technologies,
limitations and penalties have not justified departure from
the tubular imagers for clinical use—other than the split
configurations discussed above.

With regard to patient accommodation and location of
the imaging FOV, the non-traditional magnet geometries for
MR scanners can be classified into the following three general
categories:

(a) Magnets with a tubular patient bore where the
patient’s anatomy is accommodated and the imaging is
performed (either the whole body or part of it, such as
extremities or head). Departure from a traditional cylindrical
magnet towards better openness is done either by substantially
shortening the magnet, or moving the FOV off-center or even
outside the bore. A disk (pancake) magnet with a bore and a
cylindrical magnet with an offset FOV fall under this category.

(b) An external FOV is projected outside the coil
envelope. The imaged tissues are positioned outside the
cryostat (vacuum vessel) and the presence of the warm bore
in the magnet is not necessary. The patient would be lying or
positioned at the magnet side.

(c) Patient is inside the magnet, and enhanced openness
is achieved in the space between the field generating elements
(coils or ferromagnetic yoke). ‘Suntan bed’ and FOVs
between the coils and ferromagnetic frame are attempts to
further improve the openness of the ‘split’ geometry.

Typical configurations and their features are discussed
below.

Disk (pancake) magnets

The ultimately short MR magnet would fulfil the elusive
goal of a ‘CT-like’ scanner with a ‘disk magnet’, where
the patient is surrounded by an <l m short bore. Such
configurations have been considered but have not materialized
in a product, due to the stiff design and cost penalties of
such configurations. The penalties are both for the magnet and
the gradients, having disk versus traditional tubular geometry.
With an extremely short bore, the coil space would have
to fit in an envelope with a 50-70 cm axial wide space.
In order to balance the harmonics for a homogeneous FOV,
with little freedom now available with regard to Z-location or
6-angle of coils, multiple coils would have to be nested within
each other within such envelope. Alternating negative coils
are required for harmonic compensation (Dorri and Laskaris
1995), much like in the split-open geometry (Lvovsky et al
2003, Overweg and Aldefeld 2003). The amount of conductor
generally increases for each nested coil with larger radii that
are positioned further from the bore. The required growth of
the disk-like cryostat, as well as the increased hoop stress in
the outer coils, usually limit designs to small FOVs, small By,
or both.

This fundamental topology trading—cylindrical coil
envelope for disk envelope—essentially means that the axial
direction with the multiple main coils distributed along the
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Figure 13. ‘Walk-in’ disk magnet for interventional applications
(McDougall and Hanley 2004).

main former cylinder and limited by the magnet length, is
now replaced by a radial direction with field-shaping coils
alternating along the radius and limited by the magnet OD
(figure 12). A combination or partial use of both directions
could lead to an inverted cone-like disk with its axial
length smallest at the patient bore, and gradually increasing
towards the OD. Additional space gathered in the axial
direction at larger radii result in multiple nested coils pairs
(McDougall and Hanley 2008), still with a substantial increase
of conductor versus a typical whole body cylindrical scanner.

Specialized imagers, e.g. for breast imaging, can take
advantage of a smaller bore, and even attempt to project
an elliptical FOV outside the assembly (Dorri and Laskaris
1995).

A separate burden such a ‘disk’ geometry imposes on the
space available for gradient and RF coils, as well as on the
passive shim system, is that the Z-dimension of the bore is too
short (angle « too limited) in the disk topology for traditional
gradient and shim solutions. For efficient performance of
these subsystems, the design would have to use space near
the flanges, which in turn would increase the total width of
the disk scanner.

An ultimate example of the disk magnet was proposed
by Oxford Instruments in International Patent Application
W02004/097443 (McDougall and Hanley 2004). The magnet
is a large ring (about 4 m diameter), which is mounted in
the imaging room in the inclined position (figure 13), which
allows a ‘walk-in’ space for the surgeon. Such a configuration
faces practical challenges of a low By, a small homogeneous
region FOV, large hoop stresses and an expansive fringe field
footprint, and requires a substantial dedicated clinical space
exclusive of other neighboring clinical installations.

Offset field-of-view

The idea of a scanner where the FOV is offset relative
to the geometric center of the magnet in order to improve
single-sided access has been discussed by many in various
embodiments. In the whole body clinical MR magnet, an
axial shift of the FOV alone would yield limited benefit that
still has to overcome the added cost and complexity of an
asymmetric design. For a magnet of a given length L, a FOV
offset by AZrov creates a shorter access length Lghore = L/2—
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Figure 14. Comparison of optimized conductor and peak field
between an asymmetric magnet with a shifted FOV and a traditional
symmetric configuration. Z,,x represents the distance from the FOV
center to the outermost coil outer flange (to either end in the
symmetric case; to the short end in the asymmetric case).

AZpoy from one flange but a longer length Liong = L/2 +
AZrov from the other. Figure 14 presents a comparison of
such an asymmetric configuration side-by-side with a shorter
symmetric magnet that has been shortened from both sides
(total length L — 2AZpov). In this modeling, the amount of
conductor has been optimized for each configuration within
respective coil envelopes.

When the distance from the magnet flange to the FOV
is shortened at one end while keeping the distance at the
opposite end constant, the large coil at the short end grows
in aspect ratio, and the negative coils start to appear in the
short half of the magnet. At the same time, coils in the other,
‘long’ half remain practically unchanged. In the example of
figure 14, large coils at both ends are unconstrained up to
about Zmax = 650 mm. As Zpyax gets shorter, the conductor
and Bpeax increase rapidly (cf figure 7) only in the coils located
in the short half of the asymmetric magnet (while in both short
halves of symmetric magnet). Therefore, it is the large coil at
the short end that defines the limiting peak field and stress in
the asymmetric design. These limiting values are very close
to those that occur simultaneously in both large coils in a
comparative symmetric design.

While the total conductor increase above the ‘uncon-
strained conductor value’ in the symmetric configuration is
twice that of the symmetric one, it is the design risk and
cost that define the cut-off limit for the shortest access.
When comparing asymmetric and symmetric dependences in
figure 14, one can note that the asymmetric configuration
enables a design with an only 2—3 cm shorter patient access
than its symmetric counterpart with the same total conductor,
peak field and stresses. However, an asymmetric design has
penalties of unbalanced static forces between the main and
shielding assemblies, as well as asymmetric fringe field
containment and quench protection dynamics.

Although for the example of figure 14 the field-shaping
coils were located on the main former, when the envelope
is shrunk substantially and coils acquire a pancake aspect
ratio, positioning coils in other areas is possible in an attempt
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Figure 15. Asymmetric head scanner configurations taking advantage of head/shoulder anatomy: (a) asymmetric envelope with offset FOV
(Dorri et al 1995a, 1995b); (b) symmetric envelope with offset FOV (Sekino et al 2010). Copyright 2010 IEEE.

to better manage stresses and stability of the coils, albeit
at the expense of additional conductor length. Discussion
of different configurations with an asymmetric FOV center
that propose different utilization of the coil envelope space
with high aspect ratio coils—multiple formers (Crozier et al
2000, Doddrell and Zhao 2007), ferromagnetic elements
(McDougall 1987, Crozier and Liu 2008), and others—can
be found in various patents and publications. We should
note, however, that in the present competitive industry
every major MR manufacturer developed a set of efficient
optimization tools that allow traversing the whole body
magnet envelope and full exploration of coil configuration
options, once the design constraints have been set. Generating
novel configurations with regard to the number of coils,
their location and shape evolved from the art of invention to
engineering practice; and the key to the competitive design
shifted to the right choice of constraints and tradeoffs between
the performance, patient access and cost. While asymmetric
configurations with other formers/coil locations than those
used in the example in figure 14 may change the exact
values from those in figure 14, the overall conclusions on the
limitations of an asymmetric design in whole body scanners
would still hold.

An offset FOV may become more appealing for
specialty, or ‘dedicated’ imagers, as soon as one can take
advantage of non-symmetrical features of the specific human
anatomy being imaged, e.g. by departure from the traditional
cylindrical envelope (either in terms of magnet coil envelope
or magnet—gradient interface space Dorri et al 1995a, 1995b,
Laskaris and Ogle 1998, Abele et al 2011). If, for example,
in addition to the shift in FOV, one of the large coils is also
moved to a smaller radius, such a geometry suddenly makes
asymmetric tradeoffs more appealing both from technical and
cost standpoints.

For the head MRI, where the wider shoulders are the
defining point, the offset FOV could allow one to minimize
part of the bore for shoulder penetration, and either have a
narrower part to accommodate the head (Dorri et al 1995a,
1995b, van Oort et al 1998), or allow better openness during
imaging procedures (Sekino et al 2010). For orthopedic
imagers, an offset FOV in a conical bore could allow better
limb access in a shorter magnet, e.g. with different dual access
points for upper versus lower extremities (Lvovsky and Jarvis
2009).

In addition to the magnet design, gradient and RF coils
have to support the FOV location now shifted away from
the center of the bore. The options are either to retain the
traditional symmetric gradient/RF coils that are mounted with
offset inside the bore, which requires short enough gradient
coils (the challenge may arise due to the eddy currents
generated in a longer magnet bore by the short gradients that
may impact the image quality), or to resort to a non-traditional
asymmetric gradient design.

A non-symmetric magnet design, such as the one in
figure 15(b), suffers from unbalanced static forces that
are now applied to the main coil former—either from the
shielding coils or from passive ferromagnetic shielding.
While in the symmetric configuration the Lorenz forces
acting on individual left and right coils, e.g. from the
shielding assembly, are balanced between each other and
reacted by the main former that sees zero net force, the
non-symmetric configuration requires additional structural
support and alignment arrangements to support static net
force on the former. Breaking the traditional anti-symmetry
between the magnet and gradient coils (by introducing
either non-symmetric magnet or gradient design) may result
in unbalanced non-zero net torque now applied to the
gradient coils, resulting in additional vibration and acoustical
challenges for the scanner.
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Figure 16. Configurations with (a) a partially projected spherical FOV and iron former (By = 1 T, inhomogeneity 100 ppm p/p @ 50 cm
DSV (McDougall and Bird 1987)) and (b) a fully projected cylindrical imaging region assisted by a ferromagnetic field-shaping core
(Bp = 0.5 T; inhomogeneity 100 ppm p/p @ cylindrical FOV = 20 cm (Z) x 50 cm (R) stand-off 10 cm from magnet top (Laskaris and

Ogle 1997)).

All the above-mentioned asymmetric challenges for
designs with a shifted FOV manifest themselves on a smaller
scale in specialty magnets, due to their smaller dimensions,
stresses and stored energy, which in combination with the
anatomy-specific benefits makes them primary candidates for
introducing such non-traditional designs.

External field-of-view

The ultimate openness corresponds to the patient being
outside the scanner, with the homogeneous imaging region
projected externally outside the magnet envelope. The
apparent difficulty of such a task depends on the projected
distance and size of FOV. Both parameters would be smaller
and less challenging for specialty imagers that target specific
organs of limited size and location. Projecting a FOV of at
least 30 cm required for the whole body scanners presents the
most difficult quest.

The field generation efficiency inevitably suffers when
the field is created away from the coil envelope. Such
efficiency is increasingly sensitive when the uniform field
is being projected. The difficulty of projecting harmonics
AN M, By p rapidly grow with the order N, with the highest
efficiency attained for N = 0, i.e. for the field magnitude By.
Therefore, a representative criterion for projection efficiency
should include homogeneity characteristics.

Various configurations with projected imaging regions
were introduced in the patent literature early on. The
field in such ‘remote’ configurations has sometimes been
discussed in terms of By, derivatives dB/dz, dB/dx, dB/dy
and inflection points. Such descriptions are often indicative
of poor homogeneity and small FOV—the challenge quickly
accelerates when one, in addition to targeting By, attempts to
put around an external FOV region with inhomogeneity of
order 10 ppm peak-to-peak.

Systematic characterizations of magnetic configurations
that generate remote fields were done in a paper by Pulyer
and Hrovat (2002). The efficiency of a system of K coils each
with N turns and current [ to create By in a remote point in
space 7y is there described by the criterion:

By
<K v
Mo D _p—1 Niclk

which represents the central field magnitude only, normalized
by the unit ampere-turn in the system of coils. Different

Ep,(rs) = ®)
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configurations described in Pulyer and Hrovat (2002) by their
qualitative field profiles and extrema maps were evaluated
according to (5). The conclusion that ‘monohedral magnets
are not by their nature grossly inefficient’ is therefore applied
to generating By only, and would need to be revisited for
scanners that target high homogeneity over a competitively
sized field-of-view.

Natural candidates for FOV projection are configurations
that have a coil envelope of large diameter and small axial
size, i.e. planar disk magnets. Figure 16 shows examples
of embodiments proposed in such patents with a projected
FOV (an example of anatomy-specific application for planar
scanner with a small bore and partially projected FOV would
be a dedicated breast imager). The low projected By and
poor homogeneity in these examples, as well the assistance
of field-shaping ferromagnetic elements, are indicative of
FOV projection limitations within the present NbTi He-based
technology. Coil envelope challenges in such a planar
geometry are exacerbated by the fact that the external space
required for the gradient and RF coils would further take up
part of the projected distance.

A different approach is considered in the Oxford
Instruments patents (McDougall et al 2004, 2008). The
system has a primary FOV in the bore of a traditional
cylindrical magnet, complemented by a secondary external
FOV. Additional FOV is created outside cylindrical magnet
by adding ‘bolt-on’ magnets, either as a single disk or as a
symmetric pair of disks mounted on both sides of the main
magnet (figure 17). Managing inter-magnet forces, which are
unbalanced in the unilateral version, and additional cryogenic
circuits are among a few apparent challenges in such ‘add-on’
arrangements. The smaller secondary areas could be easier
to implement, if one intends to use them for pre-polarization
purposes that would require much less stringent homogeneity.

Enhanced internal access

Besides an external FOV, improved access has also been
attempted in magnet designs where the imaging is performed
between field generating elements. These are attempts to
enhance internal space openness beyond that of the typical
split-pole configuration.

In one example (McDougall et al 1992), a superconduct-
ing disk magnet with nested coils is complemented by two
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Figure 18. Suntan bed configuration using racetrack coils (Kruip
2004).

iron pole pieces mounted on opposite sides of ferromagnetic
walls that provide a closed flux path, so that two symmetric
imaging regions are created between the magnet and the walls.
As in the previous examples, limited homogeneity (100 ppm
p/p at 26 cm DSV) and substantial iron weight are among the
drawbacks of such a iron-assisted design.

A different approach is proposed by OMT in the ‘suntan
bed’ configuration illustrated in figure 18 (Kruip 2004). The
magnet has two poles that contain racetrack coils, between
which the patient is imaged. This is expansion of the present
split-pole geometry, extending it in one direction.

Patient comfort during imaging in an elongated FOV
that covers the whole body without the moving table comes
here at a price of increased complexity and cost of the

design. Those include implications of managing the stresses
in non-circular superconducting coils, which would be done
either by lowering the operating current ratio /,/1. for a high
stability margin to cover larger quench-causing movements in
long sections and corners of the racetrack coils, or by adding
a substantial coil-restraining structure. The large Egreq and
magnetic moment have impact on quench and fringe field
management, whilst extra superconductor length and the
additional restraining structure create cost challenges in such
a design.

Considering the limited present success in projecting
the magnetic field for more open scanners, the question can
be asked whether the traditional two-dimensionality of the
axisymmetric coil design over-constrains the potential for
openness, and whether a departure into a more complex 3D
current topology could help find a better, more open solution.
An example of an optimization study with an irregular
3D set of multiple planar coils was presented by Bertora
et al (2012). Although such non-traditional 3D topologies
inevitably create substantial challenges in coil structural
support, and the stability and cryogenic arrangements are
presently far from practical implementation, their exploration,
especially with regard to future superconductors, presents an
important direction in the continuing quest for openness.

Advantages of superconductors with higher T,

Introduction of new high-7, or MgB; superconductors
can help overcome some of the challenges existing in
non-traditional geometries. Among the features of HTS/MTS
that are conducive to the discussed non-traditional designs
are:

e Pancake HTS/MTS coils, which lend themselves naturally
to the planar geometry of the disk magnets.

e The high stability of HTS and MgB; conductors
considerably reduces the threshold for introducing non-
circular coils, such as racetracks etc, by accommodating
larger localized wire movements that produce higher
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carbon doped MgB, strand (Hyper Tech 2010).

frictional heat disturbances. The use of non-circular coils
can provide better tailoring to non-standard FOV and
envelope geometries (global coil displacements, however,
would still require containment dictated by allowable strain
limits in new superconductors).

Higher stability can also eventually lead to reduced cost
and complexity of the cryogenic system. Improvements
could cover the range from non-helium cryogen-based
magnets to convection- and conduction-cooled distributed
cryogenic components, contrary to the present pool-boiling
helium vessel.

All the above considerations facilitate the argument that
the logical first candidates for new superconductors in MR
would be specialty, or dedicated scanners, as the introduction
threshold is smaller due to the smaller size, lower technical
risks and cost, and the advantages of the non-traditional
envelope for specific anatomy.

3.3. MgB, for MRI

3.3.1. Drivers for MgB> MRI Superconductivity in
magnesium diboride was first discovered in 2001 (Nagamatsu
et al 2001). Over the past decade, since MgB, joined
the family of superconductors, extensive efforts have been
applied towards improvements in its technical parameters and
manufacturability. Considerable progress has been achieved
in terms of critical current density, upper critical field, and
wire piece lengths, in a variety of wire/tape configurations.
However, significant challenges—rooted both in technical and
cost issues—still have to be resolved before MgB, can find
wide use in commercial applications.

When compared with the existing LTS and HTS
superconductors, MgB, occupies a specific domain in
potential future applications. With the critical temperature
T. ~ 39 K, MgB, allows operating superconducting devices
at cryogenic temperatures around 20 K. At the same time,

the strong field dependence of the critical current (e.g. see
figure 19) limits its use at higher fields to helium temperatures.
With the low cost of its chemical components, which points
to potentially replacing current superconducting materials,
NbTi and Nb3Sn, the two workhorses for high-field and
high-energy superconducting magnets, extensive research
and material development has been conducted worldwide in
universities and laboratories, in applications such as cryo-free
accelerator magnets (Musenich et al 2008), superconducting
wind turbines, for example Terao and Sekino (2012), MRI
magnet systems (Mine ef al 2012, 2013, Li et al 2009b, 2009a,
Razeti et al 2008), fault current limiters (Ye et al 2007), for a
general overview of applications, also see Tomsic et al (2007).

Increasing interest has been shown in MgB,-based MRI
magnets (Tomsic et al 2007, Hyper Tech 2010, Penco and
Grasso 2007, Yao et al 2008, Modica et al 2007, Li et al 2007,
Iwasa et al 2006) that fall into two categories:

(1) Low-field systems that operate helium-free at
temperatures around 20 K. Helium-free MRI systems would
improve access to high image quality superconducting
MRI in under-served or underdeveloped regions, where the
expense associated with liquid helium supply and service
is extremely high, and the alternative would be heavy low
By permanent-magnet-based systems. A higher operating
temperature also helps with the design of conduction-cooled
cryo-free MRI magnet. The less costly cryocooler and much
simplified cryogenic system can provide great potential
savings in magnet construction, especially for the open
MRI system that requires two separate cryostats, and other
non-traditional topologies. Because MgB, has a higher
temperature margin compared to NbTi or NbsSn, MgB;
composite superconductor can be constructed with less
stabilizer, which potentially could increase the overall coil
engineering current density J.. Also, due to the highly
enhanced heat capacity of materials at temperatures around
20 K versus 4 K, a MgB, MRI magnet would be extremely
stable (practically ‘quench-free’—Iwasa 2005), unlike the
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Figure 20. MgB, wire manufactured in various configurations, HyperTech (see Tomsic et al 2007): (a) ‘1841’ round; (b) 18-filament
rectangular; (c) 7-filament round. Reproduced with permission of HyperTech. (d) 14-filament tape; (e) round and (f) square 19-filament
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conventional NbTi magnets. The significant drawback of the
considered 20 K category is that it is limited to Bpeak < 2 T.
Such low Bpeak limits MgB» applications to either low-field
whole body scanners (By ~ 0.5 T), or to the 1.5 T designs with
a low Bpeak/Bo ratio that require sub-optimal solenoid-like
coils and incur a substantial conductor penalty, which can be
tolerated only in small size specialty MRI systems, such as
orthopedic or head-only scanners;

(2) Higher field MRI magnets operated at 4.2 K.
In this category MgB; faces direct competition from the
well-established NbTi conductors and thus has to be both
technically and cost competitive. Improvements in the short
sample critical current density of MgB, (J. recently close
to 1.8 kA mm~2 at 42 K, 5 T for carbon doped wire
(Hyper Tech 2010) bring it closer to the 3 kA mm™2
value of NbTi, while continuing improvements in conductor
design and in powder-in-tube (PIT) manufacturing process
are advancing its engineering critical current density J,,,.
Since the basic material cost of Mg and B is less than that
of Nb and Ti, the long-term trend is expected to make costs
comparable or less than that of NbTi, once the remaining
technical and production challenges are resolved through
research and engineering efforts. An additional benefit of
MgB; wire is its much higher quench stability due to the large
temperature margin. That has the potential to translate into
more aggressive and hence more cost-effective designs. The
hope for MgB, wire is to replace NbTi or Nb3Sn for mid- and
high-field whole body MRI magnets (1.5 T, 3.0 T or higher).
To achieve that, MgB, superconducting wires need more time
to mature while targeting promising applications. One can
recall the fact that NbTi now has a history of development and
commercialization of over 50 years (www.superconductors.

20

org/History.htm) and MgB; wire can certainly benefit from
this experience and lessons.

