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Abstract

®

CrossMark

Proton therapy is a rapidly increasing modality to treat cancerous tumors, but large-scale
implementation, and therefore widespread availability for patients, is hindered by the size and
upfront investment for treatment facilities. Superconducting technology can enable more
compact, and therefore more affordable treatment systems, by increasing the magnetic field in
the magnets for the proton accelerator (typically a cyclotron) and in the beam guidance up, over,
and into the patient (the gantry). In this article, we discuss research at Varian Medical Systems
Particle Therapy GmbH on various superconducting technologies for potential application in
future, more compact cyclotrons and gantries. We discuss which technologies are feasible, and
to what extent. We demonstrate why certain conductor choices are made, and show the
development of novel new conductor and magnet technologies that will be required to enable
the next generation of cryogen-free, conduction-cooled compact treatment systems. We
conclude that superconductivity is certainly required for the next generation of proton treatment
systems, but also that the amount of compactness that can eventually be achieved is not solely
determined by the magnetic field strength that is generated in the magnets.

Keywords: superconductors, medical accelerators, proton therapy, gantry, cyclotron, conduction

cooling

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

1. Introduction

One in eight deaths worldwide was caused by cancer in 2007,
and in 2018 this had increased to one in six deaths worldwide,
according to the Global Cancer Facts & figures publications of
2007 and 2018 [1, 2]. Cancer was the second-leading cause of
death (following cardiovascular diseases) worldwide in 2018.
The predicted number of global new cancer cases was 12 mil-
lion in 2007, and this number increased to 17 million in 2018.
In 2007, 27 million new cancer cases were predicted to occur

1361-6668/20/064001+15$33.00

in 2050, but by 2018 that was adjusted to occur already in
2040. These chilling numbers and growth clearly identify a
need for improved modalities to treat cancer. Naturally, the
best solution for cancer is prevention, but unfortunately, the
numbers above show that a growing and aging global popula-
tion outruns awareness and increasing life standards.

The primary modalities of cancer treatment are surgery,
chemotherapy, and radiotherapy, which may be used alone
or in combination [1]. The most common radiation treatment
is with high energy photons (i.e. x-rays), and a typical dose

2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. Comparison of the deposited dose distributions when treating cancerous tissue with photons or protons.

distribution as a function of depth in the body is shown in
figure 1. It is clear that a larger fraction of the radiation dose
is deposited outside the tumor in the patient’s body, which is
damaging to the healthy tissue and also introduces the risk for
secondary cancers to occur. The treatment is therefore mostly
administered from multiple angles, in order to reduce the dose
in areas outside the target and deposit the largest overall dose
in the tumor.

In contrast, when high energy protons enter the body, they
interact with the tissue, which causes them to lose energy
and slow down, after which they lose an increased amount of
energy per penetration depth, and slow down faster, eventually
resulting in a complete stop where the largest amount of energy
is deposited. This behavior is referred to as the occurrence of
a Bragg peak, and its depth inside the body is a function of the
initial energy of the protons. By varying the energy of the pro-
tons, a spread-out Bragg peak results, which can be tailored
across the tumor extent in depth. Further accuracy in dose
deposition is achieved by scanning the focused proton beam
across the tumor cross-section for each given proton energy,
i.e. treatment depth, which is referred to as pencil beam
scanning.

From figure 1 it is seen that a treatment with protons results
in roughly half of the radiation dose before the tumor, with no
affected tissue behind the tumor. This is specifically beneficial
for head and neck treatments and for pediatric patients, and
results in less side effects and secondary cancers when com-
pared to a treatment with photons. A treatment with protons is
further commonly also administered from multiple angles by
rotating the gantry around the patient, thereby further increas-
ing the ratio of the deposited dose in the tumor versus the one
in the healthy tissue.

The typical layout of a multi-room proton treatment facility
is shown in figure 2. Protons are accelerated to a fixed energy

Superconducting Cyclotron

Fixed Beam Room

Treatment Room & Gantry

Degrader &
Energy Selection System

Figure 2. Artist impression of a multi-room proton therapy
treatment facility.

in a cyclotron. Varian’s AC250 isochronous cyclotron can gen-
erate a continuous 800 nA beam of protons with an energy
of 250 MeV, which corresponds to a penetration depth of 37
cm in water, i.e. sufficient depth to fully penetrate a human
body. A degrader and energy selection system after the cyclo-
tron varies the beam energy typically between 70 to 230 MeV,
after which the protons enter the beam-line towards a selected
gantry. The gantry then guides the beam up, over, and into the
patient, and the gantry can be rotated over 360" in the case of
Varian’s ProBeam® and ProBeam 360°® solutions. Located
just before the patient is a nozzle, which contains scanning
magnets, a dose and position monitor, and an imaging system,
thereby completing the beam trajectory. In multi-room facil-
ities, patients can be prepared in one room, while active treat-
ment takes place in another room, utilizing the accelerator to
the fullest. Fixed beam rooms without lateral beam-scanning,
for example for eye treatments, are also available.

A key problem for the large-scale implementation of
proton-therapy is immediately evident for a multi-room
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Figure 3. Artist impression of Varian’s single-room ProBeam®
proton therapy solution.

treatment facility: The 5-room installation as shown in figure 2
has a footprint of about 30 m by 90 m, which leads to signific-
ant upfront investments for such facilities. To limit the initial
investment, one can choose to install a single-room system,
for which an artist’s view is shown in figure 3, with a cross-
sectional sideview in figure 4. It is seen that single-room treat-
ment facilities, such as Varian’s ProBeam® Compact solution
introduced in 2014, and the more compact (but lower beam
energy) ProBeam 360° ® proton therapy solution introduced in
2019, with their approximately 8 m diameter gantries, are still
large compared to other modalities, while the ProBeam 360" ®
design is already at the limit of what can be achieved with
resistive gantry magnet solutions. Other single-room solutions
(see e.g. the review in [3]), such as Mevion Medical Systems’
S250™ (2012) and S250i™ (2018) systems, as well as Ion
Beam Applications’ (IBA) Proteus® One (2014) and Hitachi’s
Single Room Solution (2018), also remain very large when
compared to photon treatment systems (figure 4).