3.3.2. Conductor developments. ~ Over the past decade, only
a few companies have been active in producing MgB; wires
for commercial applications, namely Hyper Tech Research
Inc. (Columbus OH), Columbus Superconductors SpA
(Genoa, Italy), EDISON SpA (Milano, Italy), Bruker/EAS
GmbH (Hanau, Germany) and Grid Logic (MI, USA), as well
as Hitachi (Japan) for company-internal use, for experiments
at research centers at Karlsruhe Institute of Technology
(KIT) (Stutensee, Germany) and MgB, precursor powder
technology at the Leibniz Institute for Solid State and
Materials Research (IFW, Dresden, Germany). The latest
research, for example, shows that it is not entirely clear
yet whether high-purity boron powder, one of the main cost
drivers, is required. For Columbus Superconductors, however,
boron purity is fundamental. Columbus uses 95% pure boron,
but is striving to find reliable sources of industrial quantities
of 99% pure boron that are tolerably priced (Grasso 2012).
HyperTech uses a patented process, so-called continuous
tube filling and forming (CTFF) (Tomsic 2004). During
this process, the powder is dispensed onto a strip of metal
as it is formed into a tube, resulting in an overlap-closed
tube filled with powder in continuous lengths. The in situ
technique is primarily used by HyperTech, which involves
direct filling of unreacted elemental magnesium and boron
powder and subsequent drawing followed by heat treatment
to form MgB; (Tomsic et al 2007). A multifilament round
‘18+1 Nb/Cu/Monel’ wire currently offered by HyperTech
(figure 20(a)) contains eighteen 76 um MgB; filaments, Cu
as the monofilament sheath, Nb as chemical barrier and with
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a Monel multifilament sheath. This 0.8 mm wire has been
produced in piece lengths up to 5 km (Tomsic et al 2007). The
MgB, wire has also been fabricated in a rectangular shape
(0.5 mm x 1.0 mm) in various multifilament strand designs.
Typical J; and J,,, measurements for standard multifil-
ament MgB, conductor manufactured at HyperTech indicate
Je=09kAmm2at5T, 42K, and 2.1 KAmm~2at 1T,
20 K. These numbers translate into corresponding I. values of
80 and 200 A with a 15% MgB; fill factor in the multifilament
strand; which produces engineering current densities J,,, of

140 and 320 A mm~2. Increasing the MgB, fill factor and
boosting Je,,, by a factor of three is the key to make MgB,
competitive with NbTi and bring it into commercial arena.
By further improving powder, chemistry and wire architecture
by employing an internal magnesium diffusion process a
jump in Je,, was recently published (Li er al 2012). The
latest reported Jc,,, by HyperTech and Ohio State is now

167 Amm~2 but at 10 T and 4 K.

Columbus Superconductors employs an ex situ PIT
technique, using a Fe barrier against chemical diffusion into
MgB,. Their process involves filling metallic tubes with
pre-reacted MgB, powder, followed by a drawing process.
While the in situ technique claims several advantages, such
as low cost, a high fill factor, a high-speed, low-temperature
reaction process, and relatively easy particle doping, the
above ex situ process is claimed to be better suited for long
conductors and complex multifilament wire geometries. The
standard Cu-stabilized MgB, tape manufactured at Columbus
Superconductors, shown in figure 20(d), has a cross-section
of 3.5 x 0.65 mm?, with a copper core center (15% filling
factor), surrounded by the Fe barrier (8%), followed by 14
MgB. filaments (10% filling factor), and a Ni sheath. The first
long length sample of ~1.53 km was made in 2005. In 2006,
the single length had reached 1.75 km, and the critical current
increased to 210 A at 1.2 T and 20 K, equivalent to a critical
current density of 1 x 10° A cm™2 (Penco and Grasso 2007).

In parallel with the efforts to optimize the manufacturing
process, intense research activities towards reliable high
critical current densities by both the ex situ and in situ process
are being carried out. Some encouraging results are produced
by: (a) addition of SiC nanoparticles to boron before reaction
with Mg; (b) high-energy ball milling of MgB, powder alone;
(c) high-energy ball milling together with the addition of SiC
or C nanoparticles; and (d) densification of MgB, powder that
improves its boundary with copper and increases the pinning
force (Morawski et al 2011).

Columbus Superconductors recently made several manu-
facturing process improvements that led to better MgB» grain
connectivity and increased critical current performance. A
uniform particle size distribution is an important precursor
as well as the availability of industrial quantities of tolerably
priced 99% pure boron (Grasso 2012). Further details can also
be found in Mine et al (2012, 2013).

Continuing on the optimization of the industrial
manufacturing process, Fliikiger and the Geneva team report
on perspectives of a cold high-pressure densification process
(CHPD) meant to densify a HyperTech type wire before
reaction heat treatment to achieve a better grain connectivity
(see Fliikiger et al 2010).
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3.3.3. Challenges remain. Even though the first commercial
MgB> MRI system with By = 0.5 T, OpenSky is available
now from Paramed (see Paramed website 2012), several key
challenges have to be met before MgB, can move into a
wider arena and contest the position now firmly held by
NbTi in higher By, low-weight ironless persistent designs. The
above-mentioned cost target of NbTi in piece lengths at least
1-2 km is the first prerequisite that needs to be tackled through
the process developments (presently, it is the complex process,
rather than the base materials, that defines the high wire cost).
Besides, several technical challenges remain to be conquered:

1. and n-value. Wire performance for commercial MRI
applications has to meet the threshold of Jc,,, ~ 300 A mm™2
at4.2 K, 5 T for high-field applications (250 A mm~2 @ 20 K,
2.5 T for low-field magnets). Stringent quality control process
with doping and densification should limit the ‘fluffiness’ and
eliminate voids and weak links, yielding consistent MgB;
density and grain boundaries that will result in highly uniform
and repeatable /. values throughout multi-kilometer piece
lengths. No sausaging or other variations can be tolerated, as
the n value will be required in the range of 30+ for persistent
designs that will pursue a higher I, /1. ratio, now being freed
from stability limitations. Presently, some of the produced
wires still exhibit inconsistent, varying n-values that are too
low.

Magnetic components. The presence of magnetized
components, such as Ni or Fe, in the wire cross-section
would create specific challenges in MRI application. In
the magnet design, driven by high field homogeneity, the
moment distribution M(Z, R) throughout the magnet from
the magnetized wire has to be accurately characterized
and accounted for, especially for light air-core (ironless)
magnets that are more sensitive to field variation in the
coils. Manufacturing variations in conductor magnetization
would impose an additional burden on the limited shimming
capacity. Non-magnetic MgB> conductor configurations
would have advantages in applications for MRI.

Persistent joints. For persistent mode operation with
long-term drift <0.1 ppm h~!, the total magnet resistance
should be kept <10™° Q. In the magnet design, the largest
portion of the resistance value is allocated to the joints;
which translates into a resistance of 1071°~107!!  for each
individual joint in the multi-coil design (Lvovsky and Jarvis
2005). The limit becomes lower if more individual pieces are
to be used due to single piece length limitations.

Conventional NbTi-like superconducting joint techniques
cannot be applied to MgB, conductor because of the brittle
nature of MgB, filament and, for the 20 K applications,
due to high operating temperature. It also has been found
that, when heated to high temperature, MgB;, decomposes
into non-superconducting phases, such as MgB4 and MgB;
(Liu et al 2001, Baranov et al 2003, Cook et al 2005), so
a traditional joint technique employing fusion process is not
applicable. A MgB, persistent joint is thus considered as
the most critical technical challenge for MR applications.
Several studies have been conducted to develop such a
technique. The first successful MgB,—NbTi joint was reported
in 2005 as having a resistance below 10714 Q at 4.2 K and
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0.1 T (Takahashi et al 2006). Later in 2007, ASG claimed
the development of the first MgB,—MgB, joint. Although
the joint resistance itself was extremely low (estimated
<1074 Q), the current carrying capacity was rather poor
(only 10 A at 20 K, 1 T, or 40 A at 20 K, self-field) (Penco
and Grasso 2007). Considering the wire itself carries 210 A at
20 K, 1.2 T, the joint performance has to be much improved
to make it applicable. Most recently, Iwasa’s group at MIT
reported their achievement of making a superconducting joint
for MgB» round wires (Yao et al 2009). By using unreacted
Mg + 2B powder mixture as the flux, they were joining
both reacted and non-reacted multifilament MgB, wires. The
best result achieved by this technique showed I, = 200 A
at 10 K, self-field for non-reacted wires. However, for the
reacted wires, the joints were not able to carry any current
at 10 K, though it did carry 150 A at 4.2 K. Quite recently,
the MIT team reported progress on joints using non-doped
HyperTech Monofilament wires. By measuring the field decay
rate of a small test coil, a joint resistance of less than 10712 Q
was registered (Park et al 2012). The challenge remains in
transferring the technique from a solitary filament into a
process that joins multifilament wires.

Despite significant progress made for MgB; supercon-
ducting joints, none of them has yet demonstrated a reliable
repeatable method to meet the technical requirements for MR
magnets. Several patents have been filed on this topic (see
e.g. Oomen et al 2011, Doll and Tomsic 2010, Kodama 2012,
Nardelli 2009a, 2009b, Morita et al 2005, Aubele et al 2010a,
2010b, Tenbrink et al 2010). A suitable process still needs to
be found that allows joining separate coils during the winding
process in the factory environment, which may require joints
to undergo thermal treatment alongside a full magnet cartridge
with already wound coils.

However, the singular challenge of persistent joints
should not hold back the development of MgB,-based MR
systems (Mine et al 2012, 2013). One alternative to having
persistent joints is the use of a flux pumping method to
compensate for a slow current decay in the magnet circuit,
which as suggested by some studies, can be effective without
inducing significant current ripples when the total resistance
is low enough (~10~% ). When the circuit resistance is even
higher, a highly stable external power supply has to be used,
with a resistive link added to the switch circuit to filter out
the current ripples. Each of the two above alternatives has its
associated technical and cost penalties, not discussed here in
detail.

Wire handling and winding. The irreversible strain limit
gir of MgBy wire has been measured by NIST (Tomsic
et al 2007). It is found that &;, increases with the number
of filaments in the wire, and therefore reduction of filament
size improves the strain tolerance of the conductor. For
example, the strain tolerance limit reported is 0.37% for
a 7-filament conductor, 0.40% for a 19-filament conductor,
and 0.48% for a 37-filament conductor. This limit dictates
a strict minimum-bending-diameter requirement for the wire
and strongly affects the winding process; ideally one would
stay well below this reported limit. Also, for tape shaped
conductors, edge-wise bending can easily cause damage
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or degradation of performance (Mine et al 2012, 2013).
Therefore, the coil former and components for wire routing
and joints have to be carefully designed to minimize any sharp
bending, which may require extra space, and the potential
impact on magnet dimensions and patient space needs to be
carefully considered. The winding tension has to be controlled
carefully during the process so as not to exceed the critical
strain limit of the wire.

Stability and quench protection. Stability and quench
protection are two critical issues in MRI magnet design and
operation. An appropriate stability margin needs to ensure
reliable operation of the magnet without quench, and an
adequate quench protection is required to prevent permanent
magnet damage from overheating, high internal voltage or
overstraining. With regard to stability and quench protection,
MgB; shares basic traits that differentiate HTS conductors
from their LTS counterparts. The higher temperature margin
T. — Ty and increased enthalpy affords good stability
against disturbances in the coil, as a relatively high energy
is required to initiate a quench. In adiabatic windings, the
minimum quench energy MQE that represents bifurcational
value required to start a minimum propagating local normal
zone (MPZ) in the conductor, is proportional to the expression

(Dresner 1995):
k(TC - Top)
P

where A and k are the conductor’s cross-sectional area and
thermal conductivity; Top and T¢ are the operating and critical
temperatures of MgB, conductor; 4 is the enthalpy per
unit volume; Jop is the operating current density over the
conductor cross-section; p is the average normal resistivity of
conductor matrix. The above dependence underscores the high
sensitivity to an increased temperature region (with h(T) ~ T*
at helium temperatures), as well as to the current density in the
coil, which is so far lower than that in NbTi windings.

Stenvall et al studied details of the stability of
multifilamentary MgB, tape with copper stabilizer. In his
study (Stenvall et al 2006), a computational model was
created to calculate basic stability characteristics, including
the minimum propagation zone (MPZ), the minimum quench
energy (MQE) and the normal zone propagation velocity
at different temperatures (15, 20 and 25 K). According to
this study, the MQE of MgB, tape with varying Iop/Ic
ratios ranged from ~200 to 600 mJ, both for 4.2 and 20 K
applications—a substantial increase in stability and hence
level of tolerable mechanical disturbances from NbTi magnets
having a MQE of the order of 10 mJ.

A large stability margin of MgB; coils makes many
traditional sources of disturbance, such as wire micro-motion,
flux jump, and epoxy cracking, unlikely causes of quench.
However, the magnet still has to be reliably protected should
quench occur due to excessive AC losses, loss of cooling or
any other unforeseen event. As always, high stability spells a
challenge for the quench protection due to slow normal zone
propagation. The velocity of the normal zone front scales as

Ah(Tc) — h(Top)

Ton (6)
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Figure 21. Input cooling power in per cent of requirements at 4.2 K
versus temperature (Gieras 2009). Copyright 2009 Springer.

the expression (Wilson 1982):

Jop

" AT T v

\/ kp(Te — Top)
and thus has strong slowdown with higher enthalpy and lower
Jop- With a slowly propagating front, the hot spot temperature
in the center of the normal zone can grow uncontrollably
(Lvovsky 2002) before the initial zone can be detected
and spread by heaters throughout the magnet to evenly
dump the large stored energy. The normal zone velocities
calculated in Stenvall et al (2006) for a standard multifilament
MgB, strand varied from 5 to 80 cm s~!: an experimental
investigation performed by Cavaliere et al (Cavaliere and
Matrone et al 2008) in a conduction-cooled test magnet made
of nickel matrix copper-stabilized MgB, multifilament tape
showed velocities from 40 to 80 mm s~! (depending on the
temperature and bias current). Compared with the typical
velocities of 10-50 m s~! for NbTi at 4.2 K, such slow
normal zone propagation presents a significant challenge for
protecting the magnet in the case of quench. In an example
of a 0.5 T MgB, magnet, it may only take ~1 s for the
conductor hot spot to reach temperatures above 300 K. Both
conventional voltage-driven passive protection and active
protection techniques should be explored to accelerate the
normal zone propagation by activating a set of protection
heaters. However, the resistive voltage of the initial normal
zone is very low and thus will require special sensitive voltage
detection, as well as a sophisticated quench protection circuit
design.

3.3.4. Advanced cryogenic cooling technology. For a
20 K low-field MgB, magnet, simplified conduction-cooled
cryogenic systems can be employed. In this case, the magnet
is cooled by a cryocooler requiring a uniform temperature
distribution through the magnet winding, and in particular
in the radial and axial direction. The thermal interfaces
between the cooling source and the coils have to be adequate
and materials need to be properly selected and designed
to distribute cooling effectively amongst individual coils. A
coil former providing strong structural support and ideally
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Figure 22. 0.5 T OpenSky MR scanner by Paramed; the
conduction-cooled magnet uses MgB, conductor. Reproduced with
permission of Paramed.

matching the physical and mechanical properties of the wire is
essential for this type of cryo-free magnet. The development
of a fiberglass-reinforced-polymer (FRP) coil former with
a copper filament co-wound with the fiberglass has been
reported to increase the thermal conductivity in both the
circumferential and axial directions (Stautner et al 2009a).

One disadvantage of the conduction-cooled MRI magnet
is its limited ride-through capability. When the cooling
system is interrupted due to a power outage or regular
maintenance/service, the magnet will quickly warm up, since
most of the materials exhibit only a very low heat storage
capacity at cryogenic temperatures. To prevent the magnet
from quenching which would then lead to a long recovery
time for subsequent re-cooling and re-ramp, the magnet has
to be ramped down during the power outage. In order to
extend this ride-through capability, a ‘thermal battery’ can
be used in the magnet cooling system. Iwasa’s group at
MIT proposed using solid nitrogen as a solid heat capacitor
to improve the MgB; magnet’s ride-through capability (Yao
et al 2008). However, the hold time offered by solid nitrogen
is still significantly less than what may be achieved with an
equal volume of liquid cryogen, such as helium and hydrogen.
Since MgB, is still superconducting at LH; temperature
around 20 K, using LH, in a closed loop heat pipe or
thermosiphon system enables a low-field MgB, magnet to
operate with a reasonable temperature margin as well as a
longer ride-through time due to the very large latent heat
of hydrogen (see also section 5.5 on hydrogen cryogenics).
For example, a small liquid hydrogen reservoir of 0.25 1 is
necessary to provide 3 h ride-through for a parasitic heat load
of 0.6 W. This concept has been successfully demonstrated at
GE, but with a closed loop neon thermosiphon system for a
BSCCO type magnet (Stautner et al 2007). For a high-field
MgB,> MRI magnet operating at 4.2 K, the same cooling
principle can be employed, using liquid helium as coolant
(Stautner et al 2013).

Figure 21 shows the benefit of MgB; on the percentage
of required input power to work at a target temperature of
e.g. 20 K (Gieras 2009).
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Figure 23. 0.5 T MgB, magnet, made by ASG Superconductor for
Paramed OpenSky MRI scanner. Reproduced with permission from
Modica et al (2007). Copyright 2007 IEEE.

3.3.5. OpenSky, a 0.5 T MgBy, MRI scanner. The first
commercial MgB,-based scanner has been in production by
Paramed (Genova, Italy) (figure 22) with a magnet by ASG
Superconductors (figure 23).

The magnet uses MgB; tape from Columbus Super-
conductor, and is conduction-cooled and powered by a
high-stability DC power supply. Its key design parameters
are summarized in table 3.2 (Razeti et al 2008, Modica et al
2007).

Some choices and limitations in this magnet design
reflect the yet unsolved MgB, challenges discussed above.
Non-persistent joints lead to the expense of a high-stability
DC power supply; /. limitations require a lower Bp; the
limited n-value translates into a low Io,/I. ratio and affects
the conductor cost; dimensional positioning accuracy and
stress limitations of the MgB, tape are accommodated in the
iron core design, which result in a heavy magnet. These are
apparent improvement targets for MgB, magnets of the next
generation of MR scanners.

3.4. HTS application to MRI

3.4.1. HTS challenge. Since the discovery of high-
temperature superconductors, a natural expectation has
always been that they would be utilized in MR as the
largest commercial application. With the early emergence
of BSCCO, and now with the development of YBCO-based
second generation (2G) conductors, the hope was that HTS
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Table 3.2. Parameters of the ASG MgB, magnet used in the
Paramed OpenSky MRI system.

Parameter Unit Value

Geometry — Split-open,
horizontal axis

Patient gap cm 58

Operating temperature K 18

Central field, By T 0.5

Peak field Bpeak T 1.3

5 G line m X m 4 x4

Operating current A 90

Iop/Ic — 23%

Number of coils — 2

Windings Double pancakes,
R&W

Number of DPs, each — 6

coil

Coil ID m 1.3

Coil OD m 1.6

Total conductor length  km 18

Superconductor — 14-filament MgB,
tape

MgB, tape mm X mm 3.6 x 0.65

dimensions

Inter-turn insulation — Glass-epoxy
impregnated

MgB, joints — Resistive

Current leads — Embedded hybrid,
with second stage
Bi-2223/Ag

Magnet dimensions mXxmXxm 20x20x24

Magnet weight ton 25

will become an enabling factor that will bring a more efficient,
autonomous magnet design with less restrictive cryogenic
options, together with drastically improved coil stability.

However, on its way to commercial use, HTS MRI has yet
to resolve serious challenges. In many aspects it shares, and
often amplifies, the outlined difficulties with MgB, MRI. The
two-pronged challenge is rooted both in high cost (as defined
via I in $ per kKA m), and in yet-unresolved technical issues.

Critical parameters. Whilst having an upper critical
field B, that reaches well above 100 T, high-temperature
superconductors are limited by a low irreversibility field Bjy,
which corresponds to the onset of a dissipative flux flow
regime with ineffective pinning and moving vortices that
generate heat. The low values of the concave irreversibility
line Bj(T) above 70 K do not permit the creation of
LN;>-cooled MRI with 1 G BSCCO-based conductors (Wilson
2012). That leaves BSCCO with the two MgB»-like choices,
i.e. either low-field MRI at 2040 K, or helium-cooled
magnets. The substantially higher Bj;; of the 2 G YBCO due to
its better coupling between CuO, planes improves its promise
in MR.

The critical current density J¢ is limited by weak links
at the inter-grain boundaries. Whilst a reasonable intra-grain
Je is delivered by flux pinning, the more than an order
of magnitude lower local inter-grain J. can result in an
overall lower, and sometimes inconsistent /.. Precise grain
alignment within a few degrees becomes key for a successful
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HTS conductor. Sensitivity to grain misalignment has to
be overcome by a complex manufacturing process. This
is done by controlled deposition on a substrate with an
aligned structure, using an involved multi-step process, which
increases the conductor cost as it no longer defined just by the
component material cost.

Conductor cost. The high cost of HTS is a substantial
impediment to its MRI application, especially in whole body
MRI where conductor is the major cost contributor. Compared
with the present Bi2212 at ~$100 kA~ m! (at4.2 K, 127T),
the HTS cost has to be eventually reduced by at least an
order of magnitude before it becomes a viable candidate for
commercial MR (cf Nb3Sn conductors at $5 kA~! m~! for
4.2 K, 12 T, and especially NbTi at $1.5 kA ' m~! for4.2 K,
5 T) (Wilson 2012). Unlike in other SC devices (for example,
in FCL), where the total cost breakdown of the cryogenic
and structural components versus conductor is different, it
is difficult to absorb the high-cost burden of HTS in MRI
magnets even when it is offset by the savings in cryogenics.

Stress limitation. In contrast to NbTi magnets, where
stability constraints impose stress limitations in the magnet
design in order to avoid quenches caused by epoxy
micro-cracking or coil movements at the interfaces, the high
stability of HTS allows the accommodation of unusually
large disturbances. However, unlike ductile NbTi, the brittle
nature of HTS oxides makes them sensitive to the level of
strain in the coil, therefore tight stress control has still to
be imposed in HTS coils to avoid /. degradation. This is
done by incorporating structural elements, such as steel strips,
either within the conductor matrix or the coil structure. Either
approach dilutes J,. in the HTS winding.