In 2018 there were 199 proton treatments rooms available
globally [4]. Assuming that 60% of the annual cancer patients
will receive radiation treatment, and that of those who receive
radiation treatment 20% would benefit from protons, then at
the present throughput of 300 patients per room and year, it
follows that in 2018, with 17 million new cancer patients [2],
there was a global need of 6 800 rooms. This means that less
than 3% of the cancer patients that would have benefitted
from protons in 2018 had access to treatment. When observing
the 27 million new cancer patients as predicted in 2018 for
2040 [2], a global need of more than 10000 rooms emerges.
Assuming an average of two rooms per system, it follows that
there is a need to deliver 250 systems annually for the coming
20 years.

Although these demands for proton-therapy systems seem
huge, they have far from materialized: Over the past 10 years
since proton therapy was added to its product portfolio, Varian
has committed to a little more than 80 proton treatment rooms,
or 8 rooms annually on average. When comparing these num-
bers to cancer treatment with photons for illustration: Varian
has an installed base of more than 8 000 medical linear accel-
erators, i.e. a factor 100 more. In figure 4, a size compar-
ison is made between Varian’s state-of-the-art proton therapy
solutions and the vault size for a TrueBeam® photon solu-
tion. From this comparison it seems that to get anywhere near
to fulfilling the desired amount of system implementations,
significant size, and thereby cost, reductions will be needed,
and superconducting technologies are required to realize this.

Varian ProBeam® (Protons)

* SC accelerator, NC beamline
«+ Status-of-Art clinical quality

+ >80 rooms sold

Present products

Varian ProBeam® 360° (Protons)
* SC accelerator, NC beamline
« Limit of Normal Conducting solutions

Varian TrueBeam® (Photons)
« > 8,000 medical linear accelerators installed base

Figure 4. Size comparison between Varian’s ProBeam® and

o . .
ProBeam 360 ® proton therapy solutions, and the vault size for
Varian’s TrueBeam® photon treatment solution.

Ideally, such technologies are cryogen-free. The reason for
this is obvious for rotating systems such as gantries, but also
for static systems such as a cyclotron there are arguments for a
cryogen-free technology: Cryostat construction is simplified,
potential on-site handling of cryogenic liquids is prevented,
and only one superconducting technology and conductor is
needed for the entire system.

2. Superconducting magnets

The magnetic flux density B that is required to bend a charged
particle with mass m, velocity v, momentum p and charge g
over a radius p, is given by

_my

Bp=""=", ()
q q

The term Bp is usually referred to as the ‘magnetic rigidity’
of a beam in [Tm]. Since protons with a kinetic energy of 250
MeV travel at 61% of the speed of light ¢, their momentum is
most commonly calculated by using a relativistic energy bal-
ance for the total energy

Eqoa = mc® = c\/p? + m3c?, )

in which the first term represents the kinetic energy, and the
second term represents the proton’s rest energy for its mass-
at-rest mp. By combining equations (1) and (2) it follows for
the magnetic rigidity

Bp =2.432Tm, 3)

for protons with a kinetic energy of 250 MeV.

Relation (3) is plotted in figure 5, together with the limiting
magnetic fields for resistive dipole magnets and for record low
temperature superconducting NbzSn magnets [5]. It is imme-
diately evident that the maximum gain in bend radius, when
switching from resistive to superconducting magnet techno-
logy, is only about 1 m. Itis also clear from figure 5 that the rel-
ative gain in bending radius becomes increasingly less, while
the dipole magnet technology becomes increasingly complex.
An optimum dipole magnetic field seems to be located around
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Figure 5. Required magnetic flux density to bend 250 MeV protons
within a given radius. The magnetic field limitations for resistive
and low temperature superconducting dipole magnets, and the
resulting maximum radius reduction when using superconducting
magnets, are also shown.

7 T: Most of the reduction in bending radius is realized at this
field, but the magnet technology is still not too complex and
repetitively proven [6], albeit for straight, not strongly curved
dipoles.

Varian’s AC250, which uses Nb-Ti main coils, has a cent-
ral magnetic field of only 2.4 T, and an outer diameter of just
over 3 m. For the main solenoids in a future, more compact,
isochronous cyclotron it can be argued that, similar as for a
bend magnet in a gantry, a central cyclotron magnetic field of
around 5 T (i.e. around 7 T at the superconducting windings),
is optimal. One can certainly make a set of split solenoids that
generate a central magnetic field of significantly more than 5 T
using existing technology, thereby reducing the cyclotron dia-
meter more. It will, however, be difficult, if not impossible,
to also fit the RF components, the cryogenics, the flutter field
generating components (see section 4), and the load bearing
components in the available volume. Hence, a magnetic field
at the superconductors on the order of 5 to 7 T seems optimum
both for bend magnets in gantries, as well as for isochron-
ous cyclotrons, which yields a simplification when a conductor
type and technology needs to be selected, since one supercon-
ducting technology can be used for the entire system.