Reliable manufacturing. It is critical for the manufactur-
ing process of HTS MRI conductor to dependably produce
kilometer lengths with consistent I/, and n-value throughout
each piece. Continuing improvements in the current advanced
manufacturing methods are making progress towards this goal
(Selvamanickam et al 2011). However, much still remains to
be done, especially regarding inconsistency of parameters that
can easily cause a magnet to fail due to a single degraded spot.

Persistent joints. HTS faces the same challenge as MgB»
in regard to persistent design. A practical method has yet to be
found for persistent joints, considering the brittle nature of the
HTS filaments and the potential need to employ a process that
may involve heat treatment (W&R) on the joints only during
assembly of the already wound HTS coils. Non-persistent
design alternatives exist; they are the same as described above
for MgB, magnets and therefore are not repeated here.

Quench protection. The large temperature margin due
to the high 7. and high enthalpy of the wire required
to propagate a normal zone makes quench detection in
HTS particularly challenging. As the normal zone front
propagation slows down even further compared with MgB,,
while its crest exhibits uncontrollable temperature growth,
the danger of damage during quench becomes a serious
consideration in the magnet protection. The challenge of
timely detection will also increase with advances in Je
in future commercial HTS coils. Additional considerations
pertain to conduction-cooled magnets where in some regimes
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even a low level nonlinear index loss may result in an
uncontrollably growing temperature profile that requires
timely detection and initiation of protection measures
(Lvovsky 2002).

3.4.2. Siemens/OMT—the world’s first 0.2 T whole body HTS
MRI magnet.  The first whole body HTS MRI development
was based on a BSCCO-2223 C-shaped prototype magnet. It
presents a revealing example of how quickly the technological
landscape changes during development, and why market
requirements need to be carefully watched in a technology-
driven development.

In early 1996, Oxford Magnet Technology (OMT) (now
Siemens Magnet Technology) and Oxford Instruments (OI),
together with Siemens CT Erlangen, kicked off a project
aimed to replace an existing NdFeB, C-shaped 0.2 T MRI
magnet with the newly available BSCCO-2223 tape conductor
from VAC and NST.*

At the time, C-shaped permanent magnets from major
MRI manufacturers, such as Hitachi (Airis, 0.3T), Picker
(Outlook, 0.23T), GE (SIGNA Profile, 0.2T), and resistive
Siemens (Viva, 0.2T) (Kettenbach et al 1999) already had
a reasonable production volume, resulting in considerable
market saturation for low-field applications. The open
geometry low-field NdFeB-based MRI systems typically
weigh in excess of 10 ton, which limits their siteability.
The Siemens Magnetom Open Viva MRI scanner with a
0.2T Oxford ORI10 resistive magnet (Byrne et al 2001,
NCD Medical 2012, Orbitmed 1998) had the following
specifications:

e 15mT m~! power gradients.

e Coils: CP head, CP body/spine with four sizes of insert (37,
43, 49 and 59 in).

e Multi-purpose coils: 16, 21, 35, and 45 cm.

The basic resistive ‘Viva’ magnet weighed 12 metric tons
in its operational configuration; the patient gap was less than
40 cm. The 5 G line extended 8 feet 6 inches in front of the
magnet and 7 feet 10 inches in all other directions.

The Viva test bed and technological demonstrator,
described in detail in the following, are interesting from a
number of perspectives. The project goal was to show the
feasibility of MRI-sized HTS coils and their ability to produce
the required magnetic field strength. The use of HTS tape,
it was claimed, potentially leads to higher fields and would
be competitive with NdFeB technology. Furthermore, it gave
an excellent opportunity to learn the technical, manufacturing
and winding issues associated with HTS tapes.

Selected design options were limited by technological
restrictions, many of which still apply today. The low By =
0.2 T is limited by the performance of BSCCO in higher
fields; the absence of a persistent joint technology forced
the use of stabilized power supplies; the heavy iron yoke
which is applicable to low By designs, reduces the amount

4 VAC former Vakuumschmelze (now Bruker Energy and Supercon
Technologies) and NST Nordic Superconductor Technologies.
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Table 3.3. Magnet design details.

Comparison

Siemens coil

Oxford coil

HTS tape manufacturer
Tape w x h (mm)
Design criteria for /;

VAC BSCCO-2223 Ag
19 filaments, 2.8 x 0.2
27A(77K,0T)

NST BSCCO-2223 Ag
55 filaments, 3.6 x 0.26
15A(77K,0T)

Operating current (A) 74 49

Coil?* 1y; Oy4, H (mm) 804, 844, 49 804, 844, 49

Peak field Bpeax (T) 1 (at winding) 1 (at winding)
Number of turns 660 972

No. of pancake coils 10 12

Conductor length (m) 1700 2500

Type of insulation Kapton Nomex and Mylar
Eng. curr. 50

density (A mm~2)

Patient access gap (cm) 46

Pancake coils sandwiched
between iron rings (X8Ni9)
Max hoop stresses (MPa)

1 T parallel, 0.1 T perpendicular to tape

4

2 Inner /4 and outer O4 pancake diameter and height H.

Table 3.4. Cryogenic design details.

Comparison Siemens coil Oxford coil
Vacuum chamber design All-welded O-ring seal
Leybold cryocooler, orientation Horizontally Vertically, cold end up

Cooler (heat bus to pancake link)
120 A CL heat loads (W)

RGS 120 T, horizontal
HTS from RT, 7.2

RGS 120 T, cold end up
Brass lead from RT, 5

HTS tape soldered contacts (W) <0.1 <0.1
HTS tape, @ 0.1 uV cm™! (W) 1.4 1.4
Thermal radiation at 22 K (W) 2.5 2.5
Thermal radiation black holes (W) 1 1
Suspension type/heat load (W) 8 SS rods, 3.8 8 CFC struts, 0.4
Cooling 1 Cu sheet/pancake 1 Cu sheet/pancake
Thermal shield (—) MLI only MLI only
Total heat load (W) 16 10.3
Operating T (K) 16 20
Cooldown time (h) 21 24
of superconductor compared with the air-core magnets, as heat current :ﬁ

well as relaxes the dimensional requirements for coil and
conductor positions in a homogeneous magnet—however, it
creates a weight penalty when compared with the air-core
NbTi magnets.

The approach of the two poles of the C-magnet
was different. The lower pole magnet and cryostat was
manufactured and pre-assembled at Siemens (Germany). The
magnet for the upper pole was designed and wound in
collaboration with OI, while the cryostat design, manufacture
and assembly was done at OMT. Both cryostats were then
fitted into the existing C-shaped frame.

Tables 3.3 and 3.4 compare magnet and cryogenic design
aspects.

Known HTS design issues were the low strength of the
BSCCO/Ag conductor of 20 MPa, resulting in a winding
tension of 5 N. Besides that, as with every other magnet,
the C-shape configuration imposed an additional challenge to
keep vibration levels low enough for imaging.

A AT of 3 K from the heat bus to the hottest magnet
location was tolerable. This was possible by adding extra
copper cooling sheets between the individual pancakes and
by direct cooler to heat bus contact (see figure 24).
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multilayer
insulation

Figure 24. Horizontal cut through cryostat lower pole; cryocooler
bolted to heat bus (Steinmeyer et al 2002, Byrne et al 1999).
Reproduced with permission from Byrne et al (1999). Copyright
1999 IEEE.

Figure 25 shows both magnet halves assembled and
ramped to a field of 0.1934 T (£20 ppm) over a 36 cm
sphere. Because of persistent current limitations caused
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Upper pole

Current lead connection
- top access and bottom
opposite side, not visible

Field probe

Lower pole

Figure 25. Assembled 0.2 T C-magnet. HTS magnet shown with
upper and lower pole, cryostat and attached cryocoolers with motor
shielding, upper pole by Oxford Magnet Technology, lower pole by
Siemens. Reproduced with permission from Marken (2004).
Copyright 2003 Oxford Superconducting Technologies.

by the BSCCO joints, two stable power supply units
were required and permanently connected to the current
leads. Based on a successful experimental demonstration
of feasibility, the program subsequently expanded and
involved other companies and research institutions (OST,
LANL, SCI Engineering Materials, NREL), aiming to replace
BSCCO0-2223 with the more cost efficient BSCCO-2212, and
at an even later project stage to introduce the next-generation
YBCO-based superconductor.

However, by the time the new low-cost BSCCO-2212
tape was available and its performance confirmed by the
test results (OST) (Marken et al 2004), the commercial
perspective was re-assessed due to poor return on investment
and the continuing market push towards higher field
strengths. Continuous cost improvement in tubular NbTi
MRI magnets, with Bp = 1.5 T and higher, undermined the
competitiveness of heavy, low-field permanent configurations.
The management team agreed to end the project in July 2004,
concluding the following:

e A 0.2 T magnet requires 400 kA m of HTS conductor.

e A 0.6 T magnet would require >3000 kA m, based on an
existing (similar) design.

e Designs must operate at >26 K for a stable, cost-effective
cryogenic solution.

e Target conductor cost must be: $5-$10 kA~! m~! (defined
@ 27 K, 0.6 T) to be considered for commercial MRI
applications.

e Expected HTS tape cost was estimated as $75 kA~! m~
(at27 K, 0.6 T).

1

Further use of optimized cryogenic test beds. Progress
on cryogenic cooling of C-shaped pancake coils has recently
been reported. The main shortcomings of the previous design,
i.e. along cooldown time from room temperature, the high AT
across the coil perimeter, as well as previous high vibration
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Experimental setup probing dual heatpipe efficiency
Heatpipe tubing fitted to one single-stage coldhead only.

Nitrogen and neon filled separate heatpipes to speed up
cooldown.

Figure 26. Dual heatpipe technology (Rieger 2004, Oomen et al
2006). Reproduced with permission from Rieger (2004). Copyright
2004 IEEE.

sensitivity, were addressed by introducing dual-stage heatpipe
technology (figure 26).

Once a temperature below 77 K is at obtained at
cooldown, only the neon heatpipe continues to operate.
Employing heatpipe technology reportedly reduced cooldown
time by a factor of two.

With the arrival of MgB, superconductor available in
continuous lengths >1000 m, this test bed may offer the
opportunity for further use (more information can be found
in Rieger (2004), Byrne et al (2001), van Hasselt (2007)).

3.4.3. Second generation YBCO MRI conductors—develop-
ment status and parameters. The discovery of superconduc-
tivity in YBCO ceramic in 1987 started considerable research
and development activities in that field. The relatively high
critical temperature of ~93 K, above the boiling temperature
of LN, of 77 K, opens up possibilities for numerous
applications in magnetic, electronic and power technologies.
Compared to BSCCO, which represented the first generation
of HTS, the requirements for fabricating YBCO conductor
are much more stringent. However, YBCO has quickly
become the most studied high-temperature superconductor
and is believed to hold promise for a broad range of
commercialization, mainly due to the following two factors.
First, the raw materials cost of YBCO is intrinsically lower
than BSCCO due to the absence of a silver matrix. With
the improvement in fabrication technology and volume,
it potentially enables YBCO to achieve a cost target of
~$10 kA" m~! (cf copper at $4 kA~' m~!, but limited
to lower Jave (Wilson 2012)). Second, despite the lower
critical temperature, i.e. ~93 K versus 110 K for Bi-2223, the
YBCO in-field current carrying performance is substantially
better than that of BSCCO. Therefore a YBCO magnet at a
reasonable Bpe,x can be envisioned operating in the 20+K
range.

Over the 20 years since its discovery, considerable
progress has been made in YBCO coated conductor
development and its manufacturing technology. In the earlier
stages, the main efforts were focused on improving /. and
the continuous conductor length. In 2008, the 1 km single
piece length threshold was crossed, and a record of more
than 200000 A m was established by SuperPower, Inc (Xie
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Figure 27. Critical current distribution over the wire length (self-field at 77 K). Reproduced with permission from SuperPower Inc.

et al 2009); presently its wire is produced in kilometer piece
lengths. More efforts have also been applied to develop
new conductor structures and configurations with improved
performance in thermal stability, mechanical properties, ac
loss characteristics, etc, as driven by application needs. Recent
developments have extended the potential of YBCO to a
wider range of applications, including HTS cable, SFCL,
superconducting generators and motors, SMES, maglev,
magnetic bearings and more.

YBCO conductor manufacturers targeting commerciali-
zation-scale applications are SuperPower, Inc (Schenectady,
NY) (now taken over by Furukawa), Fujikura, Bruker EHTS,
SMI, STI and American Superconductor (Devens, MA).
SuperPower fabricates YBCO conductor on biaxially-textured
buffers based on ion beam assisted deposition (IBAD) of
MgO on a high-strength Hastelloy substrate, followed by
YBCO deposition by metal organic chemical vapor deposition
(MOCVD) (Selvamanickam et al 2009). The key challenge
is to achieve high-quality, epitaxial, near-single-crystalline
films with uniform properties over kilometer lengths without
defects. To meet this challenge, a robust manufacturing
process has been established and several kilometer-long
YBCO conductors have been produced at SuperPower.
Figure 27 shows the I. along the wire as measured using
continuous dc transport current over the entire wire width
of 12 mm and using a voltage criterion of 0.2 uV cm™!
(Selvamanickam et al 2009). In the wire made in July 2008,
a minimum . of 200 A cm~! was achieved over 945 m. In
Aug. 2009, a 1065 m long conductor was made with an I, of
over 320 A cm~! for most of the wire, except for only three
locations with minimum 7. of 282 A cm~!. This indicates
a significant improvement from the 1030 m long wire made
in Aug. 2008, which had a minimum I. of 227 A cm 1,
Nevertheless, in spite of the substantially improved average
I, its distribution in long conductor lengths still suffers from
occasional weak spots, as is evident in figure 27.

In addition to efforts aimed at a continuous increase in
I. over long piece lengths, a multi-pass technique has been
employed to fabricate thick films of YBCO. One of the
methods adds 5% Zr to the precursor of (GdY) BCO and
doubles the number of passes. A higher critical current level,
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803 A cm™!, was achieved in films of up to 3.5 um. So far,
such a high-performance manufacturing technique can only
be made and repeated over a short length of ~1 m.

For practical magnet applications, the in-field perfor-
mance is what really matters, and Bpeax = 5 T can be taken
as a typical figure-of-merit for a whole body MRI magnet.
Figure 28 shows the characteristic in-field performance for
a standard copper-stabilized SmYBCO tape by SuperPower.
The I drops abruptly with the applied field, except at very low
temperatures (for example, at 77 K, the I, at 3 T is only 4%
of that at self-field). With such characteristics, the operating
temperature would have to be reduced in MR magnet design,
except for the limited low-Bg niche. That would imply,
however, forfeiting the critical benefit of YBCO of being able
to operate in liquid nitrogen (65-77 K) with a much simpler
and more reliable cryogenic system. Therefore improvement
in the in-field performance of YBCO in the liquid nitrogen
range is paramount for its use in MR. SuperPower has
developed a Zr-doped GAYBCO composition, which exhibits
a significant enhancement in /. (see figure 29). The in-field I
at 77 K and 1 T is about 2.5 times higher than that of the
standard SmYBCO sample and twice as high as GAYBCO
(Selvamanickam et al 2009). Similar improvements have been
achieved for both thin film (0.7 pm) and thick film (~3 p©m)
samples. Recent test results showed a consistent improvement
of in-field performance by Zr-doping (2x compared to
standard SmYBCO composition) over a 610 m long tape.

AMSC takes a different approach, RABiTS/MOD
technology, and a ‘wide-strip’ process to manufacture its
YBCO conductor (Li et al 2009b, 2009a). The standard
product, called 344 superconductor, is a 4 mm wide tape
conductor consisting of a NiW metal alloy substrate, a buffer
layer, a doped layer of 0.8 um YBCO and capped with a thin
Ag layer, and finally a stabilizer strip (copper, stainless steel
or brass). In 2008, AMSC demonstrated a commercial-scale
manufacturing process and equipment, producing a 100 m
long 344 superconductor with a minimum /. (77 K, self-field)
of 105 A (262 A cm™!) over the entire length. It is projected
that 1. will reach 375 A cm™' when thicker (1.4 pm)
YBCO film is incorporated. It is also predicted that the final



Supercond. Sci. Technol. 26 (2013) 093001

Topical Review

I/le (77K, OT) vs. Field (perpendicular)

42K(Sample 1) —#—14K(Sample1) —®—22K(Sample1) —#—33 K (Sample 1)

45 K {Sample 2)

50 K (Sample 2) 65 K (Sample 2) 77 K (Sample 2)

|
e

I, (HUe)I, (77K OT)

=

0.01 y

H (T)

Figure 28. Typical in-field performance for a thin film YBCO tape by SuperPower Inc. Lord (2012). Reproduced with permission from

SuperPower Inc.

production-scale equipment would be capable of processing
4-10 cm wide strips in piece lengths up to 1 km.

With a large number of projects to demonstrate the
commercialization of YBCO in real-world applications, such
as transmission cables, fault current limiters, superconducting
motors and generators, so far there has been literally no
effort made on its application to MRI. The reason is the
above yet-unresolved challenges, including (a) in-field wire
performance (needs to be improved at least 3—4-fold at 5 T.
It should be pointed, however, that with its high By, YBCO
may find its unique application in helium-cooled high-field
MRI with Bpeax of 1015 T); (b) variation of parameters along
its length (needs to have consistent /. guaranteed throughout
the multi-km pieces); (c) cost (needs to be reduced to at
least $10 kKA~! m~! in volume production); (d) persistent
operation (joints remain key technology to be yet developed.
The resistive lap joint made at SuperPower with a low
resistance of 3.5 x 1078 is still too high compared to a
typical requirement of ~10~!! Q. A recent new concept
of ‘wind-and-flip’ technique to construct persistent current
mode pancake coils (Kim et al 2009) could be mentioned,
which however does not eliminate the need for low-resistance
YBCO joints as the persistent circuit needs to be closed
at the switches/leads); (d) quench detection and protection
challenges, which were discussed above.

All the above technical and cost issues, together with the
rising cost of silver and rare earth metals, make it reasonable
to expect that, with the possible exception of YBCO-based
coils in a helium-cooled hybrid HTS/LTS ultrahigh-field MR
scanner, MgB, should find use in the mainstream clinical MR
before HT'S magnets.

With both MgB; and YBCO, the most realistic
introductory path includes specialty MRI magnets, with
their smaller dimensions, amount of superconductor and cost
threshold for their introduction.
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Figure 29. Comparison of Zr-doped and undoped YBCO tape by
Superpower (2012). Reproduced with permission from SuperPower
Inc.

3.5. Specialty magnets

3.5.1. Specialty opportunities. ~ Whole body scanners pre-
sently dominate clinical and research markets due to their
universality, which allows them to accommodate a wide
range of diagnostic needs and procedures. However, such
universality comes with a price tag and with penalties in
clinical space, helium usage and performance limitations
rooted in the full-size bore and FOV. This makes smaller
specialty scanners, dedicated to particular anatomy, an
increasingly attractive alternative.

From the clinical perspective, the appeal of a dedicated
MR scanner is rooted in its low cost, simpler maintenance and
the ability to site it within the limited space of a specialized
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Figure 30. MR imaging procedures in the US based on 2011 data.
Reproduced with permission from IMV Medical Information
Division.

office. From the technical standpoint, specialty scanners have
the following key advantages:

e Benefits of a non-traditional scanner geometry envelope,
best tailored to the specifics of the imaged anatomy.
A spherical (elliptical) FOV that strategically covers the
targeted region of interest (ROI), and is also smaller than
that of a whole body imager;

Small size and hence lower coil stresses and reduced Egored
enable advanced design options, such as coils with high
Jave. The relatively small amount of superconductor and
its reduced contribution to the total magnet cost makes
the introduction of new superconductors, such as HTS and
MgB>, a more feasible proposition. A lower I, becomes
a possible option that allows embedded leads and closed
magnet design;

The small volume of specialty magnets makes them
naturally less sensitive to helium availability and cost.
Small dimensions are conducive to advanced cryogenic
options, such as conduction or convection cooling, which
are easier to implement thanks to the short heat removal
distances and smaller total thermal budget;

Significant advantages are also gained by other compo-
nents of the scanner. The small FOV removes the problem
of peripheral nerve stimulation. This, together with the
small diameter and stored energy of the gradient coils,
allows their design with a much higher strength and slew
rate, and also reduces the rating and cost of the electronic
power components of the scanner;

Potential needs in specialized MR imaging are illustrated
by the diagram in figure 30 that depicts the distribution of
imaging procedures per US data of 2011 (IMV 2012).

The two main candidates that could benefit from
dedicated scanners are the head (29%) and extremities (26%),
with the spine (25%) being covered by the traditional whole
body scanners.
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Figure 31. Years-of-life impact of brain disorders (Hyman 2008).
Copyright 2008 Nature.

3.5.2. ‘The decade of the brain’ and head imagers.  As a
consequence of the growing understanding and better control
of the medical, genetic and environmental factors of ageing,
the lifespan of humans has increased dramatically in recent
decades. Unfortunately, however, this has also led to a great
increase in the prevalence of neurodegenerative diseases of
the brain, including Alzheimer’s disease and other dementias,
Parkinson’s disease etc. An improved understanding of the
brain changes associated with ageing is considered one
of the most interesting and challenging topics in MR
imaging. The increased importance of such neurodegenerative
diseases of ageing along with the increasing incidence of
movement disorders, stroke and traumatic brain injuries
requires dedicated special neuroimaging tools and techniques.

Of further interest for the researcher in neurological
diseases is the growing number of patients with depressive,
schizophrenic, bipolar and alcohol-use-based disorders. These
disorders as a group significantly increase the number of
years-of-life lost to disability (figure 31).