3. Superconducting bend magnets for gantries

We studied the feasibility of superconducting final bend mag-
nets for gantries in collaborations with the Paul Scherrer
Institute in Villigen, Switzerland (PSI), and with Lawrence
Berkeley National Laboratory in Berkeley, CA, USA (LBNL).
In both studies, the high performance of superconducting

\
|

S

Front end removed

Simpler first bend

(fixed energy)  Degrader on gantry

Figure 6. Artist impression of potential size reductions when
replacing a resistive main bend magnet in a gantry by a
superconducting version with a large momentum acceptance.

magnets was utilized to design large-bore achromatic magnets
for the final bend in a gantry, with a higher momentum accept-
ance than what is possible with resistive magnets. In this way,
a treatment can be performed with one, two, or at maximum
three magnetic field settings, depending on the proton energy
range that is required for the treatment. Limiting the need
to ramp the magnet results in increased patient throughput
and faster dose delivery, which is beneficial for organ motion
mitigation and emerging modalities such as FLASH [7]. The
need for magnetic field changes obviously also needs to be
limited as much as possible due to undesirable losses in the
superconducting material, which will cause the temperature
to increase in a conduction-cooled magnet configuration. An
important advantage of an achromatic final bend magnet is that
the degrader can be placed on the gantry in between the first
and the final bend magnet, as opposed to a placement before
the gantry. Moving the degrader onto the gantry enables a
shorter system, as is sketched in figure 6.

In the collaboration with PSI, a final bend magnet was
studied that consisted of two sets of double racetrack dipoles
with quadrupole magnets for focusing before, in between, and
after the double racetrack sets [8—12]. The design philosophy
focused on the utilization of proven magnet design concepts,
using comparatively easy to manufacture coils. Cryogen-
free, conduction-cooled designs with and without iron, and
using Nb-Ti and Nb3Sn superconducting cables were investig-
ated. Feasible solutions with acceptable particle tracking were
found with maximum magnetic fields at the conductors of
7.5 T without iron and 5.7 T with iron, and temperature mar-
gins on the order of 5 to 6 K for Nb3Sn and 1.5 K for Nb-Ti,
but no hardware has been manufactured so far. In a more recent
further optimized design for a gantry bend magnet the energy
acceptance has been increased to +30% [12].

In the LBNL effort, a combined function, achromatic
final bend magnet was studied, using a Nb-Ti, four-layer
‘Canted-Cosine-Theta’ (also referred to as ‘Double-Helix’)
design [13—15]. The design philosophy focused on an eleg-
ant solution while exploring new magnet technology concepts.
Two inner layers in this design form a focusing-defocusing
quadrupole magnet, and two outer layers form a bending
dipole. A feasible design with acceptable particle tracking was
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Table 1. Advantages and disadvantages of a superconducting final
bend magnet for a gantry compared to a resistive solution, assuming
no overall cost difference.

Advantage Disadvantage

Radius reduction limited
More complex (risk)
Cryogenics

Energy variation

Smaller radius

Lighter magnet

Smaller building footprint
Energy variation

found with a maximum magnetic field on the conductor of 5.2
T and a temperature margin of 1.3 K. Much of the LBNL effort
focused on the practical implementation of an elegantly simple
solution, but the design proved difficult to manufacture. Even-
tually, a large demonstration dipole was fabricated and tested
with varying degrees of success [16].

The key outcomes of these studies are summarized in
table 1, while in figure 6 a size comparison is shown
between Varian’s most compact resistive gantry solution,
ProBeam 360°®, and a gantry solution that includes the PSI
bend magnet design. Preliminary cost estimates suggest that
the additional cost of the cryostat and superconducting mater-
ial are offset by the lower weight of the magnet and thus
savings in the gantry support structure, by the simpler first
bend magnet that only has to transport a single energy beam,
and by the removal of the front end. The actual cost sav-
ings are in the smaller building footprint and the likely lower
energy-consumption of a superconducting variant. The energy
variation is both an advantage and a disadvantage: The mag-
netic field does not have to continuously change with the beam
energy, as for a resistive solution, but due to the losses it is a
disadvantage when the magnet has to be ramped to a different
magnetic field.

Overall it is evident that, despite the advantageous reduc-
tion in building footprint, the radial reduction in size is not very
large, as was clear also from figure 5. The reason for this is that
the diameter of a traditional gantry layout is largely driven by
the required space for the nozzle equipment and the required
distance between the scanner and the patient, which are both
on the order of 1 to 2 m, to which the height of the final bend
magnet will be added. Simply switching to a superconduct-
ing magnet is therefore insufficient to make truly significant
reductions in size, and other configurations for the beam optics
need to be considered to obtain further size reductions.

A larger diameter reduction can be achieved with super-
conducting magnets in a gantry for carbon therapy, due to the
approximately factor 3 larger beam stiffness. This becomes
evident when comparing the normal conducting Heidelberg
gantry at GSI in Germany at 13 m diameter and a weight of
675 ton [3, 17], to the superconducting gantry at the National
Institute of Radiological Science in Japan at just under 11 m
diameter and a weight of 300 ton [18].

Non-traditional gantry designs with modified optics con-
figurations are a continuing area of research (see e.g. the dis-
cussions in [10]). Many utilize the larger energy acceptance
(achromaticity) that is possible with superconducting mag-
nets, thereby enabling a degrader on the gantry (figure 6)

and/or upstream scanning [10] or more exotic designs such
as Fixed Field Alternating Gradient structures [19]. What can
lead to truly compact gantries, however, still is not clear. The
current main benefit of gantries with superconducting mag-
nets is weight reduction, as is for example studied for fig-
ure 6 and demonstrated in the ProNova SC360 superconduct-
ing gantry [20] which, at 25 ton, is a factor 4 to 8 lighter than
the traditional normal conducting versions.

4. Compact isochronous cyclotrons

4.1. Magnet requirements

The most compact and cost-efficient way to accelerate protons
to the required energy levels in the range of 200 to 250 MeV
is by using a cyclotron to accelerate the ions. When using only
normal conducting technologies, cyclotrons are large (>4 m in
diameter) and heavy (around 200 tons). Varian’s AC250 (see
figure 7(a) and (b) was the first particle therapy cyclotron man-
ufactured in a commercial setting that utilized superconduct-
ing technology to generate the main solenoid magnetic field.
This magnetic field, which increases non-linear with radius to
compensate for the relativistic mass increase of the protons
(figure 7(c)), opposes the centripetal force that accelerated pro-
tons experience, thereby keeping the protons in an azimuthal
track inside the cyclotron. At just over 3 m in diameter, and
with a weight of around 90 tons, Varian’s AC250 is signific-
antly more compact and lighter than conventional cyclotrons,
thereby demonstrating the gains that can be achieved when
using superconducting technology.

Isochronous cyclotrons, such as AC250, are able to gen-
erate a continuous high-current proton beam, which is key to
fast patient throughput and modern treatment modalities such
as FLASH [7]. A specific complication when designing an iso-
chronous cyclotron (as opposed to synchro-cyclotrons, such as
in Mevion’s SC250 system and IBA’s S2C2), is the need for
a beam-focusing alternating magnetic field (or ‘flutter’ field)
along the beam trajectory (figure 7(c)), without which the
accelerating beam becomes unstable. For AC250, this altern-
ating magnetic field is generated through ferro-magnetic (iron)
‘hills” and ‘valleys’ that work as magnetic lenses to superim-
pose on the main field into the desired azimuthally alternating
maxima and minima.

From figure 5 and equation (3) it follows that to construct
more compact cyclotrons at a smaller radius, a higher mag-
netic field is needed. For synchro-cyclotrons this poses not an
issue, and is a matter of using appropriate superconductors and
magnet engineering to design a higher magnetic field solenoid.
For isochronous cyclotrons, however, increasing the magnetic
field means that the iron that generates the flutter field will sat-
urate. This leads to a requirement for superconducting flutter
coils that can replace the iron pole-pieces to generate the flutter
field.

Various designs can be proposed for the shape of such flut-
ter coils. The optimal shape is, however, driven by achieving
all critical beam dynamics parameters [31] for a given magnet
size, beam extraction energy and beam extraction efficiency.
This typically results into ‘kidney’ shaped hills and valleys of
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Figure 7. Artist impression of Varian’s AC250 isochronous superconducting cyclotron. (a) Open side view with a cut-away; (b) Open
top-view with a cut-away depicting the iron hills and valleys that generate the flutter magnetic field; (c) Sketches of the ideal axial magnetic
field as a function of radius and azimuthal angle, which are superimposed within the cyclotron to guide the beam while simultaneously

providing beam focusing.
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Figure 8. (a) Conductor critical current density as a function of magnetic field for commercially available Nb3Sn [21-23],
Bi-2223 [24-26], Bi-2212 [27], and REBCO [28] at 4.2 K and 10 K, and Nb-Ti [29, 30] at 4.2 K and 6 K. (b) Conductor critical current
density at B="7T as a function of temperature for the same superconductors. The shaded areas depict the range of current densities that are

common in superconducting magnet applications.

the iron, as shown in figure 7(b). In addition to such rather
complex flutter coils, also a split-pair solenoid would need
to be designed, with a magnetic field that is approximately
twice the 2.4 T central magnetic field of AC250. Obviously
this leads to much higher demands on the selected conductor,
and with the magnetic field, the Lorentz loads will increase
significantly. The flutter coils and higher performance split-
solenoid main coil lead, in combination with a desire to have a
cryogen-free conduction-cooled system, to non-trivial magnet
technologies.

4.2. Conductor options

Cryogen-free conduction-cooled magnet systems can be con-
structed using Gifford-McMahon cryocoolers that have a cool-
ing capacity of 1.5-2.0 W at 4.2 K at their second stage. At

10 K, the cooling power of the second stage of such coolers
increases to just below 15 W, i.e. they can provide about one
order of magnitude more cooling power at 10 K. This, com-
bined with increases in heat-capacity of the materials, makes it
highly desirable to operate conduction-cooled systems at tem-
peratures above 4.2 K. Operating magnets around 10 K further
makes the more expensive high temperature superconductors
(HTS) more competitive, because the higher conductor cost
compared to the low temperature superconductors (LTS) can
be balanced against savings in cooling cost, since cryocoolers
are also high-cost items.

In figure 8(a) a summary is given of the conductor critical
current densities as a function of magnetic field at 4.2 K and
10 K for commercially available superconductors. It should be
emphasized that the current density values in figure 8 are over-
all conductor current densities, which are often referred to as
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engineering current densities (Jg). The current density values
for REBCO are, for this reason, much dependent on the thick-
ness of the copper layer that is applied around the conductor
for electrical stability reasons. MgB, is not included, since it
is not competitive in terms of current density with high per-
formance Nb-Ti in the magnetic field range of interest. For
Nb-Ti, a parameterization [30] of the critical current density
at 4.2 K and 6 K is shown instead of 4.2 K and 10 K, since its
critical temperature (7;) at zero magnetic field is only 9.2 K,
and this reduces further to just above 6 K at B="7T. The data
shown is for record Nb-Ti wire as used for CERN’s MSFISC
record dipole magnet [29] which, at 1,160 A(mm)~2at5 T and
4.2 K, is slightly better performing than standard wire (carry-
ing 1,000 A(mm)~2 [32]) that was used for the Large Hadron
Collider ring dipole magnets. Ternary Nb-Ti-Ta has a critical
current density that is shifted 0.5 to 1 T towards higher mag-
netic field compared to binary Nb-Ti, thereby providing a 0.5
to 1 K increase in temperature margin and thus rendering it
an attractive alternative, but it is no longer readily available.
The NbsSn data is an ITER production parameterization [22,
23] of ITER quality Internal-Tin wire that was manufactured
by Luvata [21]. The critical current density of high perform-
ance Nb3Sn can be up to a factor three higher, but at a sub-
stantially higher cost, whereas ITER quality conductor carries
sufficient current and has finer filaments and therefore lower
losses during magnet ramping, as well as improved electrical
stability.