The design of the dedicated head imager can derive
certain advantages from the specifics of the imaged anatomy.
With the whole body scanner, the bore should allow imaging
of any part of the patient’s anatomy, and therefore must:
(a) provide clearance for the widest point of the body,
(b) allow unobstructed axial travel of the patient throughout
the full bore length for scanning purposes, and (c) have the
full-length gradient and RF body coil incorporated into the
scanner bore. Therefore it is the Ry, of the gradient/RF
assembly that defines the clearance for the widest point of the
human body in the whole body scanners.

In contrast, for the head imagers the widest parts of
the human anatomy, such as shoulders or lower body, lie
outside the imaged FOV. They can be accommodated inside
the magnet bore, while the gradient/RF insert, with a much
smaller inner diameter, would be located at the magnet center
and extends only around the head. As a result, magnets with
much smaller bores can be employed. The smaller, focused
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Figure 32. Siemens 3 T head scanner Allegra (Siemens Allegra
brochure 2004). Copyright 2004 Siemens.

Table 3.5. Major parameters of the Magnetom Allegra magnet

(based on Evaluation Report 2003).

Central field By

Patient bore diameter
Field-of-view

Magnet length (with covers)

2.89T

60 cm

22 cm @ 0.1 ppm (Vis)
125 cm

Magnet diameter (with 170 cm

covers)

Magnet weight, incl. helium 4500 kg

Shielding Active

0.5 mT line (R x Z) 29m x 44 m

Gradient: 40mTm™! x 400 Tm~" 5!

strength x slew rate

Magnet shimming Passive, 24 trays x 17 pockets

Minimum install area 31 m?
Superconductor NbTi
Cooling Helium bath
Boil-off rate <0.121h7!

FOV of the dedicated head imagers, as with other specialty
scanners, alleviates peripheral nerve stimulation and permits
the use of gradients with increased strength and slew rate.

Further advantages can be pursued in the aforementioned
asymmetric design. Such one-side accommodation promises
the benefits of a shorter geometry as the patient’s head
is entering from one, shorter side. The length advantages
are especially pronounced for the asymmetric gradient
design, where the short, next-to-the-shoulders portion of the
transverse gradient coils carries field generating conductor
arcs, while the return current paths are moved to the remote
area above the head. While the short section of the gradients
covers the head-to-shoulder distance, it is the accommodation
of the shoulders that defines the critical geometric parameters
of the magnet, i.e. its length and bore diameter.

One of the first dedicated head scanners introduced
in the clinical market was Siemens Magnetom Allegra,
(figure 32, parameters see table 3.5). As an essential
component for fast-high quality head imaging, in line with the
above-mentioned enabling benefit of a specialty scanner, this
3 T system claims to sport the fastest gradient system paired

31

Figure 33. GE 0.5 T conduction-cooled head imaging system.

with minimum image distortion. On the other hand, the weight
of this scanner and the large install area restricted by the
magnet fringe field footprint, both exceeding the parameters
of a typical 1.5 T whole body machine, are apparent targets
for improvement in future pursuits of the siting benefits that
are associated with a dedicated scanner.

As a newer development, as a part of the NIH
Human Connectome project, Siemens have produced a
dedicated brain scanner ‘Connectome’ using high gradients
in conjunction with a commercial whole body magnet.

Innovation-based medical productivity paired with lower
costs, the cornerstones of the GE product design philosophy,
has been pursued in developments of a dedicated head
imaging system at GE Healthcare and GE Global Research.
An early 0.5 T developmental prototype was built in 1995.
The NbTi magnet was conduction-cooled by one of the first
Cryomech 4 K Pulse Tube Coolers (figure 33). The stepped
‘top hat’ coil envelope took advantage of the head—shoulder
anatomy and has been optimized for performance and patient
comfort (van Oort et al 1998). The unshielded magnet design
had I,, = 158 A, T, = 6 K, FOV = 20 cm, weight = 230 kg
and 0.5 mT footprint of 2.75 m x 3.75 m (1.3 m x 1.5 m with
steel room shielding).

Present market expectations for head scanners, however,
are based on advanced standards of neuroimaging and
modern clinical practices. Their demand of image quality and
throughput is associated with By = 3 T and above. Another
key requirement for a dedicated brain imager is the high
level of portability and autonomy, which should result in
advantages in installation and in invisible cryogenic operation.

An advanced dedicated head scanner should feature
high performance and imaging speed, small dimensions with
improved patient comfort, light weight and autonomous
operation for easy siteability and service (figure 34).

A new approach to dedicated head scanners is being
investigated at GE Global Research. The concept targets
magnet designs with an advanced cryogenic technology,
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Figure 34. A dedicated head scanner in comparison to a standard
3 T whole body MRI system (artist’s rendition).
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Figure 35. Example of dimensions of a portable neuroscanner.

reductions in size and weight, a large range of imaging
capabilities with a high gradient strength and slew rate,
and optimized image acquisition protocols and an image
analysis technology that permits improved assessment of
brain disorders.

In the future, ‘portable’ scanners may become feasible
if it is possible to arrive at a compact magnet design that
requires less cryogens. Those portable neuroscanners for head
injuries caused by accidents are of considerable interest and
find application where the patient cannot be rushed to the
hospital and a quick diagnosis is required at the spot, e.g. in
the modern battlefield with the rising number of traumatic
brain injuries.

However, portable neuroscanners should depend on a
miniature cryogenic environment within a mobile ambulance
only. ‘Portable’ could also mean ‘cold-dockable’, where the
unit is temporarily disconnected from the cryogenic umbilical
cord within the ambulance vehicle. For the time span that the
diagnosis is in progress, the neuroscanner can be moved close
to the patient. It has also been shown that cryogenic cooling
of the brain can dramatically protect humans suffering from
strokes or aneurysms in the battlefield. A mobile ambulance
could facilitate both those requirements, slowing down the
cellular and biochemical processes, as well as providing the
necessary time slot required for imaging (PopSci 2009).

An example of typical parameters for a mobile portable
neuroscanner concept is given in figure 35.

The logical expansion of such concepts could point
to future hand-held MRI units, possibly based on highly
magnetized bulk YBCO, which would presently require a
substantial leap in technology.
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Figure 36. GE 1.5 T orthopedic MR scanner.

A different type of specialty scanner targeting multimodal
brain imaging is represented by the so-called neuromag-
netometers. Neuromagnetometers are based on the design
principle of a ‘moveable top hat’ (Nenonen et al 2000).

3.5.3. Extremity imagers. Another area of MRI market
growth—orthopedic imaging—gives rise to dedicated ex-
tremity scanners. In comparison to head scanners, which
are heavily impacted by the need to accommodate patients’
shoulders, the extremity magnets have reduced overall
dimensions, a smaller bore diameter, a shorter length and a
smaller imaging FOV. As a result, the smaller Egoreq allows
additional design freedom, with better portability and cost
potential.

Figure 36 shows a commercially available GE product—a
1.5 T orthopedic MR scanner that employs He-bath-cooled
NbTi technology.

Like with the head scanners, the natural direction to
further improve image quality and throughput of a dedicated
extremity scanner is switching to By = 3 T while retaining
advantages of portability that enables installation in small
areas and ease of operation. Such a goal is achievable with
common NbTi technology.

With the advancement in high-temperature superconduc-
tor technology, in particular BSCCO 2223-type conductors
(driven mainly by Sumitomo as the only remaining manu-
facturer of so-called DI-BSCCO tapes), above liquid helium
temperatures there is the possibility of using neon at an
operating temperature of 27 K. Since neon is an expensive
coolant, thermosiphon technology can be employed. How-
ever, the coolant temperature has to be carefully controlled
and monitored and should not be fall below 25 K, since neon
starts to solidify within the tubes, causing the flow to stop and
the magnet to quench (Stautner et al 2009a).

The concept of 1.5 T limb scanners based on HTS
technology is presently under development at GE Global
Research (see figures 37, 38 and table 3.6).

Coil winding using BSCCO tapes is in itself a tedious
and costly task, presenting a considerable challenge when
compared to a NbTi-based system; more information can be
found in Xu et al (2010).

Continuing on this path, GE-GRC is currently exploring
the design of an affordable MRI system for developing
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Figure 37. BSCCO-based limb concept scanner, GE Global
Research: (a) transparent view; (b) magnet front view prior to
closing the vacuum case (Stautner 2012a, 2012b, 2012c).

Figure 38. Artist’s view of an MgB,-based limb scanner.

regions, using the potentially low-cost superconductor MgB,.
The nearly cryo-free magnet is thermosiphon cooled. The
magnet is unique in its feature that allows the end-user to run
the system at dual temperatures, namely at 3 T @ 4 K with
liquid helium or at 1.5 T @ 20 K with liquid hydrogen.

Key features here are greatly improved siteability, light
weight and reduced cost. Further design details of this NIH
sponsored project for 1.5 and 3 T are given in table 3.7 (see
also Mine et al 2012, 2013).

An example of a 1.5 T HTS magnet for orthopedic
application that uses second generation conductor can be
found in the development by a New Zealand team (Parkinson
et al 2013). The design of the passively shielded (iron
yoke) magnet with Lmagnet = 470 mm, Dpore = 242 mm,
DSV = 120 mm, which has been built and tested, includes
16 double pancake coils wound of 4.8 km of AMSC YBCO
conductor. It is another illustration of small specialty magnets
being most suitable to pave the introductory way for novel
technologies.
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3.5.4. Neonatal scanners.

Table 3.6. Parameters of BSCCO-based limb scanner.

Parameter Value

Central field (T) 1.5

Homogeneity (ppm) 6.0

Operating current (A) 120.15

Peak field (T) 243

Inductance (H) 8.34

Energy stored (kJ) 60.2

Wire length (m) 7724

Wire resistance (n€2) 0.43

Fringe field, R_5G (m) 2.5

Fringe field, Z_5G (m) 3.2

Number of coils 6

Conductor SEI DI-BSCCO

Bare conductor height (mm) 0.22

Bare conductor width (mm) 4.3

Conductor insulation Kapton, 0.5 mil spiral
wrapped

Layer insulation
Insulated layer
thickness (mm)

Pre-preg fiberglass tape
0.30

Insulated turn width (mm) 4.4
Operating temperature (K) 27.1
Cryogenic coolant LNe/closed loop

Table 3.7. Parameters of MgB,-based limb scanner.

Magnetic field (T) 1.5 3.0
Operating temperature (K) 20 4.2
Operating current (A) 40 80
Peak field (T) 2.25 4.5
Number of coils 6 6
Field stability (ppm h™!) <0.1 <0.1
Image volume

Diameter (cm) 15 15

Homogeneity (ppm) 10 10
Unshielded gradient

Strength (mT m™1) 50 50

Slew rate (Tm™! s71) 200 200
Dimensions (cm)

Patient bore ID 20 20

Magnet warm bore ID 26 26

Magnet OD 55 55

Magnet length 56 56
Weight (kg) 400 400
5G line from magnet center

Axial distance (m) 3.2 4

Radial distance (m) 2.5 3.2

Another distinct specialty MR

application that could develop clinical potential is for neonatal
scanners. An MRI scanner that provides fast, effective and
minimally invasive diagnostics of newborn babies would
occupy an important role in hospital neonatal intensive care
units (NICU).

The specifics of the neonatal application dictate key
requirements for such a scanner. Moving a baby from
an incubator to a separate imaging room may introduce
substantial stress and elevated risk for a frail sick or premature
newborn baby. A dedicated scanner design can minimize the
impact of re-positioning by accommodating the newborn in
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Figure 39. Artist’s rendition of a dedicated neonatal scanner.

the bore of a nearby scanner together with its MR-compatible
incubator module (figure 39), while preserving the full
diagnostics, sensors and tubing connections.

If a whole body MR imager is used for neonatal purposes,
it imposes a steep cost penalty of the severely oversized
magnet. If positioned in a NICU, the whole body magnet
would occupy an expansive footprint with a wide stray field
exclusion zone accommodating neighboring field-sensitive
equipment and personnel, due to the excessive dipole moment
associated with the overly wide bore. Finally, the access
limitations of the whole body scanner make it difficult to reach
into the bore for interventional procedures or baby handling.

Dedicated neonatal MR imagers should take full
advantage of the reduced dimensions, which on a par with
extremity scanners represent the smallest scale of MRI
imagers. This advantage translates into a shorter magnet,
lighter weight and reduced stray field footprint, as well as a
small Egoreq enabling fast ramp up/down. Autonomous design
options such as dry conduction-cooled magnets are available
for neonatal applications, which would eliminate helium vent
connections in the room (as an example, a conduction-cooled
design for an actively shielded 1.5 T NbTi neonatal magnet
using a pulse tube refrigerator, 830 mm long magnet with
500 mm bore and Egioreg = 1.1 MJ can be found in Wang et al
(2010); a magnet with a further reduced bore and fewer coils
would benefit from an improved footprint, cost and openness).

The combination of the need for openness and the
intrinsically small size makes neonatal scanners appropriate
candidates for the introduction of the non-traditional non-
tubular geometries described in section 3.2. With a smaller
unit cost, the tradeoffs in the neonatal design would be
predominantly driven by the critical enabling envelope, even
if it had to impose some additional cost penalty.

3.5.5. Other specialized configurations. Other non-
traditional configurations for potential future MR applications
worth mentioning are: animal research MR scanners; MRI
pre-polarization systems and MR hybrids, i.e. combination
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of an MR scanner with another imaging device (such
as MR-PET), or with a treatment device (e.g. MR-Linac
combination for radiation therapy).

Scanners used for pharmaceutical and biomedical
research on animals can take advantage of a much
smaller bore and FOV, which is traded for high By with
research benefits. Bruker Biospin and Agilent are leading
manufacturers in this area. Some examples of such scanners
are shown in figure 40. A vertical BioSpec™ system has
also been engineered for research investigations of non-human
primates. It specifically enables fMRI studies on monkeys,
as they are particularly receptive to behavioral conditioning
while sitting in an upright position. The vertical systems
are offered with two different magnets, operating at 4.7 and
7 T, which both have a high magnetic field stability and
excellent homogeneity. The actively shielded gradient coils
with integrated shims are especially designed for a vertically
oriented magnet.

MRI add-on tools for metabolic imaging. The pre-
polarizer is an MRI add-on device that has significant
promise in metabolic diagnostics. It uses dynamic nuclear
polarization (DNP), in particularly, hyperpolarization of '3C,
as a tool for a wide range of applications: study of metabolic
processes for disease diagnosis, determination of tissue
pathology and organ viability, angiography and perfusion
studies, interventional MR, catheter tracking and chemical
ablation therapy.

Using 13C hyperpolarization, metabolic processes within
the body are made visible by injecting a solution that has been
pre-polarized by cooling a vial filled with pyruvate to 1 K
and polarizing it at 3.35 T and higher, prior to the imaging
process. The injection sample has to satisfy the procedure time
window, since its relaxation time exhibits a strong temperature
dependence (figure 41(a)). Figure 41(b) shows the high,
achievable polarization comparing '3C, normal polarization
in protons and electron—nuclear spin coupling, providing a
highly sensitive process for prostate cancer detection.

MRI system clinical pre-polarizers are either '*C or
128Xe based. Xenon hyperpolarization would be mainly
applicable for low proton density organs, such as lungs,
to provide good signal enhancement. Figures 42(a) and (b)
show the cryogenic part of the now fully automated '3C
SPINLab™ Polarizer built by General Electric. Recently,
pre-polarization results were published at ISMRM 2010,
showing the feasibility of the concept. In November 2010,
UCSF researchers for the first time successfully used this
technology to conduct real-time metabolic imaging in a
human patient, after prior tests on animals. This new approach
improves the assessment of the precise outlines of a tumor,
its response to treatment and how fast it is growing (UCSF
Website 2010). For further details on the multi-sample
component closed-cycle hyperpolarizer and its fluid path, see
Leach et al (2010). For cryogenics see Urbahn et al (2009),
Stautner (2009) and Stautner et al (2009b).

Multimodality combinations. Combining an MR scanner
with another imaging or treatment device in the clinical
environment can be done in two ways. One obvious way
is two separate devices positioned in the vicinity of each
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Figure 40. Scanners for research (courtesy Bruker); (a) earlier PharmaScan® 7 T, bore diameter = 16 cm, with LN, thermal shield;

(b) BioSpec® 70/20, By = 7T, bore diameter = 20 cm, single thermal shield; (c) BioSp&:c® 170/25, By = 17 T, bore diameter = 25 cm,
subcooled helium; (d) ClinScan®, By = 7 T, bore diameter = 30 cm, bore diameter = 25 cm, pulse tube cryocooler, used in animal
MRI/MRS metabolism studies. All magnets except (c) feature active shielding (Westphal 2012).
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Figure 41. (a) Relaxation time T (s) of polarized '*C pyruvate versus
temperature (K).

other, with the patient table shuttled between the two. Such an
option, however, suffers from spatial and temporal separation
between the two procedures, which limits the accuracy of
mutual dynamic registration of organs in the region that
is targeted for superposition. The other arrangement—an
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integrated device—represents the most efficient, albeit
technically challenging option.

Integration of MR scanners with other imaging devices,
such as CT or PET, typically takes place inside or near
the bore, and thus has more interference with the gradient
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Figure 42. (a) 3.35 T magnet and cryostat design (sub-atmospheric operation) (Ardenkjaer-Larsen et al 2011). (b) Polarizer cryostat built

with a cryocooler on top.

and RF components than with the magnet. This is not the
case with MRI-guided radiation therapy (RT) for oncological
applications. The effectiveness of radiation treatment depends
on the accuracy of delivering the intended dose to the targeted
tissues within defined margins, which is complicated by
tissue movements during the procedure. MRI images are
used to guide the beam delivery to the tissue. A combined
system would include an accelerator incorporated around the
centerline of the magnet, with the beam aimed at the FOV
region.

To avoid attenuation or distortion of the beam, the magnet
design in MR-RT combinations should provide sufficient
central passage for the beam, and enable rotation of the beam
position with respect to the patient. Different topologies can
be employed for this purpose. A bipolar design with a full
split between the halves provides the most unobstructed beam
access, and can use either a permanent magnet (PM) MR
scanner (figure 43(a)) or a split-open superconducting magnet
(figure 43(b)). As was pointed out earlier, due to the design
penalties of this topology, it is intrinsically limited to low
fields (typically <0.5 T). Better image quality is pursued
by Philips with a 1.5 T MR scanner (albeit with additional
challenges from the high magnetic field, such as the electron
return effect (Raaijmakers et al 2008). The approach is
currently actively pursued by Philips in its Linac MR Ranger
Systems. In such a configuration, the magnet incorporates a
sufficient central gap (split) cleared of coils, while the cryostat
components do not provide a full magnet split (figures 43(c)
and (d)). A considerable challenge also exists in creating a
split gap in the gradient coil (Shvartsman et al 2011), which
affects its maximum performance.
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Last but not least, the MR-PET combination should be
mentioned as a developing multimodality. This application
has an option where a PET insert is used inside the standard
magnet bore, without modifying the superconducting magnet
configuration.

4. High-field LTS magnets

4.1. High-field NbTi and Nb3Sn magnets for MR research

With 3 T now recognized as the high standard for field
strength in clinical practice, pursuit of yet higher By continues
in research scanners, arming them with further improvements
in resolution, image quality and speed.

In the earlier stages, several 4 T research scanners were
produced outside of the ‘standard’ clinical 3 T denomination,
but it is Bo = 7 T that is increasingly considered in medical
research practice as a new standard for research imaging
(Wada et al 2010). Scanners for human research above 7 T
are now a reality, with the first 9.4 T scanner installed by GE
at UIC in 2003 (figure 44). While the number of 9.4 T imagers
continues to grow, the first 11.7 T scanners are arriving on the
scene (Hurst 2010). To date, over 50 ultrahigh-field (UHF)
MRI scanners for human research with By = 7 T or higher
have either been installed or are scheduled for installation
by different manufacturers in research centers and ‘luminary
sites’ worldwide.

Based on their bore size, UHF MRI magnets fall into
three distinct application-driven categories.

(I) Whole body scanners. This category initially included
magnets with bore diameters around 900 mm. However,



Supercond. Sci. Technol. 26 (2013) 093001 Topical Review

Radiation
shisld

Main coils

d)

c)

Figure 43. Possible MRI-RT combinations: (a) 0.2 T PM-Linac combination, University of Alberta, Canada; magnet and Linac rotate
together around the patient (Fallone et al (2009), copyright 2009 American Association of Physicists in Medicine); (b) split
superconducting magnet—accelerator combination by ViewRay (image courtesy ViewRay); (c) and (d) integrated MR-RT concept by Philips
using a Magnex 1.5 T magnet with the 15 cm split in the central coil (Raaymakers et al 2009).

human anatomy with the smaller magnets. UHF magnets
with bore diameters down to ~800 mm can now
be designated for whole body imaging (Liebel 2011,
Warner 2008, Dai et al 2012, Wang et al 2012).
Differences in the bore size have a strong impact on
the magnet length (via the homogeneity, which depends
on the coil envelope angle o = tan~ ! [Runin /Zmax]), on
the fringe field footprint and use of active shielding
(via the dipole moment My Iomemngoil); and on
the overall weight and dimensions of the magnet (via
conductor and structural components), which provides
a significant resulting cumulative effect on the cost and

Figure 44. First 9.4 T MRI magnets for human imaging. risk of the design. Following a simple scaling with

Reproduced with permission from Lvovsky and Jarvis (2005). conductor cost ’“Daore, according to (Warner 2003), a

Copyright 2005 IEEE. 7 T whole body magnet with a 830 mm bore provides
over 20% savings in conductor compared to a 900 mm

recent advances in gradient technology have brought a magnet.
smaller, more efficiently utilized annular gradient space,  (II) Head-only scanners. Cost and risk are further reduced
which made possible accommodating the complete in this category, which has a magnet bore in the
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Figure 45. 11.7 T, 680 mm bore magnet for human imaging (photo at www.spinsights.net, posted on 20 Dec. 2010, inset magnet from

Warner (2010), reproduced with permission).