For the high-temperature superconductors Bi-2223 and
REBCO, the worst-case critical current density is shown, i.e.
as a function of magnetic field that is perpendicular to the
tapes. It should be emphasized that the performance shown
in figure 8 for Bi-2212 is for wire that was reacted under
overpressure, whereas the current density for Bi-2212 that is
reacted without overpressure is approximately a factor three
lower. The factor three increase through an overpressure reac-
tion is less than the factor seven that is claimed by others [33],
but stems from a comparison between coil witness samples
that were reacted at 1 bar, for which a maximum critical cur-
rent of 100A (or 199 A(mm)~?) at 15 T and 4.2 K was
measured [34], and samples for a strain experiment that were
reacted at 100 bar overpressure, and for which a maximum
critical current of 360 A (or 716 A(mm)—2) at 15 T and 4.2
K was measured [35].

The shaded areas in the graphs further indicate the range
of common current densities at which conductors operate
in superconducting magnets: A conductor’s potential is not
explored to its full capacity below 100 A(mm)~2, while pro-
tection becomes problematic above 400 A(mm)~2.

Overall, it is found that all the available conductors, except
Nb-Ti, fulfill the current density requirements around the 7 T
magnetic field of interest, and this also holds at temperatures
approaching 10 K. Nb-Ti, however, has only a temperature
margin on the order of 1 K when operated at 4.2 K at the
same magnetic field. This means that the thermodynamic lay-
out of a conduction-cooled system has to be exceptionally well
designed when Nb-Ti is used. The actual temperatures that will
be achieved in a complex system are, however, hard to predict
due to variations in the quality of the thermal connections that

depend strongly on how well they are designed and executed.
This uncertainty is unacceptable for a series-produced cyclo-
tron, since the system will not work if the design magnetic field
is not reached as a result of coil components being, say, 1 K
higher than they were designed for.

A more interesting comparison to down-select the con-
ductor options appears when the critical current densities are
plotted as a function of temperature at the magnetic field of
interest, i.e. at B="7T, as is done in figure 8b. It is immedi-
ately evident that Nb-Ti cannot be used at a target temperat-
ure around 10 K. It is also clear that although Nb3;Sn could
be used at, say, 8 K, it will have a limited temperature mar-
gin. Furthermore, one still has to react Nbs;Sn at temperatures
above 6OOOC, and therefore cope with a limited material set
that can handle such temperatures. This is specifically true for
the conductor insulation, for which glass fiber is commonly
used, which is coated with seizing to limit abrasion. This seiz-
ing burns off during the heat treatment after which the insula-
tion is fragile, and the burning of the sizing additionally causes
carbon deposits into the windings. Heat treatments for large
production quantities, which will involve the reaction of mul-
tiple coils at once, also create a risk due to potential errors
during the process.

Alternatively, one could prevent the need for heat-treatment
by using pre-reacted Nb3Sn, which has more recently become
commercially available and has been successfully proven in
magnets [36]. For the main coils of a compact cyclotron, which
will have a diameter on the order of a meter, pre-reacted Nb3;Sn
cable is certainly attractive, and the same might be true for
bend magnets for gantries. For flutter coils, however, in which
the conductor needs to bend in two directions (see section 4.3)
it is probable that the opposite bend directions will consume
too much of the available strain space in pre-reacted Nb3Sn.
In addition, it can be desirable to select only one conductor
technology.

The three HTS conductors can all comfortably carry the
required current densities at the desired magnetic field and
temperature. REBCO and Bi-2212 are, however, at the time of
writing, at least a factor two more expensive than Bi-2223. For
Bi-2212, one has to additionally account for a reaction heat-
treatment that is significantly more difficult than for Nb3Sn,
and handle even more stringent material compatibility issues,
due to the need to heat-treat the coils in an oxygen-rich envir-
onment.

REBCO has a very large current density capacity, although
the magnitude depends strongly on the thickness of the cop-
per plating. The large temperature margin is good for stability,
but it also makes it harder to protect as a result of a slow nor-
mal zone propagation velocity. Another potential issue with
REBCO for our application is the fact that it is a single crys-
tal without possibilities for current sharing in case of a local
defect. If local defects in the conductor are not located in the
regions in a coil where the highest magnetic field perpendic-
ular to the tape occurs, then it becomes impossible to detect
that something is wrong, and the large temperature margin will
only reduce the chance of detecting such a defect. The res-
ulting outcome of a local defect can therefore be irreversible
damage to the coil.
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Figure 9. Proof-of-principle superconducting flutter coil,
comprised of a stack of six Bi-2223 double-pancakes and
manufactured for Varian by Sumitomo Electric Industries, Ltd The
bottom half of the picture shows a detail of the coil (left) and the
voltage-current transition of the entire coil (right), measured in a
liquid nitrogen bath at 77 K.

Through the discussions above we therefore down-select
to Bi-2223 as our currently most favorable conductor for the
magnetic field and temperature ranges of interest. It is multi-
filamentary (albeit without full separation and twist), and it
is commercially available in large quantities and long lengths
with various options of external reinforcement. With respect to
the higher cost as compared to Nb3Sn, one can argue that this
can be offset against the need to react Nb3 Sn after coil winding
when small bending radii are involved, which involves added
cost and risk, and advantages in cooling and stability as a result
of the higher critical temperature.

A suitable alternative conductor for our application would
still be pre-reacted NbsSn, although there are uncertainties in
terms of the available strain-space for flutter coils. A com-
bination, such as pre-reacted Nb3Sn cable for the main coils
and flutter coils manufactured from Bi-2223, is also attractive,
although the potential advantage of having to handle only a
single conductor technology is then lost.