650-700 mm range. Taking advantage of the imaged
geometry, which does not require imaging of the rest of
the body, this configuration has gradient and RF coils
located only around the head, while the magnet bore is
sized to accommodate the wider shoulders.

(III) Animal scanners for research represent a category that
uses yet smaller magnets, with Dyor that can reach
below 200 mm, depending on the intended research
purpose. Magnets from this category may introduce
advanced technical solutions that are enabled by their
particularly small dimensions. In recent years, some
technologies introduced in animal scanners have been
migrating into UHF magnets for human research with
increasingly larger bore sizes.

It is the traditional technology, based on traditional
NbTi superconductors and a pool-boiling helium bath at
nearly atmospheric pressure, that limits the available field
strength for research MR magnets to Bp = 9.4 T (400 MHz
proton frequency). 7 and 9.4 T whole body magnets use a
compensated solenoid design that minimizes the Bpeak/Bo
ratio and coil stresses while operating at the limits of
NbTi at 4.2 K. Compared with discrete coils, such a
design inevitably pays a penalty in an increased amount of
superconductor, magnet weight, length and cost. To create a
homogeneous field, smaller coils are added on top of the main
solenoid (example in figure 5), sometimes of negative polarity
(Lvovsky and Jarvis 2005). In such an arrangement, unlike in
a discrete multi-coil magnet, a large portion of the inter-coil
forces is accommodated by a self-reacting solenoid, which
eliminates the need of a portion of the inter-coil structure. (We
should mention here the later described different approach
that was chosen for the largest 11.75 T ISEULT MR
magnet, under development in France, where the high-current
pancake-wound coils are separated by field-shaping inter-coil
distances somewhat similar to the discrete coil configuration.)
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Advances beyond 9.4 T are achieved either by a reduced
operating temperature of NbTi, or by introducing Nb3Sn in
the magnet design. Both directions have been pursued in
UHF magnets for human MR research by Bruker and Agilent
(former Magnex group), where their experience with NMR
magnets and animal scanners helped pave the road for UHF
human scanners.

While active shielding is the natural standard choice
for smaller animal scanners, earlier 7 and 9.4 T scanners
were passively shielded, which required several hundred
tons of steel in the walls of the imaging room. Actively
shielded designs for whole body UHF scanners are now
being implemented. It represents the tradeoff where total
siting (the total room weight and dimensions) is substantially
improved at the expense of the weight and cost of the magnet.
Active shielding is implemented in Bruker’s Ultra-Shield
Refrigerated (USR™) technology, and in Agilent ASR
magnets. For example, use of active shielding in Agilent’s
7 T, 830 mm bore magnet allows one to reduce the 5 G line to
3.8 m x 6.0 m (Warner 2008). A comparison of the parameters
of different UHF MRI magnets and their shielding options can
be found in Liebel (2011).

Magnets with By = 11.7 T use NbTi coils in a
sub-atmospheric He bath, allowing operation in the region
around 2 K. The 11.74 T magnet by Agilent, shown in
figure 45 (L = 3.66 m, weight ~60 tons) uses 572 km of
NbTi wire-in-channel operating below 2.5 K (the passively
shielded, magnet fringe field extends 21 m x 27 m in the
absence of room steel) (Warner 2010).

Above 11.7 T, NbsSn has to be employed. Among the
key challenges are: a demanding wind and react (W&R)
process; a dedicated low-field area for joints that extends
the space occupied by the already long coil former; single
layer Nb3Sn pieces of substantial length (Warner 2010). Using
sub-atmospheric helium at about 2 K allows the amount of
Nb3Sn to be minimized by employing a hybrid design that
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uses both NbTi and Nb3Sn coils, but retains the challenge of
the hybrid NbTi/Nb3Sn persistent joints.

Some advanced technologies that are finding their way
into UHF research scanners may not yet be fully ready for
the commercial level of cost and reliability demanded by
clinical applications. Here UHF research scanners may help to
introduce them in the MR field. One example is the Cryomech
pulse tube coolers used by Bruker to reduce vibrations and
improve image quality.

Among the key challenges of UHF magnet design are:

e high stored energy, exceeding that of a 3 T MRI magnet
by an order of magnitude, has to be accommodated by
the quench protection system. Use of commercial NbTi
wires in a high-Bpeax environment limits /o, typically to
a ~300 A range, which results in a large inductance and
a complex winding process, with demanding requirements
on individual piece lengths and a large total amount of
conductor;

magnet weight and dimensions. The length of the magnet
is critical in the compensated solenoid design. A large
magnet diameter, increased due to shielding coils in the
active shielding option, has challenges in ceiling height for
magnet transportation, installation and maintenance;

with high By, fully passive shimming is not an option.
The magnet has to be equipped with superconducting
shims, even though the solenoid has better potential for
consistency than the multi-coil design. The shim assembly
consumes important space in the cryostat and further
increases the magnet cost;

stability requires an extra margin in comparison with 1.5
and 3 T magnets, as the time and cost associated with
excessive training of a magnet with >100 MJ stored energy
is not an option. A graded conductor with an optimized
stability and stress distribution helps to manage the cost of
the magnet;

limited options for low-field areas to accommodate
field-sensitive components such as cryocoolers, switches
and persistent joints. Their accommodation may require
an increase in the length or ceiling height of the scanner
(higher location for cryocooler). As a possible option for
persistent joints in UHF magnets, local shielding with
small dedicated coils can be employed, as attempted in
some NMR magnets (Dixon et al 2005);

strong magnet—gradient interactions. A high magnet By
exerts strong Lorenz forces on the conductors of the pulsed
gradient coils, causing substantial vibrations and acoustic
noise. Additionally, the UHF magnets exhibit elevated
magneto-mechanical effects from the eddy currents
induced by gradient coils in the conducting magnet
components, e.g. thermal shield cylinders. Forces on such
eddy currents in the magnet structure grow with the higher
By and with the stray field of high strength gradients, which
can result in a noticeable gradient-induced helium boil-off
with a resonant behavior (Dietz et al 2011).

A specific additional challenge may arise for UHF
scanners that do not employ active shielding. It is related to
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Table 4.1. Basic parameters of ISEULT magnet (Vedrine
et al 2010).

Parameter

Central field T 11.75

Warm bore diameter mm 900

Vacuum vessel length m 5.0

Vacuum vessel OD m 4.8

Magnet weight ton 132
Homogeneity at 22 cm DSV ppm <0.5

Field stability ppmh~!  <0.05

Shielding (5 G line, Active 13.5m x 10.5m
axial x radial)

Stored energy MJ 338

Operating current A 1483

Cooling — Pressurized He-II
Operating temperature K 1.8

Operating pressure MPa 0.125

degaussing of the MRI suite with large embedded iron walls
after a ramp (Sammet et al 2010).

All the above challenges impact the cost of high-field
scanners, which is currently the main obstacle on their route
to commercialization. The successful design, manufacture
and operation of research scanners installed worldwide have
demonstrated their technical viability and diagnostic benefits;
it is the commercial equation that will define the pace of their
transition to clinical volumes.

An area where a high By can make the greatest diagnostic
impact is in brain imaging. A dedicated head scanner with
Bg beyond 3 T has reduced challenges, due to a smaller bore
size and Egiored, and thus may ease the clinical introductory
threshold for high-field MR.

4.2. ISEULT, the largest 11.75 T MRI magnet

4.2.1. ISEULT-INUMAC project.  As the world’s largest-to-
date whole body MR magnet under development, ISEULT is a
notable example of a radical departure from the conventional
solutions in several design areas. It illustrates the level of
qualitative changes and increase in complexity and cost
involved when a scale-up beyond the limits of the established
MR technology is attempted.

The 500 MHz magnet with a warm bore of 900 mm
is intended for the NeuroSpin Research Centre at CEA Life
Science Division in Saclay, as part of the French—-German
INUMAC project, dedicated to advancing neurological
research and molecular imaging in ultrahigh fields (Vedrine
et al 2010, 2012). Among its goals are the investigation of
advanced techniques at 11.7 T; exploration of novel concepts
in gradient design and parallel imaging; and pre-clinical
brain contrast development for patients with Alzheimer’s,
strokes and tumors. The project, which started in 2006 with
a €200 M budget, involves a consortium of academic and
industrial partners. The general parameters of the magnet are
summarized in table 4.1.

The high By, large 900 mm warm bore and stringent
5 G line are key specifications that drove the departure from
the traditional MRI technology, and resulted in adopting a
coherent set of interdependent design solutions.
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Figure 46. ISEULT 11.75T 900 mm warm bore magnet (artist’s
rendition).

e The high central field together with the large bore diameter
dictated a large Egoreq. In order to limit the quench voltage,
as well as the number of individual conductor lengths and
joints, the design resorted to high-current conductors, well
beyond the traditional MR range of Iop.

The non-traditional large conductor impacted the main
coil design and winding approach, as well as the choice
of non-persistent joints and embedded current leads, that
implemented the By stabilization scheme by power supply.
To constrain the 5 G line within the experimental room,
active shielding has been selected. Tradeoff analysis
showed that passive shielding would require 800 tons of
steel, while the active shielding results in a 15% conductor
cost increase (Schild er al 2008).

Shielding coils with smaller Bpeax, controlled stresses and
optimized, more traditional conductor dictated a large OD,
which impacted the cryostat design, cryogenics and quench
protection approach.

4.2.2. Magnet concept, coils and conductors.  The principal
concepts of the ISEULT magnet (figure 46), their drivers and
a comparison against conventional MR design approaches are
summarized in table 4.2.

The magnet design uses NbTi coils cooled by superfluid
He-II at 1.8 K. A possible alternative approach would be a
hybrid design that employs both Nb3Sn and NbTi coils in a
traditional helium bath at 4.2 K (Wada et al 2010); however
this creates a substantial challenge with stress-sensitive
Nb3Sn coils during manufacture (W&R versus R&W). In the
tradeoff between Nb3Sn risks and NbTi He-II cryogenics, the
choice was made in favor of the latter.

The ISEULT main coil (MC) consists of 170 double
pancakes (DPs) with 88 turns in a single pancake. Control of
the theoretical homogeneity with the DP design is done (a) by
selecting an axial distribution of DPs (adjusted with inter-DP
spacers); and (b) by controlling individual conductor positions
in the DPs (special half-spiral winding with center offset
to minimize transverse harmonics (Aubert 2011)). Modular
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DP design allows redundancy in DP manufacture and testing
to cover contingencies in magnet assembly; it also places
inter-DP resistive joints in the low-field region over the OD
and accommodates a larger conductor bending radius.

Active shimming coils, with passive shim backup, are
planned to control the actual ‘as-built’” FOV. The main coil
employs a 10-strand Rutherford cable soldered into copper
channel stabilizer (RIC). Conductor parameters for main and
shield coils are given in table 4.3.

The RIC conductor configuration, selected among three
options (Berriaud et al 2010), has never been used previously
in MR applications. It enables a large total NbTi cross-section
for Io, = 1.5 kA at 12 T, while accommodating acceptable
filament twist, structural integrity and dimensional stability
of composite conductor at optimal cost. The large copper
stabilizer area (Jop = 33 A mm~2) with RRR >100 is
primarily driven by the mechanical strength 0¢ 29, > 250 MPa
required for coil hoop stresses; it also helps to achieve
high conductor stability. The He-II channel-cooled RIC is
characterized as cryostable; at this low 7 (12 T), the stability
limit is dominated by Kapitza resistance (Berriaud et al 2010).

The shield coils employ a traditional vacuum impreg-
nated solenoidal design thanks to the relatively low Bpeax =
3.88 T. The 36 layers x 53 turns coils are wound in indi-
vidual pockets in an aluminum former. The wire-in-channel
(WIC) conductor, albeit of non-traditionally large dimensions
(table 4.3), provides the required current carrying capacity;
the copper cross-section (Jop = 39 A mm~2) is driven by the
hoop support requirement. Both RIC and WIC conductors are
manufactured by Luvata.

The large shield coil diameter (OD = 4.3 m), their axial
positions and the 5 G footprint have been carefully selected.
These design tradeoffs allowed adjustment of the axial force
so that it is minimal and directed inward. It mitigates potential
frictional stick—slip quenches at the coil interface at the loaded
inner flange; it also simplifies the task of structural support.
The main challenges to the shield coil design are hoop stress
and stability control.

In quench reduction efforts, coil mechanical support
minimizes mechanical interactions between the coils, formers
and helium vessel (Nunio ez al 2010). The stack of DPs that
constitute the MC solenoid has no contact with the helium
vessel inner cylinder, allowing no-friction contraction of the
main coil and helium access at the ID. The MC is held from its
sides between two plates which provide a 360 ton preload with
a stack of Belleville washers; the outer and inner cylinders act
as tie-rods. The internal Lorenz force of 8000 ton in the MC
solenoid is transferred/reacted through the inter-DP insulation
plates.

The shield coils are supported in aluminum former
pockets; they are preloaded to ensure stable contact with the
loaded surface of the frame under a 91 ton inward force. The
mechanical design also accommodates a 334 ton unbalanced
force during abnormal fault conditions (Nunio et al 2010).
Eight titanium alloy rods are used as the cold mass radial
suspension elements.
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Table 4.2. Key technical solutions and drivers in ISEULT magnet design.

Area of design

Present MR
technology

ISEULT solution

Solution drivers

Impact

Coils topology and
winding

Homogeneity control

By temporal stability

Conductors

Conductor stability

Quench protection

Cryogenics and
Helium vessel

Current leads

Main coils axial
support

Shield coils axial
support

Coil hoop support

Discrete multi-coil
<4 T; compensated
solenoid >4 T;
layer-wound

Coil position and build
dimensional control
SC and/or passive
shims

Persistent operation,
I/1op < 0.75; n-value
30+ supercon joints <
1071° Q, moving
metal comp circuit
WIC and monolith
NbTi wire; Iy, below

1 kA

Epoxied coil <
cracks limit; optimized
former interfaces

Passive detection,
active protection
(heaters); Estored
dumped into all coils;
dump resistor internal

He-I at ~4.2 K; single
vessel with
cryocooler; zero
boil-off recondenser

Retractable or
embedded

Force from coil
interfaces transferred
via former

Force from coil
interfaces reacted via
former structure

Cu in conductor;
overwrap (or former)
@ coil OD

Main: stacked double
pancakes (DP); axial
location control by
spacers; shields:
traditional layer coils

Inter-DP spacers;
offset half-circles in
DPs; shimming:

SC + passive

I/1,p = 0.32; resistive
joints ~10~° Q; PS
with driven-mode
stabilization

I = 1.48 KA; main:
Rutherford
cable-in-channel;
shields: large WIC

Pressurized 1.8 K
He-II wetted DP
cryostable conductor;
DP friction-free at OD
and ID

Active detection,
active protection;
Egioreq dumped in
shields only; dump
resistor external;
quench expands into
satellite vessel

3 separate, connected
He-1II vessels;
stand-alone cryoplant;
satellite buffer vessel;
cryotube with
electrical connections

1.5 kA leads
embedded in outside
vessel; connection via
1.8 K cryotube

DP stack-up between
two plates; preloaded
against HeV cylinders

Aluminum former
with pockets;
in-pocket
wound/VPI’ed; inward
force of 91 ton

Self-supported DP and
shield coils

Bpeak ~12T;

Egtored = 338 MJ; large
1.5 kA conductor; DP
modularity and
redundancy

0.5 ppm @ 20 cm
DSV; large size
conductor

Number of joints
between DP; large
number of filaments;
no SC joints @ 1.5 kA

Egored = 338 MJ —
high I, large
conductor size

Large single
conductor; high stress;
quench avoidance
(large Estored)

Unknown dynamics in
He-II DP; quench
pressure control

NbTi at 12 T requires
subcooled; 1.8 K
He-II; He volume
reduction; heat load
from permanent leads

Driven-mode —
embedded leads; high
Iop — extra heat load

Main compressive
force of 8000 ton;
friction avoidance at
interfaces

Conventional
approach, modified
former/HeV
accommodation

Quench avoidance at
interfaces

Tight dimensional
accuracy for DP and
conductor positioning
>170 inter-DP joints

Radial build
variations control;
limited shim capacity
at 12T

Added
complexity/cost of
PS; permanent leads;
non-zero boil-off
cryogenics
Conductor cost;
individual turn
placement accuracy

Low

Jave = 2.6 KA cm™2;
conductor weight

65 ton (main)

Expansion satellite
vessel; 1.5 kA
breakers; cost of QP
system

Cost of stand-alone
cryoplant with
satellite equipment;
operational
complexity/cost

Increased thermal
budget; extra cryo
capacity and lines

Inter-DP spacer
design; preload
sensitivity

Loaded flange
interface (friction)

Increased amount of
Cu; coil size and
weight.

4.2.3. By stability and quench protection.
of reliable superconducting joints in the 1.5 kA range, the
design adopted resistive inter-DP joints with a resistance of
10~ €, which results in a total magnet resistance ~200 nf2
during operation. The required By stability <0.05 ppm h~!
is achieved via a filtering stabilization technique, using an
external power supply unit (PSU) (Sinanna et al 2010). An

With the absence
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external PSU implies embedded leads. This approach also
enables the use of an external dump resistor, Rp = 2.7 Q2 for
quench protection, permanently connected in parallel with the
magnet. The quench terminal voltage can reach 4 kV.

The filtering resistor Rp = 0.1 m£2 is connected in
parallel to the magnet and dump resistor. It provides a shorting
path for small ripples in the high-frequency range where
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Table 4.3. Conductor parameters in ISEULT main and shield coils.

Main coil

Shield coil

Conductor type —
Conductor dimensions mm X mm
Core strand dia/number of wires mm/—
Bpeak T

A A
IOp/IC@TO[H Bpeak %

Overall Cu/NbTi ratio —
Temperature margin K
Conductor length km
Conductor weight ton

Inter-turn insulation

A-stage pre-preg

WIC

RIC

9.2x4.9 9.1 x4.2

1.49/10 1.57/1

12 3.88
<1500@12T, 42K <2100@5T,42K

32 27

5.03:1 44:1

1.0 4

139 60

65 19

VPI glass-epoxy

the magnet coil impedance is high enough, so that only the
constant 1.5 kKA PSU component goes to the magnet. This
approach allows effective filtering of ripples of frequencies
o that satisfy the relation Rp <« wLpyag < Rp, while reducing
the stability requirements for the high-current PSU and hence
its cost. During quench with Vq = 4 kV, the filtering resistor is
protected against the overcurrent by the superconducting fault
current limiter (FCL) connected in series, which is located in
a separate satellite helium vessel (figure 47).

Magnet quench protection is based on active detection
of differential voltages in coils (detection threshold 100 mV;
duration 100 ms) (Vedrine et al 2012). Circuit breakers
disconnect the PSU, and the magnet energy is discharged into
the magnet coils and into Rp. A deliberate design decision
was made not to rely on spreading the secondary normal
zones in the main coil, due to the uncertain accuracy of
the complex quench dynamic modeling in the He-II cooled
DP geometry (Juster et al 2010). The two shield coils are
equipped only with quench heaters, six in each, that are
initiated by the quench protection system. Detailed quench
modeling confirmed the feasibility of the approach, indicating
a time delay of 5.8 s, and Thot spot below 150 K for the shield
and under 120 K for the main coils (Juster et al 2010).

4.2.4. Cryogenics.  The need to provide He-II bath cooling
of the 105 ton cold mass with large diameter coils demanded
non-traditional cryogenic solutions. To minimize the He-II
volume, the main coil and each of the shield coils are placed
in separate helium tanks, all three vessels are connected by
tubes. Even with the optimized topology, it requires a total
of 4500 1 of He-II, two-to-three times the He-I volume of a
1.5 T/3 T whole body MR magnet.

The large cold mass surface area, permanent heat loads
from the embedded 1.5 kA leads and FCL cooling contribute
to an increased thermal budget. A dedicated cryoplant covers
cryogenic loads at the three levels: 590 W at the 55 K
thermal shields; 23 W at the 4.5 K vessels/components and
20 W at the 1.8 K volumes. The cryoplant includes the
dewar, cold box, satellite vessel and cryopipe (figure 48).
A separate satellite vessel accommodates the leads and the
FCL, and is connected to the magnet with a 1.8 K cryopipe
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Figure 47. ISEULT filtering field stabilization and quench
protection scheme (Schild et al 2010). Copyright 2010 IEEE.

with cryogenic and electrical connections. The satellite vessel
implements a double-bath solution, having a saturated bath
with a 4.2 K/1.8 K heat exchanger and a pressurized He-II
bath that is separated from He-I by a lambda plate. The
cryopipe volume also helps control the helium expansion
pressure in case of quench. With tubing welded on the
coldmass, the cooldown from 300 K should take about four
weeks.

4.2.5. Technology applicability for clinical and research
magnets. Several reduced-scale prototypes, each addressing
a specific set of design and manufacturing risks, have
been tested. Full-scale serial production of double pancakes
has started at Alstom. The project plan included finishing
DP and shielding coil manufacture in mid-2012, followed
by coldmass and cryostat assembly. Partial tests at room
temperature will be performed at Alstom upon completion
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Figure 48. Cryogenic arrangements of ISEULT magnet. Reproduced with permission from Schild ez al (2008). Copyright 2008 IEEE.

of the assembly. The magnet is planned to be delivered to
Saclay, where the final tests will be conducted at 1.8 K at the
Neurospin Centre.

ISEULT’s unprecedented mission and size yielded
advanced developments in several technical areas, using an
approach tailored for such a unique one-of-a-kind magnet.
Even if other UHF MRI may not follow such an approach
directly and choose a smaller bore compatible with less
complex traditional solutions and lower cost, one can see how
some components of the ISEULT-developed technology may,
in some incarnation, find their way into various segments of
future MR (Schild ez al 2011). Among potential candidates:

e a superfluid design for UHF MRI magnets with He-II
cryostable windings; He-I/He-II cryogenic solutions and
the use of an external helium quench expansion volume;

e helium vessels with excised/tailored multiple volumes for
helium reduction;

e approaches to force management and interface friction
mitigation in the main and shielding coils;

e developed large size/high current conductor designs,
including RIC;

e homogeneous DP EM design, beneficial for HTS coils with
field orientation sensitivity (Schild et al 2011);

e UPS-driven By stability with filtering stabilization resistor
(HTS magnets, esp. small specialty).

5. Advanced cryogenic solutions

5.1. He-I cryogenics of today: long way to where we are

A knowledge of the technologies and resulting strategies
of the past is of utmost importance for our future. To
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illustrate this we give the following examples showing
the relevance of cooling strategies in the early 1980s
that evolved into a very specific framework of boundary
conditions for MRI. Once those conditions, together with
their experimental verification, are understood within their
technological context and re-evaluated in the light of today’s
rapidly progressing technology, they can more easily merge
into other superconducting power applications, or into MRI
systems that use HTS technology which, with little effort
involved, can immediately lead to novel solutions.

MRI magnets with NbTi-based superconductors still have
a major burden—the requirement for liquid helium, requiring
a detailed, quantitative energy balance analysis in cryostat
design (Stautner 1984, 2012a, 2012b, 2012c). As outlined in
the following, the role of cryogenics for MRI systems has
changed considerably over the past 30 years and gradually
evolved from merely ‘facilitating a helium bath for the magnet
coils’ towards ‘magnet integrated cryogenic solutions’ that
require changes to the magnet itself.

The three main drivers for cryogenic changes were the
technical progress in cooling equipment, the cost of liquid
helium and the voice of the customer. In the following
the cryogenic evolution of different magnet cooling design
concepts is shown. Interestingly, several paradigm shifts took
place over the years starting in the 1980s. One of the very first
3 T MRI systems featuring a 93 cm warm bore was built in
1985 by Bruker and delivered to the customer. At that time
the cryostat basically consisted of an unshielded main magnet
in a liquid helium bath (so-called bath-cooled mode), with
one thermal shield (half-floating) and an outer vessel filled
with liquid nitrogen. If properly designed the floating thermal
shield settles at a temperature of 40-50 K, resulting in a heat
load to the magnet of typically >1 W. This type of cryostat is
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Figure 49. State of the art ‘OPEN’ cryostat with an unshielded
magnet. Reproduced with permission from Forth (1986). Copyright
1986 Elsevier.

a so-called ‘OPEN’ system, since it boils-off liquid helium to
the atmosphere that at the same time very efficiently cools the
main turrets and penetrations leading from RT to the helium
vessel, as shown in figure 49.

For the first time researchers had a 3 T system at their
disposal with a manageable cryogenic infrastructure requiring
only monthly liquid helium top-ups with liquid nitrogen
refills every two weeks. Several cryocooler manufacturers
already produced Gifford—-McMahon (GM) type coolers, but
mainly for military applications and for cooling cryopanels
(Airproducts, CTI and Leybold). Soon after the nitrogen
vessel on MRI units was equipped with a cryocooler that
considerably increased the liquid nitrogen service interval.

What followed after 1985, however, was a decade of
lasting uncertainty on how the cryogenics roadmap would
develop, with what ideas it would be populated and what the
best cooling route would finally be.

Although dual and single-stage GM type coolers were
already available on the market, the way to link them

to the cryostat was not immediately evident (e.g. with
respect to cold sink, vibration, magnetic shielding) and
their cooling power still remained inadequate to cool
a thermal shield surface area of 10-15 m?2. Besides,
multiple GM coolers had to be mounted in the patient
room, resulting in an increased acoustic noise level.
Both Philips Cryogenics (www.stirlingcryogenics.com/)
and Leybold Vakuumtechnik, when approached by the MRI
manufacturer, had different ideas. Philips, in particular,
had close links to the Netherlands-based Stirling company,
a company that produced robust coolers for liquefaction
of industrial gases with a good market in developing
countries.

Philips Cryogenics proposed four main technical routes
to solve the cryogenic cooling problem of MRI systems, each
of which had their intrinsic weaknesses and strengths (Philips
NPB-S&I-Cryo). Figures 50-53 show several interesting
design principles and approaches for MRI.

The Leybold concepts were slightly different (see
figures 54-56) and made use of their in-house capability of
manufacturing efficient and robust single-stage and dual-stage
cryocoolers. This design concept involved a so-called coldbox
in which the cryocoolers and heat exchangers are housed to
supply cryogens to the respective thermal shields.

Most of these design concepts saw two cryocoolers
installed in a separate cryogenic coldbox in the utility room,
requiring large sized cryogenic transfer lines leading to the
MRI unit. The coldbox design, especially for the liquefaction
requirement, was sophisticated but bulky and complicated,
featuring multiple complex heat exchange units, requiring
chilled water cooling, exhibiting a considerable noise level,
particularly with the installed Stirling type cooler, and
transmitting strong vibrations to the sensitive outer cryostat
shell.

One fill line for filling
liquid nitrogen in the outer
thermal shield, one fill line
for topping up liquid
helium and for cooldown
from 77 K to 4 K,
cooldown of thermal mass
takes up to 5 days, starting
with filling LN, into the
helium vessel.

Two options: either LN, on
outer shield (right LN, dewar)
(inner shield at 40 to 50 K), or
refrigeration cooling of outer
and inner shield.

Figure 51. Conventional compressor—expansion refrigeration cooling (two thermal shields), ‘OPEN’ helium bath. Reproduced with

permission from Philips.
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Semi-closed-loop system using a
cryogenerator for separately
cooling two thermal shields.
Since the 2™ thermal shield
approaches a very low
temperature of 20 K, the liquid
helium boil off is comparatively
small < 50 ml/h).

Figure 52. Philips PGH 107 Cryogenerator based on the Stirling cycle principle supplying forced flow helium gas through two thermal
shields, keeping them stable at 80 and 20 K. The system is open to boil-off liquid helium to atmosphere. Reproduced with permission from

Philips.

One of the world’s first
closed system designs, forced
flow for thermal shield
cooling, recondensing unit
attached to helium vessel for
zero boil off.

Figure 53. Philips cryocooler supplying two thermal shields with an attached recondensing unit. CLOSED system. Reproduced with

permission from Philips.
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“OPEN?” cryostat connected to
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cooling 2 thermal shields.
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“CLOSED?” cryostat connected to
coldbox via transfer line for cooling
one thermal shield and recondensing.
Since the thermal shield temperatures
were higher than in the previous
figure, the recondensing unit had to
be powerful > 1.5 W.

Figure 55. Refrigeration system with an external coldbox and integrated helium recondensation unit (Forth 1986). Copyright 1986 Elsevier.

Many of these different concepts were tried and tested
by the cooler manufacturers in the laboratory only, but never
made it to customer.

Pressured by the MRI industry, the cryocooler manu-
facturers started to develop cryocoolers in a cooling power
range useful for thermal shield cooling. While striving for
compactness and cooler efficiency, while avoiding transfer
losses, the cryocooler had to be brought closer to the magnet

45

and tightly integrated into the outer vacuum case (OVC) of
the MRI unit, actually becoming part of the magnet. The
cryocooler had to have a cooling power of at least 3040 W
@ 40-50 K on its first stage and 10 W @ 20 K on its second
stage.

As the dual-stage shield cooler technology advanced, the
second-stage temperature was reduced from 10 to 4 K by
better cooler optimization and gas flow control, but mainly
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Figure 56. ‘CLOSED’ MRI magnet cryostat with an ‘early’ refrigerator version offering a direct closed-cycle cooling system. Copyright

1986 Elsevier.

by introducing a new rare earth material in a ball shape,
exhibiting specific heat peaks that matched the ¢, of helium.

5.1.1. ‘Open’ or ‘closed’ MRI system? With the introduction
of powerful dual-stage coolers that brought the intermediate
thermal shield temperature down to 20 K, liquid helium
consumption was drastically reduced to 35-50 ml h~! in the
best cases. This led to safe liquid helium top-up intervals of
>1 yr for a cryogenic MRI system, depending on the mode
of operation. Due to the long liquid helium hold time this
technology was favored for a very long time until the first
reliable 4 K cryocooler of a new player, Sumitomo Heavy
Industries (SHI), became available, delivering cooling powers
in excess of | W @ 4.2 K. It was GE, as the technology leader,
that set the pace in the MRI industry by first introducing an
entirely closed system able to recondense evaporating helium
for 1.5 T systems (Katsuhiko et al 1996, Chen 1997, 1998).

An equally important advantage that came with single-
stage cryogenics was the sudden gain in extra space available
for the coil envelope, as the single thermal shield allowed
smaller cryogaps between the vacuum vessel and the coils.
Not only did it allow expansion of the room temperature
bore of the magnet, thus increasing patient comfort, but also
made shorter, compact magnets feasible (alternatively, given
a fixed magnet length, expansion of the coil envelope can
be used towards cost reduction of the magnet). Initially, this
technological breakthrough was not immediately accepted
by competitors, since the higher cost of the 4 K cryocooler
and the reduced ride-through time had to compete with the
annual topping up cost of the liquid helium level (Morrow
2000). In addition, techniques had to be developed that
enabled coldhead swapping while the magnet is at field and
cold. GE decided on an evacuated sleeve approach, whereas
Siemens and Philips left the cooler exposed to a helium gas
environment.

The voice of the customer eventually decided on an MRI
system with no loss of helium, and today’s MRI systems
are capable of liquefying helium in a ‘closed’” mode. It is
a good example of how a single technical and strategic
decision of a main MRI player can change the landscape
of MRI systems, opening up further design space for novel
application-dependent, dedicated solutions, hand in hand with
the cryocooler manufacturer.
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Figure 57. Cost of helium around the world—as of
2010—continental and for selected countries (based on authors’
estimates).
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5.1.2. MRI cryogenics: going green. European MRI
manufacturers noticed as early as 2002 a growing and
disturbing uncertainty on the projected supply and cost
of liquid helium. Consequently, the first projects aimed at
thinking of a new way of saving helium for MRI magnets,
coining the acronym MHIT (Minimum Helium Inventory
Technology). These efforts have been documented in Atkins
et al (2009) (‘in order to reduce the cost of working cryogen
(helium) consumed, its volume in the system is minimized’),
for example in Gilgrass (2009) (dry magnet) and in Belton
(2006), where a reservoir volume of 80—-100 1 is envisaged (see
also Philips (Ackermann and Menteur 2011)). These designs
have been widely explored, even in the past, as will be shown
later on, but not implemented yet. Still, the volume of liquid
helium for a fully immersed, MRI bath-cooled magnet of
today is approx. 1600-2000 1. This cost, the added cost for
magnet cooldown, cost for ride-through to customer, as well
as for cryostat top off at the customer site, is substantial.
Figure 57 shows the cost of helium in selected areas of the
world as of the beginning of 2010, based on the authors’
estimates. Table 5.1 gives feedback obtained from large users
of helium (Nutall ez al 2012).
To further reduce the cost of helium, sophisticated cooldown
concepts were developed and deployed in MRI manufacturing
sites worldwide, especially for reducing and minimizing
cooldown transfer losses (e.g. using rotary-valve-based
transfer siphons).

The next paradigm shift now dawns on the horizon,
targeting a drastically reduced liquid helium volume with
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Table 5.1. Large user feedback (using > 2500 1 month~!)—helium
usage, prices and availability (Nutall et al 2012).

Large user feedback

Accounted for 86% of liquid helium used
A constituency of 44% of respondents
Average use 76 500 1 yr~!

Typical He budget > US$ 200000 yr—!
92% have seen recent price increases
Average increase of 36%

Worst-case price rise of 74%

36% have had an interruption to supply
55% had been put on allocation

The average allocation was 63% of previous usage
58% had liquefier on site

Prices and availability

Sum of annual He usage (1) 919000
Average of annual He usage (1) 76583
He cost per liter—min. US$ 2.50
He cost per liter—max. US$ 4.35
He cost per liter—average US$ 3.43
Most recent price—min. US$ 3.62
Most recent price—max. US$ 5.65
Most recent price—average US$ 4.51
Average price increase 36%

a fraction of what was required in the past, saving both
helium and the energy that is required to extract it from
natural gas resources (max content of helium in natural
gas is ~7%). Those different technically competing and
cryogenically challenging concepts and emerging trends are
now outlined in the following.

Good engineering practice, which is in line with GE
policy of going green, and the sustainability of magnet
systems led to a continuous effort to develop minimum
cryogenic inventory technology.

5.2. Toward future MRI: low helium volume cryogenics

The roadmap for minimum helium inventory technology
(MHIT) is still emerging and several routes seem possible.

The ‘ideal’ goal for an MRI manufacturer would be a fully
sealed, push-button operated, self-contained cryostat, which
would use only a fraction of today’s liquid helium reservoir
and remain hermetically sealed under all operational regimes
and pressures, with no cryoservice required and no vent
arrangement present on site. Multiple technologies could be
employed on the roads to low helium or fully-sealed MRI
magnets.

5.2.1. Solutions for helium volume reduction.  In table 5.2
we briefly collate ongoing advanced (top) as well as
possible future activities (bottom); table 5.3 comprises
the technological efforts and anticipated benefits when
implemented in an MRI system.

Any future MRI cooling system will most likely be a mix
of those combined technological efforts outlined in the tables,
either near-term, advanced or even disruptive. It goes without
saying that any technically feasible implementation requires
in-depth cost reasoning. Once the main route has been chosen
then technical corrections and design changes will be difficult
to rectify and implement in volume production.

The first two items in table 5.3 are obvious, but
nevertheless difficult to implement. Changing the helium
vessel envelope around the MRI magnet, for example, does
not seem technically challenging when choosing today’s
metal forming processes, but comes with a cost penalty.
Several attempts have been made and documented in patents,
such as those on support columns (Kruip and Mann 2008) and
on convective flow (Astra 2007). In 1997, Oxford Instruments
(Stables et al 1999) built a cryostat vessel with a shape
consisting of wide rectangular channels that are in close
proximity to the coil pocket structure of the main magnet. On
the superconducting wire side, some of the properties can be
enhanced to deliver a higher stability margin, which would
also allow a higher circumferential temperature gradient. A
team of scientists at the Kurchatov Institute and at Bochvar
(Keilin et al 2011) recently proposed doping the SC wire with
rare earth compounds, (e.g. HoCu,, CeCug, CeAl,, PrBg) and

Table 5.2. Minimum cryogen inventory technology for MRI.

Advanced cryogenics

Application

e Cryogenic heat pipes (without/with nanowicking structures)

e Cascading heat pipes (heat pipes in parallel, e.g. nitrogen,
hydrogen, neon)

e Passive thermosiphon (bubble transport)
e Cryogen-free cooling (conduction-cooled)

Dedicated cooling of hot spots and cryogenic components
(e.g. dry SC switches, current leads), coldhead to thermal
shield heat pipe link, magnet with embedded
‘cryo-vascular/arterial spreaders for surface cooling’
Reduced magnet cooldown time, push-button actuated
requiring no user intervention (part of user-invisible
cryogenics)

MRI and NMR units

Whole body (see figures 8 and 22), limb size HTS magnets,
head-only magnets

Disruptive cryogenics

Application

e Active thermosiphon (self-induced liquid flow circulation)
o Pulsating heat pipe (active bubble/liquid flow circulation)

o Antigravity flow and other lifts (wicking flow)

e Novel heat pipe designs (Thermoacoustically driven)

Mainly magnet cooling, shield cooling

Thermal shield cooling, magnet cooling, cooldown, thermal
link and switches

Thermal shield cooling, magnet cooling for DRY and WET
systems

Mainly for thermal mass cooldown
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Table 5.3. Strategies and trends for reducing helium cost on MRI systems.

Technological effort

Benefit

Change helium vessel design

Use of displacers in the bath-cooled magnet system
Tailored high /. LTS wire with good temperature stability
margin (4.2-4.5 K, thermal gradient)

Thermal storage battery concepts

External cryocooler backup platform

Heat pipe technology and family

External helium gas storage

Increase cryocooler cooling power, maintenance interval
and reduce cost

New cryocooler technology (embedded PTR with Sterling
compressor)

Use of medium or high-temperature superconductors

Coil former with wicking envelope
Use the natural helium gas boil-off from a minimized

Reduces helium volume and consumption
Reduces helium fill volume
Reduces the quantity of coolant helium

Reduces helium consumption for transient operating conditions and
ride-through

Reduces helium consumption during ride-through

Minimizes the amount of helium required

Capture helium gas and re-liquefy

Conduction-cooled system either 1 or 2 cryocoolers required

Helium-free technology and multi heat pipes incorporated in PTR
technology

Eliminates the demand for helium as coolant, replace helium with
hydrogen

Liquid flow close to winding

Reduce total helium fill volume to ‘puddle’ in a bath-cooled system

thermal reservoir and optimally direct this flow around the
magnet

Table 5.4. Materials suitable as cryo batteries.

Enthalpy H (kJ kg™")

Material/operating AH (kJkg™')  Mass (kg) required
temperature 20K 30K 20-30 K to store 1 MJ
Water ice 0.615 2.330 1.715 583

Lead 0.368 1.042 0.674 1484

Rubber 0.770 2.320 1.550 645

Glyptal 0.670 2.200 1.530 654

Araldite 0.608 1.688 1.080 926

ceramics (Gd>0,S, Gd,03) with a high specific heat at
the wire operating temperature. A similar approach using
GOS (gadolinium oxysulphide) was taken by Thomas of
SMT (Beasley and Thomas 2008). The concept of rare
earth components contributing to enthalpy stabilization of
a composite superconductor was also mentioned early on
by Rosenblum in his 1977 survey (Rosenblum et al 1977)
measuring 2.5 x 1072 J cm? for the temperature range 2.5-4 K
with 7.2 wt% Gd;03. Woolf, on the other hand, proposed
heavy fermions as a thermal stabilizer for superconductors in
1987 (Woolf 1987).

5.2.2. Displacer technology.  Displacer technology aims at
substantially reducing the liquid helium volume requirement
around the MRI magnet by inserting displacer elements.
Those elements can be mechanical elements that can be
used beneficially during MRI operation and cooldown. Other
elements may consist of small non-floating spheres or
cryogenic foam structures that are filled into the helium vessel
or embedded on the magnet itself during assembly. However,
this is accompanied by an additional cost for cooldown to
4 K of those structures, caused by the high enthalpy that
most of the materials in question exhibit. Any seemingly
practical solution needs to be carefully scrutinized and proved
experimentally without compromising operational reliability
and safety at all operating conditions.
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5.2.3. Storing ‘cold’ at down times, the need for phase
transition elements. The cost and availability of liquid
helium in underserved and remote areas in the world and the
so-called ‘ride-through’ time for MRI magnets, that is the time
that elapses from the MRI unit leaving the factory to reaching
the customer site for installation, poses a severe problem for
minimizing liquid helium consumption. Furthermore, coping
with transient heat loads to the MRI system, either during
operation (heat loads due to gradient pulsing) or during
cooling power outages, requires an intelligent solution to
bridge this time span.

A plausible solution would be a substance that is able
to act as a heat sink whenever external cryocooler supplied
cooling is unavailable. Indeed, a number of those materials
are easily available and can be used as thermal batteries,
for example by painting them directly onto the thermal
shield surrounding the magnet (see table 5.4). In the event
of no cooling being available the material absorbs the
radiative and conductive heat from the OVC and efficiently
prolongs the liquid helium hold time. Once all the helium
has evaporated these substances potentially keep the thermal
shield temperatures low enough, mainly below 77 K. Above
77 K, thermal battery concepts have hardly any value unless
there is an additional sorption capacity embedded on the
thermal shield that is able to keep the vacuum at very low
levels well below the Smoluchovski threshold (10_4 mbar).
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Figure 58. Anomaly of C, of solid nitrogen (7, 4 and triple point
Tip) (Scott 1976, Johnson 1960).

If this is not the case warm up will be more rapid, but rise
linearly above 77 K.

In table 5.4 are listed some promising materials suitable
for thermal storage in the 20-30 K range.

Once the cryocooler is operational again the thermal
shield with its battery feature is cooled back to the operating
temperature (e.g. 45 K), presumably during non-operating
hours. For higher heat load absorbance more advanced
solutions are required.

5.2.4. Advanced thermal storage materials (phase change
materials PCM).  Reportedly Iwasa (see Haid er al 2002b)
and Jones (see Hales et al 2005 and Hales et al 2006) looked
at liquid PCMs for high-temperature superconducting magnet
applications. Nitrogen in particular has unique features (Scott
1976).

Solid nitrogen exhibits an « — S phase transition at
35.6 K. This phase transition may be attractive for MRI and
NMR LTS magnets since the thermal shield temperature for
MRI systems with low heat ballast is in this temperature
range. This application can be two-fold, used for both the
thermal shield and the magnet coils. The latter would save
helium during a quench when the magnet energy is dumped
into this thermal reservoir (the other phase transition point is
at 63 K, the melting point of solid nitrogen).

Figure 58 depicts the two distinct phase change
temperatures (1 is the Cp-anomaly, 2 is the melting point)
accompanied by a peak in specific heat.

In theory, the energy that can be stored is substantial
during this phase transition when cooled to lower temper-
atures (Scott 1976), however, experiments at the Clarendon
Laboratory have shown that the thermal contact between
solid nitrogen and the contact surface needs to be optimized.
Most likely a finned or finely meshed heat exchange structure
would be promising, similar to what is used in activated
carbon sorption pumps. Generally, solid nitrogen has a very
poor thermal conductivity. As mentioned above, Y Iwasa
and H Jones of the Clarendon Laboratory looked at ways
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of exploiting this anomaly. While the team at Oxford
successfully investigated the use of solid nitrogen for HTS
MHD ship propulsion (Hales ef al 2006), B Haid and Y Iwasa,
together with a Korean team, not only thought of traditional
NMR and MRI LTS applications using solid nitrogen as the
primary battery, but expanded this idea further, including
secondary heat capacitors such as ammonia and other gases
such as argon (Haid er al 2002a, Sugawara 2002). Several
patent filings have recently been recorded showing the general
practicality of this approach in the future, for example Atkins
et al (2009); Nakagome et al (1992).