4.3. A prototype superconducting flutter coil

The fabrication of a coil with strongly concave windings, as is
needed for kidney-shaped flutter coils, is far from trivial. Sum-
itomo Electric Industries (SEI), however, had already demon-
strated in previous work [37], that they were able to wind
curved double-pancake coils from our conductor of choice.
SEl is also a manufacturer of Bi-2223 tape, and was therefore a
natural partner to fabricate a flutter coil from their DI-BSCCO
Bi-2223 conductor.

After detailed iterations on the coil design details, the pro-
totype flutter coil as shown in figure 9 was successfully man-
ufactured and tested at SEI at 77 K in a liquid nitrogen bath. It
consists of six double-pancake coils that are stacked together
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Figure 10. (a) Thermal contraction in various directions of the
flutter coil components from room temperature down to 4.2 K, as
calculated through the consideration of the individual material
properties in Comsol®. (b) Ti-6Al-4 V wedges that compensate for
the larger radial contraction of the windings compared to the coil
former during cooldown. (c) Mechanical model of the coil-clamping
structure that applies and retains a desired pre-load from room
temperature to 4.2 K. (d) COMSOL® thermo-mechanical model to
simulate and verify the design concepts for the clamping structure.

with copper (for thermal conductivity) and glass-fiber rein-
forced epoxy plates (for electrical insulation) in between them.
The coil formers for the individual double-pancakes are fab-
ricated from stainless-steel 316 L, and are coated with silicone
lubricant around their circumference to prevent bonding to the
winding pack during epoxy impregnation.

To achieve the ampere-turns needed for a compact cyclo-
tron design [38], as well as a sufficient margin of about 30%,
the used conductor is based on a reduced thickness DI-BSCCO
Type H tape, laminated with stainless-steel 304 for reinforce-
ment, and insulated with a double wrap of 5 um polyimide
tape. The magnetic field profile from a compact cyclotron
design is used to calculate the dissipation (as a result of a finite
n-value) along the length of the conductor at the design operat-
ing current. The total dissipation, including the soldered con-
nections for the lead-in, lead-out, and in between the double-
pancakes, per flutter coil at its projected operating current of
380 A at4.2 K, is estimated to be 0.45 W. About 0.27 W of the
total dissipated power stems from the finite n-value of the con-
ductor. The total heat-load from the flutter coils during oper-
ation is taken into account in the thermal design of the cold
mass of a compact cyclotron [38].

The fabrication and 77 K test of a first-of-its-kind HTS
flutter coil was successful and lower temperature tests in
conduction-cooled cryostats have been carefully analyzed
(section 4.4) and designed (section 4.5).

4.4. Finite element modeling

Extensive thermo-mechanical modeling of the cooldown, test,
operation, and quench of the flutter coil was done by ECO 5
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Figure 11. COMSOL® thermo-mechanical model of the radial clamping system at room temperature with 15 MPa pressure applied to the
coil (a), after cooldown to 10 K (b), and after excitation of the coil to 400 A (c). The top figures represent the Von Mises stress on the
structure, and the bottom figures represent the gap between the winding pack and the coil former. The detected local stress concentration as
indicated by the arrow in the top half of (a) is mitigated by inserting a stainless-steel plug in the coil former during the test.

in Bonn, Germany, using the COMSOL Multiphysics® soft-
ware [39]. This was done in order to warrant a safe design and
operation during testing in self-field and when being used in a
cyclotron.

Since thermal contraction and thermal conductivity data for
the winding pack were not available, these were calculated in
COMSOL® through consideration of the individual material
properties. The resulting thermal contraction of the flutter coil
components in the three principal directions is summarized in
figure 10(a).

A key finding is that the winding pack, both in radial dir-
ection as well in axial direction, contracts by —0.47% dur-
ing cooldown from room temperature to 4.2 K, whereas the
coil former contracts by —0.3% in the radial direction, and
slightly more contraction than —0.3% in the axial direction.
This means that after cooldown and in the radial direction, a
gap will tend to occur in between the winding pack and the coil
former, because the winding pack will move away from the
coil former. The contraction difference will result in undesir-
able shear-stresses, since the copper plates in between the indi-
vidual double-pancakes extend inside the winding pack for
cooling purposes. The difference in thermal contraction in the
axial direction results in movement of the winding pack away
from a clamping structure that clamps down on the coil former,
also causing a tendency for a gap to occur above and below the
winding pack.

One of the philosophies in superconducting magnet design,
which we adhere to here, is that the occurrence of gaps needs
to be prevented, since gaps allow for undefined conductor
movement, potentially causing instability and/or damage.
Strictly speaking, one would not necessarily expect thermal
instabilities due to small conductor displacements with high
temperature superconductors, as a result of the large temper-
ature margin (in contrast to low temperature superconduct-
ors where small energy depositions will trigger quenches).
Mechanical instabilities, however, as a result of potentially

Table 2. Mechanical properties of hard-rolled stainless-steel
304 [40].

Young’s Tensile Resulting
modules yield stress yield strain
E[GPa] oy [ MPa ] &
Room temperature 178 1,193 0.67%
20K 210 1,558 0.74%

damaging bending strains and undesirable shear stresses as
mentioned in the previous paragraph, are dangerous and will
therefore need to be mitigated. To prevent radial gaps from
occurring during cooldown, and to support the coil against the
Lorentz loads during a test in self-field, a stainless-steel 304
radial clamp-structure with a ‘flexible’ stainless-steel ring and
Ti-6Al-4 V wedges was designed, as shown in figure 10(b)
through (d).