So far we have been concerned with reducing helium
consumption and fill volume on standard systems only. If
liquid helium is supposed to be saved drastically, for example,
reducing it from 2000 1 to a fraction of that amount (5-50 1),
a more radical design approach is required that calls for
fundamental changes to the magnet structure and eliminates
the traditional helium vessel surroundings, moving from an
bath-cooled system to heat pipe cooled designs.

5.2.5. Heat pipe technology. Cryogenic heat pipes are
introduced when heat transfer by thermal conduction is no
longer efficient, for example when thermally linking the
cryocooler to a coldmass over long distances aiming to
maintain a very low AT. Prenger 1997 (see also Prenger
et al 1996) showed that cooldown of solid structures can
be greatly improved and accelerated by utilizing heat pipe
technology. Heat pipes reduce cooldown times by 40-50%
in LTS systems. Heat pipes deliver an advantage because the
first stage of the cryocooler has much more cooling power
than the second stage. During cooldown it is useful to shunt
as much as possible power to the second stage. Within the
operating temperature range 63-123 K, nitrogen heat pipes
drastically increase the heat transfer to the first stage of the
cryocooler. When the temperature of the heat pipe drops
below the triple point of the working fluid, the working fluid
freezes, effectively stopping its operation. In order to extend
the operating temperature range of heat pipes at the high end,
recent designs favor a cascaded system using ethane-filled
pipes mounted in parallel with oxygen- or nitrogen-filled
pipes. When the first stage (ethane) pipe freezes, the second
stage continues to provide thermal shunting until they too
freeze out.
Further benefits of heat pipes in cryogenics are:

they are hermetically closed and can be directly placed into
a vacuum environment;

maintenance-free structure;
no moving mechanical parts;

a performance increase using nanotechnology is possible.

For MRI systems, Siemens (Rieger 2004) reportedly
discussed the cooling of MRI components using heat pipes,
as shown in figure 59.

Heat pipes are also used for cryopanel cooling of
large vacuum chambers (Chandratilleke and Ohtani et al
1997). The same technology (‘cryo-vascular approach’, an
arrangement of multiple heat pipes) applies for dedicated
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Cooling end:
Condensing cup
with liquefaction fins

The shown evaporative end part of the
heat pipe on the right is embedded in the
winding of the solenoid type magnet
switch, see also the 2 adjacent joint cups
thermally linked to the switch.

Tube link

Heating end:
high efficiency
evaporator surface

Figure 59. Heat pipe cooled ‘dry’ superconducting switch for MRI. Reproduced with permission from Siemens.
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The liquid reservoir depicted on the far left allows liquid
helium run through the downer line. A manifold at the bottom
of the MR magnet splits the flow into several branches and
collects the escaping vapor at the top where it is then fed back
to the reservoir. The reservoir is equipped with a cooler that
reliquefies the helium gas keeping the liquid level in the
reservoir constant.

Figure 60. Typical MRI thermosiphon cooling approach.

thermal shield cooling of known hot spots in the interior of
a MRI magnet and, in particular, when the cooling magnet
supports (suspensions) or embedded current leads; more
generally speaking, whenever heat sinking contact needs to
be improved. Recently, a number of cryogenic heat pipe
patents have been filed for various thermal shield cooling
methods, including different cryocooler connections. The
introduction of a new cooler type, the pulse tube cooler,
opens further avenues towards total heat pipe and cooler
integration (Skye et al 2008). It is safe to say that heat
pipe technology for cryogenic applications is going to further
increase in popularity. Nanotechnology, in particular, is
expected to help in increasing the efficiency of heat pipes by
developing sophisticated wicking structures for liquid helium
and hydrogen (Zhang et al 2012).

Heat pipes are usually pre-charged with high-pressure
gas and cooled to operating temperature, liquefying at the
top end and evaporating at the heat exchanger surface at
the bottom of the connecting tube (see figure 59, right). A
special case of a heat pipe is the so-called thermosiphon, a
device that utilizes a two-phase fluid in its risers and downers,
typically filled with >90% liquid content. Unlike the heat pipe
that was used mainly in small lab experiments, the simpler
thermosiphon technology has a far longer application history
and was first reported for efficiently reducing the boil-off of
a spherical hydrogen container in 1964 (Elrod 1963). Since
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then, thermosiphon technology has been used successfully for
cooling superconducting magnets for large accelerators, and
most recently for small MRI HTS magnets (Stautner et al
2011).

The team at the research center at Karlsruhe (FZK, now
KIT, Germany) and Dustmann (1986) were the first in 1985 to
propose cooling of an MRI magnet employing thermosiphons.
The basic principle is shown in figure 60.

Since then, an increasing number of patent filings have
shown a trend towards this type of MRI magnet cooling, e.g.
(van Hasselt 2006; Atkins et al 2007; Yoshito et al).

In summary, the use of thermosiphons in MRI and NMR
magnets is very attractive for several reasons.

e The thermosiphon structure requires at best ~5-50 1 of
liquid helium as compared to 2000 1.

e No requirement for a helium vessel structure. Substantial
cost benefit plus improved coil envelope space.

e Overall heat load reduction to the cryostat:
(a) the size of the MRI magnet is reduced;

(b) the weight is minimized;
(c) the number and size of penetrations from room
temperature (RT) to 4 K is reduced.
e The coolant is now close to the winding.
e The coolant is self-adapting to transient heat loads.
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against the top fed liquid
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Separate liquid distribution
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Advantage:

More complicated,

but strong siphon action along
circumference with continuous,
unohstructed liquid helium flow

Figure 61. ‘Static’ or ‘passive’ thermosiphon cooling options (V = vapor, L = liquid).

e Safety requirements and installation construction are
relaxed, no need for a quench line, no coding approval
required.

Several main principles for incorporating thermosiphon
technology have emerged for use in next-generation MRI
and NMR systems: one that is more or less passively driven
by bubble transport and buoyancy forces, the other, more
important, one is able to initiate a continuous flow loop
of liquid helium with reasonably high mass flow rates and
without any external mechanical pumping requirements.

5.2.6. The ‘passive’ thermosiphon. Figure 61 shows
the thermosiphon implementation on an MRI system with
different pipe routings and the respective advantages (to cool
the magnet cartridge of an MRI unit at least four of those tubes
need to be placed along the z-axis and additional tubes for the
shielding coils). Note that the helium reservoirs are split into a
siphon liquid supply and gas capturing reservoir. For reasons
of clarity the connecting line to the liquefying cryocooler is
not shown. This is similar to a conventional system, where the
cryocooler liquefaction fins receive the helium gas flow and
redistribute the condensed helium back to the liquid reservoir.
Passive thermosiphons are by far simpler to install on an MRI
system than active siphons (Stautner 2007).

5.2.7. The ‘active’ thermosiphon. So far only the static mode
of the thermosiphon has been considered, merely governed
by density-driven gas bubble transport. However, for higher
heat loads—under certain conditions—efficient gas bubble
transport is restricted due to the size of the gas bubbles causing
flow friction and possible temporary flow instability, reducing
the thermosiphon efficiency.

In this case, either the system operating pressure has
to increase to reduce the bubble size, the tubing diameter

51

Table 5.5. Minimum thermosiphon tube dimensions.

Calculation of tube L
diameter in mm Helium Neon
Bubble movement 0.58 1.17

Siphon performance  2.434 1.262

has to change, or a completely different concept needs to
be introduced, namely the dynamic or ‘active’ thermosiphon.
Agglomerated bubbles can remain motionless unless provided
with a channel of sufficient diameter. The dimensionless
Eotvés number must therefore be greater than 3.37, or
correspondingly the channel diameter must be greater than
0.58 mm, as shown as an example in table 5.5. The helium
bubble reaches its maximum vertical rise velocity in a
channel of 5 mm maximum dimension (the required minimum
diameter for helium at 4 K is given in table 5.5) and needs
a channel inclination of at least 5° to maintain that velocity
in liquid helium. This was recently confirmed again by
experiments at Saclay (Gastineau et al 2012, Baudouy et al
2013). The transition to film boiling at about 0.9 W cm™2 and
subsequent hysteresis effects prevents the return to nucleate
boiling until a surface heat flux of 0.17 W cm™2 is reached.
Reducing surface tension also reduces bubble size. Figure 62
illustrates a common room temperature thermosiphon design
known to work efficiently for domestic warm water heater
(cold water supply from top of tube).

It is not commonly known however, that the above
principle works extremely well at cryogenic temperatures,
as well as for a multitude of applications. In this design
we are primarily circulating liquid helium accompanied by
a small percentage of micro bubbles only (see figure 63).
Furthermore, this mass flow rate is self-adapting. Once
a transient heat load is applied to a thermosiphon, flow
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“Heavier” cold water flows down from the top
supply tube and is being heated at one end of the
tube leg (at the burner) locally creating a
substantially “lighter” fluid. As soon as heat is
applied, a flow circulation is induced efficiently
transferring heat from B to A due to the density
differences created, as indicated by the arrows.

Figure 62. Historic ‘basic’ physical model of an active thermosiphon.
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Figure 63. Example of an active cryogenic thermosiphon.

circulation and heat transfer increases. As previously
mentioned, this may be particularly important when switching
gradients in MRI systems (fast EPI sequences) and for quickly
removing heat loads imposed on the magnet.

Reports also indicate an excellent performance down
to slightly above 1.8 K (Hofmann 2012). Below the
superfluid transition at the lambda point of 1.8 K, other
mechanisms capable of producing a flow, for example, the
thermomechanical pump (fountain pump) as described by
Hofmann, can be used. This principle was successfully tested
for cooling a large Tokamak type fusion magnet, e.g. large
coil task project (LCT) (Kasthurirengan and Hofmann 1998,
Stautner 2012a, 2012b, 2012c¢).

Details on thermosiphon operation have also recently
been published by van Sciver (2012).

5.2.8. Pulsating heat pipes. Since its introduction by
Akachi (see Akachi and Polasek 1995), this promising new
type of heat pipe has quickly been welcomed in cryogenics,
mainly for cooling HTS SMES with cryogenic liquids such as
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Figure 64. (a) Measured thermal conductivity of a PHP with
different fill media, heat from the bottom and fill ratio of 50%
(Natsume et al 2012): Copyright 2011 IEEE. (b) Possible
implementation of PHPs in an MRI cryosystem (Stautner 2012a,
2012b, 2012c¢).

hydrogen, neon and nitrogen. PHPs work even well for LTS
applications with helium as the main coolant.

The PHP consists of a meandering capillary tube filled
with gas bubbles and liquid portions that can be thought of
mass oscillators providing an oscillating flow towards the
liquefaction surface (Stautner 2012a, 2012b, 2012c).

Figure 64 shows one of the very first experimental
results (Natsume et al 2012) revealing the potential for HTS
MRI or for other component cooling as a cost efficient
alternative with respect to high-purity metals as a thermal link.
Figure 64 a shows the performance of open loop pulsating
heat pipes (OLPHP) with 1/8-1/6 in diameter. For reference,
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Figure 65. Gas compression and external gas storage (Stables et al 1999).

the thermal conductivity of Cu with RRR = 100 in field
of 1 T at 20 K is about 2000 W mK ™! (Natsume 2011).
Figure 64(b) shows the implementation on an MRI system
with PHPs (dotted line) connected to the first and second stage
of a cryocooler (Stautner 2012c¢).

For a general overview of the genealogy of passive
two-phase systems, see (Khandekar et al 2004).

5.2.9. External helium gas storage for normal operating
conditions (NOC).  Heat load reduction to the MRI magnet
cryogenic environment is of utmost importance. Not only does
it generally increase the ride-through time, but it also helps to
extend the service life of the cryocooler (MTBF). For regular
operation the GM cryocooler with its >1 W cooling capacity
at 4.2 K can cope with normal heat loads. Additional heat
loads can be expected, however, when running aggressive
sequences such as EPI on a gradient system on 3 T, 7 T
or higher MRI magnet systems (Dietz er al 2011). To cope
with this excess liquid helium, which is then boiling off, a
temporarily external capture may be envisaged. The gaseous
helium can then be reclaimed again at operating times with
lower additional heat loads (at night) and re-liquefied from
RT.

External storage of helium requires a permanently
installed umbilical cord from the helium reservoir to the
storage device. For MRI systems those storage devices need
to be quite large, due to the helium liquid to gas expansion
ratio (1:700). For storage device reduction a gas compressor
is envisaged that could be installed in the MRI maintenance
room.

5.2.10. Advanced MRI cryogenics. ‘Advanced MRI
cryogenics’ reduces the liquid helium inventory from 2000
to 5-50 1 by introducing heat pipe technology, as discussed
above, creating a basically ‘near-dry’ type, conduction-cooled
magnet with a fast quench spreading zone. Loss of vacuum in
the cryosystem triggering a quench, for example with typical
heat flux densities of 4-5 W cm~2 and 0.6-3.8 W cm ™2 in the
case the vacuum collapse (Lehmann 1978), no longer requires
satisfying the safety ordinance efforts of a 2000 1 helium
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vessel and greatly reduces the design and build cost of an MRI
system.

Further benefits are (comments in brackets refer to the
specific cost-saving items).

e Absence of the helium vessel (cost of design, material and
build, acceptance test obsolete, pressure vessel FEM not
required, reduced cooldown mass).

e Cryostat access turret diameter reduction (less material,
reduced heat loads, no safety risk).

e Quench vent piping minimized (smaller diameter, easy
routable at customer site).

e Minimized helium inventory (less helium cost, no safety
measures required for the customer, e.g. oxygen monitor
becomes obsolete).

External or internal helium quench gas storage leads to
significant interest.

5.2.11. Helium gas storage during a quench for advanced
MRI systems.  Should the MRI magnet dump its energy into
the helium bath (usually a heat load of up to 15 MJ for 3 T
systems), the helium gas can be captured in external storage
tanks (see figure 65) or large inflatable bags. The gas from
the inflatable bags can then be compressed into standard gas
bottles and shipped back to the gas supplier. After quench, the
magnet requires quick re-cooling to its operating temperature
and back filling of its designed storage volume. Cryomech,
for example, recently reported a helium liquefaction rate of
32 1 d~!' from room temperature with a 4 K pulse tube
cooler (Wang 2009) instead of two 4 K 1.5 W GM type
coolers producing 6 1 d~" with an electrical power of 15 kW
(Sumitomo Heavy Industries Catalog). A. Hofmann was the
first to discover the greater potential of gas liquefaction from
RT using a PTR, as compared to the GM cooler, by exploiting
the longitudinal tube temperature profile. A typical example
of an early dual-stage 4 K four-valve pulse tube cooler of
GM/Matsubara type is shown in figure 66 (Hofmann 2003).
If the total MRI liquid helium reservoir were 500 | instead
of 2000 1 it would still take 14 days for refilling and a further
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Figure 66. Fully instrumented prototype PTR showing a possible
liquefaction path along the tube length (in blue). Cooler design
parameters: fully welded design; no magnetic shielding required; no
buffer volume; same geometry as 4K SHI GM cooler; no noise; no
vibration (PTR in side-sock); self-balancing wear-free rotary valve;
liquefaction fins incorporated on second stage. (Reproduced with
permission from Hofmann and Stautner 2005.) Copyright 2005
IEEE.

thousand liters for cooldown to the 4 K operating temperature,
which is not acceptable to the customer.

However, for future MRI systems with much smaller
cryo-inventory quench gas capturing becomes feasible.

This way quench gas can also be conveniently stored
and reclaimed internally within the vacuum space of the MRI
magnet, the ultimate goal of a truly ‘closed’ and ‘green” MRI
system of the near future.

5.3. Component cooling

Amongst the most important components of an MRI magnet
system are the current leads (CL) required to ramp the magnet
to field and the persistent current switch (PCS).

5.3.1. Power leads for MRI.  Over the years, engineers have
come up with innovative solutions that minimize the heat
loads during and after completion of the ramp, in the steady
state. To reduce the ramp heat load, most of the current leads
take advantage of heat exchange with the escaping helium gas
from the MRI reservoir.

Traditional clinical systems have for a long time utilized
retractable leads that are inserted from the atmosphere into
the cryostat, and retracted once the magnet ramp is complete.
The leads penetrate the helium vessel and make contact with
the sockets at the 4 K level. Obviously, such a ‘penetrating’
solution may not be compatible with the discussed helium-
vessel-less options of a ‘dry’ conduction-cooled or limited
helium reservoir magnet. Alternative advanced current leads
solutions have been looked into that allow supporting the
‘closed magnet’ design.

5.3.2. Embedded normal metal current leads for MRI
applications. Rather than exposing the MRI magnet to
atmosphere to insert the current leads, they can be fully
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embedded in the magnet structure, which is advantageous for
a number of reasons.

e No need to depressurize the helium vessel/reservoir for CL
removal.

e No need to open the cryostat and expose it to the
atmosphere. The cryogenic system remains leak tight and
icing is avoided.

e A fully automated ramping process is feasible.

Embedded leads made of brass, copper, aluminum or
other alloys require vapor cooling during ramping to reduce
the heat load to the magnet and to be able to force the
operating current through the leads. This requires a dedicated
venting system on the cryostat turret on conventional MRI
systems, designed to address the required level of redundancy
and safety, see figure 67 for a typical MRI turret component
arrangement (Steinmeyer et al 2002).

A neat solution for an embedded lead is given by
Scurlock (2006). The current lead is wrapped around a
cryostat service turret to reduce the current lead height and
increase the thermal path from RT to 4 K (see figure 68).
During ramp, heat exchange on the tube inner surface is
increased, whereas the current leads themselves remain in a
vacuum space.

Vapor-cooled current leads also come in different shapes
with enhanced heat transfer characteristics (Chang er al 2006).
Alternatively, the main cryostat turret itself can be used as a
current lead in a conventional MRI system, further details are
found in Belton et al (2006); White and Steinmeyer (2005).

As will be shown later, current leads preferably need to
be placed in close proximity to a heat sink, e.g. the cryocooler.
Conveniently, even the cryocooler itself can be thought of as
a current lead (Steinmeyer and Kramer 2000) or heat pipe, as
Daugherty and his team report (Daugherty et al 1995).

A novel, low heat load HTS lead wrapped around a
support tube structure that uses a nitrogen bath at the warm
end during ramp has recently been proposed by GE (Huang
et al 2006) and is shown in figure 69.

Adiabatic, indirectly cooled metallic current leads for
NMR and MRI magnets were investigated and modeled
successfully as early as 1960. Vapor-cooled current leads
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Figure 68. Vapor-cooled current lead on a cryostat turret (500 A,
spiral wound leads, total length 150 mm between 300 and 4 K).
Reproduced with permission from Scurlock (1988). Copyright 1988
Elsevier.

on the other hand still seem to attract considerable research
interest, especially for applications requiring very high
currents >55 kA. Cooling of leads in the 10 kA range and
higher require additional heat exchangers and sophisticated
helium counter flow techniques. For most MRI applications,
the amperage ranges from 100 to 1000 A only, depending
on the particular MRI application and magnet design. For
optimum performance CFD calculations are recommended to
detect the occurrence of local hot spots and gas pockets within
tubular vapor-cooled current leads at tube bends and heat
intercepts. A careful design is recommended to avoid severe
magnet quenching issues during ramp and in operation (the
so-called ‘hot gas quenching’ phenomenon). During ramp, a
tubular current lead requires an unrestricted gas flow, free of
ice and nitrogen condensation.

The typical heat flux through a pair of optimally
sized adiabatic copper leads (in vacuum) from RT to
4 K amounts to approx. 84 mW A~! (Wilson 1982),
whereas the same pair would burden the cryostat with only
22mW A~L if vapor-cooled. This optimum value, based on
thermodynamic calculations, however assumes perfect heat
transfer, a boundary condition which in practice is difficult
to maintain along the complete current lead length.

5.3.3. Embedded HTS current leads for MRI applications.

It is commonly accepted that HTS lead technology for the
next generation of MRI magnets would reduce cooling costs
during magnet ramp and steady state operation. HTS tape
manufacturers claim to be able to reduce the ramp heat
load by a factor of 100 (Dietrich 2005). While the above
figure of 100 may still be ambitious, a factor of 50 seems
to be reasonable in the near future. HTS leads eliminate
some of the problems discussed in section 5.3.2 concerning
adiabatic or vapor-cooled current leads, provided those leads
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Figure 69. HTS spiral wrap current lead.

are properly designed, heat intercepted, mechanically robust
in all operating modes and reliable. Those factors are very
important, since ramp up/down is not possible with cracked
leads (Steinmeyer et al 2002). Repair is usually impracticable
without warming the magnet up to room temperature. If faults
were to occur during operation, a safe and cost-saving magnet
ramp down would no longer be possible. HTS leads made of
tape stacks are field dependent; if subjected to a perpendicular
field on the tape width, the current carrying capacity tends to
degrade rapidly (see figure 70) (Kellers 2003).

Although low-cost HTS tubular bulk current leads
(Nexans 2004, CAN Superconductors 2012) are available, the
stacked tape technique seems to give more robust leads. A
metallic shunt or other suitable quench protection is advisable
to safeguard against lead burn-out.

Once those criteria are fulfilled at reasonable cost, future,
next-generation MRI magnet designs will benefit from this
technology. Heat loads during ramping and with optimized
HTS current leads could be less than 100 mW in total for
the complete assembly, depending on the chosen operating
current for a typical MRI unit, the available heat stationing
temperature and the vapor cooling rate. Efforts on minimizing
the heat loads of HTS leads are still ongoing (Lakrimi et al
2007). Figure 71 shows the dogbone type attachment of a
current lead pair attached to the first stage of a cryocooler.
Above the first stage the current lead consists of a resistive
copper or brass lead.

Ballarino gives a good overview on the current state of
high-power HTS current leads (Ballarino 2007). Various CL
shapes made from different materials and additives, either
BSCCO0-2223, BSCCO-2212 based or from YBCO or MgB,,
are reported. Trithor for example, used Bi-2223 with an high
AgAu content of 4% (Kellers 2008). This kind of doping leads
to enhanced electron defect scattering that results in a reduced
specific thermal conductivity of the matrix (Schwarz 2009).
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Figure 70. (a) BSCCO tape field orientation dependence, (b) perpendicular field, (c) parallel field (Kellers 2003). Copyright 2003 Trithor.
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Figure 71. Typical ‘Hybrid’ current lead, warm end of a HT'S lead
heat-stationed to the cryocooler first stage. Resistive part extends
from cryocooler first stage to room temperature.

5.3.4. Retractable embedded current leads for MRI applica-
Retractable embedded current leads can reduce the
heat load to the magnet by mechanically disengaging them
from the cold magnet after the ramp, either manually with a

tions.
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sliding seal through the vacuum space itself without breaking
the vacuum, by hydraulic actuation (Ennis et al 1985)
or demountable (Vermilyea and Dorri 1994). In particular,
next-generation MRI magnets with low cryogen reservoirs
may use adiabatic, retractable leads, situated close to the
cryocooler and the thermal shield. Retractable hybrid current
leads are feasible as well, in this case the lower HTS part
is embedded and the upper, conventional resistive part is
retractable (GE patent pending).

5.3.5. Persistent current switches for next-generation MRI
units.  One of the most important and critical components
of an MRI magnet is the superconducting switch connected to
the magnet terminals, also called the persistent current switch
(PCS), that allows ramping the magnet to the design field
(switch in ‘open’ state) and trapping the field in the magnet
(‘closed’) state. The switch is designed for an intended magnet
ramp time according to:
Ldl V—I
dr '
whereas V is the ramp voltage when turning on the power
supply (PS) (PS arranged in parallel to switch), ¢ is the ramp
time, / the electrical current fed into the magnet and r is the
sum of the resistances of leads and joints. The generated heat
Q in the switch can then be described as:

stitch = Vz/R (9)

with R as the normal state resistance of the switch.
Several design criteria are important, for example the low
inductance of the switch itself, the thermal response time,

®)



Supercond. Sci. Technol. 26 (2013) 093001

Topical Review

Gas to cryocooler
cooling loop circuit
gas reservoir

Joint cups
‘

\

\ Bifilar wound switch

\

Heater wire or band

R

[ 7

Space for liquid halium

Viizzzz7zz2z;22:2:22

\ Backup switch

___________________________________ \ .

Stainless steel tube in copper tube with helium passages frontand enc

)

LHe
reservoir
connection
with safety
valve

Horizontal
orifice or vertical
moving plug

Liquid Helium
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the normalization time, to name but a few. For switch
‘opening’, a heater may be either incorporated during
winding or attached to the superconducting winding of
the switch. In helium bath-cooled magnets, even with an
epoxy-encapsulated switch, heat transfer to the helium bath
is adequate and switching rates are very fast. Switches for dry
magnets (Dorri and Laskaris 1995) on the other hand need to
be carefully designed to avoid burn-out due to the absence of
a helium bath. Overheating and switch wire burn-out is more
likely to happen since the thermal resistance of the conduction
path, as well as the limited cooling power of the cryocooler,
influences the design.

As we have shown earlier, some future MRI systems
may employ a very small so-called LHe ‘satellite reservoir’
(e.g. of 5-50 1). This calls for PCS designs that work in
vacuum (conduction-cooled, cryo-free) or designs that tap
into this satellite reservoir, either with direct contact to
liquid helium or through conduction. Main-reservoir-fed PCS
designs featuring their own intrinsic, liquid envelope are
feasible and advantageous, since they can conveniently be
mounted anywhere in any orientation in low magnetic field
regions with exceptionally quick response times in open
(normal)/closed (superconducting) states. Figure 72 shows a
design implementation of this type of switch. Various design
modifications enable fine tuning the PCS to satisfy the MRI
magnet requirements (Stautner 2013b).

5.4. He-II cryogenics for MRI magnets

5.4.1. He-II technology for NMR and ultrahigh-field MRI.
Sub-cooling of bath-cooled magnets is done to get significant
advantages in the design due to the extended critical
parameters of superconductors at lower temperature.

e Anincrease in the maximum critical field B¢y (Top) makes
systems feasible with higher By.

e An increase in J.(Top) allows operation at a higher Iop /1.
ratio, with superconductor savings.
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e For the wire, the amount of superconductor within the wire
(fill factor) is increased.

For high fields, about 11 T, the critical current of NbTi
wire wound solenoids cooled with superfluid helium at 1.8 K
corresponds to that of NbzSn at 4.2 K (Warner 2008, Liebel
2011, Claudet and Seyfert 1981).

Cryogenic disadvantages are the cost increase (COE, cost
of energy) in the cryogenic infrastructure to maintain the
MRI/NMR system at specific operating temperatures over
long operating times. UHF MRI systems in general can benefit
from existing high-field NMR magnet technology as outlined
in the following.

Ultrahigh-field magnet technology—the GHz race is
on. Varian, Oxford Instruments and Bruker, as well as the
University of Tsukuba and NHMFL (see figure 76), started
to compete neck on neck for the first 1 GHz system.

It is now widely expected that the newer NbiSn
conductors will permit 1 GHz NMR magnets to be made of
NbTi and Nb3Sn. This would require persistent operation at
a field of about 23.8 T in a material with an upper critical
field of about 28-29 T at the operating temperature, a truly
challenging but attainable goal’. Shortly after the above
statement made by Larbalestier (Scanlan et al 2004), Bruker
won the race and in July 2009 announced that the world’s first
GHz magnet had gone to field (warm bore size 54 mm). The
first unit was installed at Centre de RMN a Tres Hauts Champs
a Lyon, France.

Development history in brief. This project started back
in 1984 in collaboration with the Research Centre Karlsruhe,
Institute of Technical Physics, who had been working on
high-field magnets with Nb3Sn inserts for years (Turowski
et al 1980), pioneering the delicate wind and react process
of the required Nb3Sn inserts. In particular a magnet
designed for MoBbauer-spectroscopy experiments achieved
an unprecedented maximum central field of 13.9 and 14.16 T
close to the conductor at 4.5 K in early 1980. As early as 1990,
Turowski and Schneider reported on the design and operation
of the world’s first 20 T superconducting magnet system and
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Figure 73. (a) Pumped cryostat for a 20 T magnet (Turowski and Schneider 1990) showing the inner Nb3Sn sections; (b) hybrid 20 T
magnet as of 1989 (Turowski and Schneider 1989). Reproduced with permission from Noe (2012). Copyright 2012 ITP/KIT.

its future prospects (Turowski and Schneider 1989, 1990).
They describe a superconducting hybrid system consisting of
a NbTi outer magnet and several Nb3Sn insert magnets which
used multifilamentary Nb3Sn conductors. Figure 73 shows
their compact advanced magnet system operating at 1.8 K.

Building on this success at FZK, a 750 MHz NMR
magnet prototype, followed by a product introduction seemed
to be an achievable, although challenging goal. Bruker had
already produced 500 MHz NMR systems since the early
1980s, but this first step towards NbzSn insert technology was
considered very challenging.

Moreover, to achieve 17 T with the wire available at that
time, a new cryostat design was required that subcooled the
helium bath to a temperature low enough to achieve the design
field. Lessons were learnt from the Saclay team, especially
from their ‘Marinette project’ (Lottin 1981) and other French
collaborating groups working on the Tore Supra project
(Claudet and Aymar 2007) that had reported progress on He-II
cooled superconducting magnets 15 yr earlier. With increasing
field strength requirements the NMR system development
roadmap had to commit to a wire development with a
reliable partner. Kobe partnered with the superconducting
wire supplier JASTEC, whilst Oxford Instruments, competing
with Bruker, received wires from Oxford Superconducting
Technology OST for their NMR program, Bruker recently
decided to acquire Vakuumschmelze, expanding the long-term
relationship with this company (now EAS), and knowing
about their capability in developing Nb3Sn wires with very
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high current carrying capacity, tailor-made for the next
generation of ultrahigh-field NMR magnets. On December
5th, 1992, the first new magnet type went to a field of
17.62 T, corresponding to 750 MHz (Miiller et al 1992a,
1992b, 1993a, 1993b). Further development is presented in
figures 74 and 75.

Cryogenic challenges: UHF would not have been possible
if not for the earlier development and in-depth analysis
done by the scientific community and their shared expertise.
See, in particular, the work published in Kan et al (1980)
and Roubeau (1975) on cryogenic pumping requirements; in
Mardion et al (1978), Claudet and Aymar (2007), Mardion
and Senet (1979a), van Sciver (2002) and Hilal (1980) on heat
transfer; in (van Sciver 1978, McClintock 1978, Augueres
et al 1980) on He-II vertical cryostat design; in Faure-Brac
and Grenber (1984), Elsner and Klipping (1973) on pumping
speed; and in Francois and Lottin (1979), Wilks (1967), Lottin
(1981) on pumping requirements.

A key part in the design is the refrigerator line. Typical
lines are shown in figure 77 and normally consist of a
precision needle valve delivering an annular flow passage,
a filter block made of sintered metal and an appropriately
designed heat exchanger (Mardion and Senet 1979a, 1979b)
as well as a means of eliminating any possible film creep at
the suction point.

Figure 78 shows the dual bath design chosen by Oxford
Instruments/Varian group. This basic principle was first
published in 1981 by the Williams/Iwasa team (Williams et al
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Figure 75. NMR milestones of collaboration effort. Reproduced
with permission from Noe (2012). Copyright 2012 ITP/KIT.

1981). The design requires direct pumping on the 2.2 K bath,
filling back from the He-I reservoir. The cryostat diameter
is slightly increased, whereas the Bruker system requires a
greater room height since the He-I bath is designed above
the He-II bath. In this case the He-II bath and the He-I bath
are thermally isolated from each other (Miiller er al 1992a,
1992b, 1993a, 1993b).

In the product, the above concepts need to also ensure
safe operation in case of a quench. Table 5.6 depicts typical
stored energies, which represent a fraction of typical UHF
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Table 5.6. Typical field strength and approximate stored energy of
NMR magnets versus operating frequency (Larmor frequency:
42,576 MHz T~1).

Operating Field Stored
frequency strength energy
(MHz) (T) MJ)
200 4.7 0.018
400 9.4 0.219
500 11.747 0.45
600 14.1 1.25
750 17.62 5

1 GHz 23.5 26

1.3 GHz 30.533 tbd.

MRI with Egreg > 100 MJ, due to the much larger bore size
of the MR system.

5.4.2. Outlook for MRI. Ultrahigh-field MRI magnet
systems will draw from the experience gained with the
high-field pre-clinical NMR systems discussed herein and
will combine cryogenic and magnet technology. Examples are
shown in figure 79, depicting a subcooled tomography system
for the Neurospin project in France, delivered by Bruker in
2007 (21 T system in preparation), and an Agilent 16.4 T wide
bore system.

As mentioned before, a subcooled magnet system
improves the properties of the superconducting wire provided
the temperature stability of the bath itself is maintained and
the coolant is close to the winding.

Subcooled MRI systems require continuous pumping on
the 4 K He-I bath to maintain a constant temperature gradient
for 2 K operation. The pumping flow cannot currently be
recondensed with a cryocooler, requiring external gas storage.
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Figure 76. Ultrahigh-field magnets, the three main competitors. (a) Oxford Instruments 900 MHz (reproduced with permission of Oxford
Instruments); (b) NIMS 930 MHz (Tachikawa 2012) (reproduced with permission of NIMS) and (c) Bruker 1 GHz (reproduced by

permission of Bruker).
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Figure 77. Typical refrigerator lines and choices.

The technology now culminates in the largest MRI
magnet, ISEULT, constructed for research use at the
Neurospin Centre, which will be using a stand-alone
cryoplant with He-I/He-II cooling system (see section 4.2).
If successful, it may stimulate use of the He-II option in other,
smaller, MRI UHF whole body systems.

5.5. Non-traditional cryogenics—hydrogen econonty

5.5.1. Hydrogen economy: elements applicable to MgB;
MRI/MRI ‘going green’. With the arrival of the first
superconductor wire available with a T¢ close to 18 K, namely
Nb3Sn (Matthias et al 1951), Nb3Ge (Matthias et al 1965)
and V3Ga (A1l5 compounds), subcooled liquid hydrogen
was thought to replace the costly helium. But, even before
that time, indeed cryoresistive non-superconducting magnets
based on copper and aluminum were cooled with liquid
hydrogen (Schauer et al 1970). Liquid hydrogen pre-cooling
was also used successfully for the superconducting ANL
bubble chamber magnets (Brechna 1973). In the early 1960s
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liquid hydrogen was used as a thermal shield for a large
spherical helium vessel (Elrod 1963) and even earlier a 500 1
LH; experimental dewar was in use at NBS (Scott 1959, Scott
et al 1964). Experimenters then quickly learned that liquid
hydrogen is the most advantageous cooling media we know
in cryogenics, exhibiting a higher heat transfer efficiency
than helium, leading to a faster thermal mass cooldown and
drastically lower boil-off (by a factor of 12).

Today, we are fortunate to see the hydrogen economy
and infrastructure beginning to take shape, established by
the automotive industry and their partners. Hydrogen is not
only energy efficient and clean, but also readily available in
large quantities at extremely low cost for hydrogen fuel cell
cars from all major renewable energy sources and landfills.
Durable high-pressure cryogenic storage containers have been
developed, as well as the required fueling infrastructure
and its safety components, standards and features (LHA).
High-purity hydrogen is produced reliably, fast fueling is
possible, all safety devices required are qualified for hydrogen
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use and hydrogen is boiled off safely in garages through relief
valves.

The automotive industry may help to overcome the
so-called ‘Hindenburg syndrome’ mentioned by Edeskuty and
Stewart (1996), which finally no longer poses an insuperable
obstacle to the safe use of hydrogen.

Suddenly hydrogen as a coolant has sparked great interest
for replacing costly helium, since now it seems possible
to directly embed superconducting magnet systems within

e World's Highest Field

highest field

BC 176/25

a)

o Compact magnet design

« UltraStabilized™ sub-
cooling technology for

e In vivo imaging at 17.65 T
corresponding to 750 MHz

this hydrogen infrastructure. Examples are Grant’s concept
of interconnected hydrogen-based smart grid components
(e.g. HTS cables) (Grant 2012) or hydrogen thermosiphon-
cooled SMES systems to compensate the power fluctuations
of renewable energy components, such as with 5 MW wind
generators (Shintomi et al 2012), as shown in figure 80.

The medium-temperature superconductor MgB; can
certainly play a major role in future MRI designs if it succeeds
in continuing to increase in engineering current density over
time, if the production of long wire lengths is under control
and reproducible with consistency of key parameters such
as J. or n-value, if wire costs can be further reduced to
the levels of NbTi, and if multifilamentary wire joints can
be made successfully during the winding process. Three of
those aspects are currently being addressed by the scientific
community besides an increase in /.. Further benefits for the
MRI industry are increased ride-through time and reduced
cryocooler cost with longer life time, since the costly rare
earth in 4 K coolers is no longer required for 10-20 K
hydrogen cooling.

5.5.2. Cryocoolers for ‘next-generation wire’ MRI systems.
If MgB, can successfully transition to larger MRI systems, as
hoped by the MRI industry, and the hydrogen infrastructure at
the same time becomes feasible such that even conduction-
cooled small systems appear on the market, the traditional
‘shield cooler’, also called the ‘10 K cooler’, will receive an
overwhelming comeback. Instead of the currently required
and available cooling powers of 1-1.5 W @ 4.2 K, now
54 W @ 10 K and approx. 13 W @ 20 K will be obtainable,
accompanied by a further simplified cryogenic design at
reduced cost.

An engineering prototype for limb size MRI application,
sponsored by the NIH, is currently being built by the
GE Global Research Electromagnetics and Superconducting
Magnet Lab team and its partners and will optionally operate
in dual mode (liquid helium or liquid hydrogen) (Mine et al
2012, 2013).

iﬁn

Preclinical MRI Scanner

b)

Figure 79. (a) Neurospin cryo subcooled tomography system. Reproduced with permission of Bruker. (b) Agilent wide bore systems
16.4 T/260 mm-—18.8 T/210 mm. Reproduced with permission of Agilent.
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Flow diagram for a Hydrogen MRI system and emerging synergies with the H2 economy
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Figure 81. Hydrogen-cooled MRI in H, economy.

Figure 81 depicts in what way future hydrogen coolant- as a coolant instead of costly helium. In a potential scenario
based MRI systems will be designed and commissioned, future MRI systems can thus be initially filled directly
based on a future hydrogen economy (Stautner 2013a). To from a conventional hydrogen automotive fueling station.
this effect low helium volume MRI systems will use hydrogen Those existing fueling stations already supply high-purity
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Table 5.7. Amount of cryogenic fluid required to cool metals. (Note: 0 = ratio of weight of fluid to cool the same weight of metal to the
fluid boiling temperature, and required coolant liters required/Ib of metal; based on Jacobs’ curves (Jacobs 1963).)

Fluid Helium Hydrogen Nitrogen
Initial metal
temperature 300 K 77K 300 K 77K 300 K
o 1b7' o 1" o 1" o 1" o b~
Using latent heat of vaporization only
Aluminum 83 302 0.4 1.45 0.38 242 0.018 0.12 0.83 0.46
Stainless 42 151 0.18 0.65 0.2 1.28 0.0085  0.05 043 0.24
steel
Copper 39 141 0.27 0.98 0.17 1.08 0.012 0.08 037 0.21
...and by additionally making optimal use of the enthalpy of the gas
Aluminum 0.2 073  0.028 0.1 0.075 048 0.0097  0.06 051 0.29
Stainless 0.1 036  0.013  0.05 0.037 024 0.0045  0.03 027 0.15
steel
Copper 0.1 036  0.02 0.07 0.037 024 0.0065  0.04 023 0.13

gas for fuel cells. With the fueling technology in place it
would then be possible to safely fill the reservoir of an
MRI system and start the initial cooldown by exploiting
the highly efficient cryogenic properties of hydrogen, as
briefly indicated in table 5.7. Safe high-pressure hydrogen fuel
tanks (liquid/gaseous), high-quality fueling nozzles, hydrogen
safety valves, coolers, hydrogen level sensors and backup fuel
cell generators for cryocoolers already exist thanks to the
development efforts in the automotive industry (Stautner et al
2013).

6. Conclusions

The discussed technologies are presented in table 6.1
according to their relevance in different MR applications.

Conventional technology that comprises tubular magnets
with NbTi coils in a helium bath, at present time firmly
occupies the dominant position in the whole body imaging
market, with By up to 9.4 T. The advantages of a
well-optimized, reliable commercial technology at an efficient
cost point rightfully secures its present place as the choice for
clinical MR scanners.

However, with new dynamics in existing and emerging
imaging markets as well as trends in the commodities,
particularly helium accessibility and cost, the discussed
novel approaches in cryogenics, superconductors and scanner
topologies are opening up attractive alternatives in the areas
of high field, siteability, and anatomically-specific patient
accommodation, that could become prospective candidates for
future mainstream cost-efficient MR scanners.

The move to reduce helium usage in MR magnets and the
pursuit of closed cryogenics solutions is gaining momentum
and, while we are currently at the beginning of this road, it
will continue to develop.

In many cases the introduction of novel technologies into
a cost-conscious commercial market will be stimulated by
growing needs in advanced customized procedures. Specialty
scanners, such as orthopedic or head imagers, can lead the
way due to the intrinsic advantages in their design. A smaller
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imaging volume, and reduced weight and coil dimensions,
lower the introductory threshold for their cost and risk. Lower
inter-coil and intra-coil stresses contribute to improved coil
stability. The smaller cryostat size and reduced stored energy
that need to be absorbed during quench are conducive to
closed cryogenic solutions. A cryo-invisible cooling design
that employs conduction or convection loops and never needs
a service refill, eliminates duct lines in the imaging room
and promotes easy office siting for such specialty imagers.
They are also better candidates for HTS/MTS introduction, as
their lower superconductor-to-cryostat cost ratio means that
the initial higher cost of the new conductor will be easier
to offset against the advantages associated with advanced
cooling arrangements.

Similarly, the advantages in image quality promised
by increasing By to 7 T and higher, and corresponding
technologies such as Nb3Sn coils or sub-atmospheric helium
and He-II cryogenics have so far been limited to developments
for animal and pre-clinical research scanners. Here, specialty
head scanners may be the first to open the door for clinical
ultrahigh-field MR. The smaller FOV of the dedicated head
magnet, as well as its small bore size (albeit sufficient to
accommodate a patient shoulders) allow one to scale down the
many challenges associated with the compensated solenoid
design, improve complexity and cost as well as stray field and
siteability, and can help to usher in the new ‘decade of the
brain’.

As with many other applications, new high-temperature
superconductors still have to clear the common hurdle of
cost, reliability, stress tolerance and persistent joints, before
the commercial use of MR magnets can be attempted.
Their maturity in the future can bring significant advantages
and enable non-traditional, more open configurations and
advanced cryogenic solutions. Rapidly accelerating MgB;
developments, now with its first use in a commercial 0.5 T
MR scanner, have made it a realistic candidate as a volume
substitute for NbTi in ‘cryogenless’ 1.5 T/3 T MR magnets in
the future. This is still subject to reaching cost competitiveness
with NbTi and progress in joint technology; again its
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appearance in dedicated specialty magnets may help to speed
up that introduction.

New technologies in the areas of scanner configurations
with better patient accommodation, invisible cryogenics
with minimized helium usage, and novel high-performance
superconductors will undoubtedly serve as fertile ground
for exciting future developments in superconducting magnet
design for an expanding MRI market—the largest commercial
application of superconductivity.
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