The clamp system enables the application of a room tem-
perature pre-load on the coil in radial direction using the
wedges. The lower thermal contraction of the Ti-6Al-4 V
wedges with respect to the stainless-steel clamp compensates
for the larger thermal contraction of the winding pack com-
pared to the stainless-steel coil former, thereby ensuring that
the room temperature pre-load is maintained during cooldown,
while simultaneously preventing a radial gap from occurring.
A limited room temperature pre-load of 15 MPa is sufficient.
The ‘flexible’ stainless-steel ring acts like a rope around the
coil, thereby ensuring that the resulting radial pre-loads are the
highest at the corners of the winding pack, where the magnetic
flux density, and therefore the Lorentz loads, are also maximal.

The maximum radial magnetic field on the flutter coil dur-
ing testing in self-field is 2.7 T at the outer pancake edges,
while the maximum axial magnetic field is 4.0 T at half the
coil height at the inner surface of the winding pack. The (lim-
iting) peak radial magnetic field during operation of the flutter
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Figure 12. COMSOL® thermo-mechanical model of the tensile stresses in the windings along the conductor direction at room temperature
with 15 MPa pressure on the coil former (a), after cooldown to 10 K (b), and after excitation of the coil to 400 A (c). The winding pack is
modeled as a single unit with anisotropic properties. The maximum tensile stresses approaching 50 MPa occur at the inside of the winding

pack at the sharpest-bend locations, as indicated by the arrows in (c).

coil in a compact cyclotron increases to 4.6 T at the outer pan-
cake edges.

COMSOL® analyses of the von Mises stresses (figure 11,
top) were performed a) at room temperature with 15 MPa pre-
load, b) after cooldown to 10 K, and c) after cooldown at a
current of 400 A, which is somewhat above the expected crit-
ical current in self-field. Simultaneously, the occurrence of a
radial gap between the winding pack and the coil former was
analyzed, as shown in the lower parts of figure 11. It is seen
that the occurrence of a gap during cooldown and operation is
indeed prevented by the clamp structure, apart form small local
gaps at the corners that are at least partly due to the bound-
ary conditions in the model. A local stress concentration was
detected during the modeling, as indicated by the arrow in the
top half of figure 11(a). A stainless-steel cylinder was embed-
ded in the final test structure (section 4.5) to support the coil
former in this location and prevent this stress concentration.

For the beam optics, it is important that the flutter coils have
‘sharp tips’, but the curvature in these locations is limited by
the bending-strain that the conductor can sustain at room tem-
perature. The tensile strain along the conductor path is calcu-
lated using the COMSOL® model to find out how the clamp
structure and test add to the strain-state of the conductor in
these locations. The results of these calculations are shown in
figure 12 for the same circumstances as in figure 11.

The maximum tensile strain that is calculated in the wind-
ing pack occurs after cooldown and coil excitation at the
inner radius of the sharpest bends in the winding pack and
amounts to just under oy =50 MPa. Using the calculated
Young’s modulus for the winding pack along the winding
direction of E; =90 GPa, the resulting tensile strain ¢, that
occurs in the winding pack of & = a¢/E; x 100% = 0.06%,
which is added to the bending strain. The bending strain e
is, for a conductor thickness ¢ and a bending diameter d, equal
to e, =1/d =0.271/70 x 100% = 0.39%. This is far enough
below the yield strain of hard rolled stainless-steel 304 at
room temperature (see table 2) to allow for some margin for
the (not further specified) pre-tension with which the lamin-
ation is soldered to the DI-BSCCO Type H base-conductor.
The total tensile strain at the outer fibers of the innermost
tape-conductor is therefore on the order of 0.45%, which
again is sufficiently below the low-temperature yield-strain of
hard-rolled stainless-steel 304 (table 2). We conclude that the
conductor will not be damaged by the additional tensile strain
that results from the test.

20
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Figure 13. Comsol® thermo-mechanical model of the tensile
stresses in the windings along the conductor direction after
cooldown to 10 K, and using a radially three-fold split winding
pack. The calculations were performed for a stainless-steel 316 L
coil former (a) and for a titanium Grade 2 coil former (b).

It is important to note that for the results shown in figure 12,
the winding pack is treated as a solid bar with anisotropic prop-
erties. In reality, one can argue whether the winding pack will
‘stick together’ or whether delamination will occur, render-
ing the individual turns to separate: Although the double pan-
cakes are impregnated with epoxy, the tape-to-tape bonding
between the polyimide insulated conductors can be expected
to be weak. To determine the effect of de-bonding between
the individual turns on the calculated tensile stress, a simu-
lation was performed in which the winding pack was treated
as three separate, non-bonded bars with anisotropic properties.
The resulting tensile stresses in the winding pack for these cal-
culations is shown in figure 13(a). It is found that the maximum
tensile stress is reduced to 20 MPa (as opposed to 40 MPa in
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Figure 14. Stainless-steel 304 clamping structure with Ti-6Al-4 V
wedges to maintain a 15 MPa radial pre-compression during
cooldown, INCONEL® 718 Belleville spring-washers to retain
vertical clamping on the winding pack during cooldown, and high
purity copper busbars, which are shunted with REBCO tape for
cooling and current transport.

the solid-bar calculation) after cooling down to 10 K, as a res-
ult of the de-bonding of the winding pack into three sections
of equal thickness. Treating the winding pack as a solid-bar is
therefore a worst-case calculation.

A further simulation was performed to find out whether a
coil former with a lower thermal contraction could be used to
prevent gaps between the coil former and the winding pack
during cooldown. Calculations were performed for a titanium
Grade 2 coil former. This material was selected in favor of
Ti-6Al-4 V, because it has a similarly low thermal contrac-
tion during cooldown, but a higher thermal conductivity at
low temperatures. The result of the calculations for a 3-fold
split winding pack is shown in figure 13(b). It is found that the
tensile stress, due to stretching of the winding pack around the
low thermal contraction coil-former, has increased to an unac-
ceptably high 150 MPa, and for a solid bar winding pack this
value will be still significantly higher. Since conductor damage
will occur in this configuration, the conclusion is that a higher
thermal contraction coil-former, such as stainless-steel, needs
to be used to prevent conductor damage, and gaps need to be
closed by a surrounding structure.

4.5. Conduction-cooled test

Since the detailed simulations highlight the need for a clamp
structure for low-temperature tests, both to close all gaps and
also to support the coil (and specifically the concave section)
against Lorentz-loads, such a structure was designed and fab-
ricated. The resulting clamp is shown in figure 14. Depicted
are the radial clamp-structure with the Ti-6Al-4 V wedges for
applying and retaining the 15 MPa pre-load. In the axial dir-
ection, the windings are supported by cover plates, with a sep-
arated section that is loaded with Belleville spring-washers to
compensate for the larger axial contraction of the windings
compared to the coil former, and in this way maintain a posit-
ive pressure on the winding pack during cooldown.

A stainless-steel cylinder is inserted in the largest hole in
the coil former to provide support against the local high von
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Figure 15. Transposed Bi-2223 cable developed for a cyclotron
main coil. (a) Schematic of the cable cross-section used. (b)
Machine cabling principle. (c) Transposed tape bundles before
consolidation. (d) Consolidated cable. (¢) Cable under bend test. (f)
9.5 meter machine-fabricated Bi-2223 cable for the main coil
technology demonstrator.

Mises stress due to the pre-load, as highlighted by the arrow
in figure 11(a). Large cross-section high-purity copper bus-
bars are shown in figure 14 that are on one side connected to
the cold heads, and on the other side to the clamp structure.
These busbars are also connected to copper sleeves inside the
holes in the coil former to provide direct cooling to the cop-
per cooling-plates that are located in between the individual
double-pancakes in the flutter coil. Parts of the busbars are
used to transport the current to the coil, and these sections are
shunted with REBCO HTS tapes.

The completed structure is placed inside a large
conduction-cooled cryostat. Although such a cryostat was
recently commissioned at Varian [38], we chose to perform
the first flutter coil tests down to 20 K at the University of
Twente in Enschede in the Netherlands. The reason for this
is that the University of Twente, together with ECO 5, have
gained a large experience with conduction-cooled tests of HTS
coils during the EcoSwing program [41]. This experience is
therefore utilized to more efficiently perform the important
first tests, while at the same time reducing risk.

To further mitigate the risk when testing a new coil-
configuration in a new test-environment, a first test-run will be
performed using a single Bi-2223 double-pancake. The single
double-pancake test is intended to be eventually destructive,
by balancing the energy extraction-rate against the quench-
detection voltage-level, which for DI-BSCCO coils appears
to behave according to a generic pattern [42]. Driving the
single double-pancake eventually to a destructive quench
might provide insight on when damage to the flutter coil will
start to occur on the generic quench balance behavior, thereby
enabling prevention of quench damage to the flutter coil. The
single double-pancake coil will after the test be used to obtain
cut-outs of the winding pack to verify the calculated mechan-
ical properties.



Supercond. Sci. Technol. 33 (2020) 064001

A Godeke et al

Tests are planned to start at 77 K to reproduce the liquid
nitrogen results from SEI, after which the temperature will
be stepped down, while at each step a critical current meas-
urement will be performed with increasing current and stored
energy. At the time of writing, the clamp system is being
assembled and further test-preparations are carried out at the
University of Twente. Test results will be published in a fol-
lowing article.

4.6. Compact superconducting main coils

4.6.1. Development of a transposed Bi-2223 cable.  Next to
superconducting flutter coils, a compact isochronous cyclo-
tron will also need higher performance main coils with a dia-
meter on the order of 1 m, and generating a central magnetic
field on the order of 5 T [38], i.e. around 7 T on the wind-
ings. For this, one could select a pre-reacted Nb3Sn cable,
but the higher operating temperatures of HTS provides many
cooling advantages, provided it can be produced with a suit-
able design and at a competitive price-point. The large tem-
perature margins of REBCO (figure 8) are certainly attractive,
but existing REBCO cable configurations seem at present not
at a sufficiently low price-point for a cyclotron that needs to
be series-produced at competitive cost. A second issue is that
only a limited amount of current can be brought from room-
temperature into a conduction-cooled cryostat, and the high
performance of REBCO either yields a large cable that has too
much current-carrying capacity, or too small a cable for a 1 m
diameter solenoid.

Solid Material Solutions (SMS) investigated whether or not
an affordable HTS cable with a suitable price-performance
balance for 10 K, 7 T operation in a coil in a conduction-
cooled environment, could be developed. SMS utilized the
large strain-space that is available for SEI’s DI-BSCCO HT-
NX® tape [26] to develop a new transposed Bi-2223 cable con-
figuration, named Magnum-NX®. A schematic cross-section
of an early prototype version of this cable, as developed for
Varian, is shown in figure 15(a).

The cable is comprised of four bundles of two tapes each,
which are transposed during cabling as schematically shown
in figures 15(a) and (b), with the photograph of figure 15(c)
showing its structure after cabling. In the final step, the trans-
posed cable of bundles is assembled and consolidated by pla-
cing a strip, in this case brass, on the top and/or bottom,
with a polyimide overwrap resulting in the cables seen in fig-
ures 15(d) and (f). The Magnum-NX® cable was tested for
bend tolerance as shown in figure 15(e), demonstrating that
it allows for bending down to 20 cm diameter, without loss of
current carrying capacity [43].

4.6.2. Main coil technology testing.  To enable rapid testing
of prototype superconducting technologies for a future main
coil for a compact cyclotron, a compact conduction-cooled
test-system for small-diameter solenoids was developed. This
compact test-environment consists of a solenoid coil-former
(figure 16(a) and (b), and a small conduction-cooled vacuum

cryostat, with a dedicated Gifford-McMahon cryocooler (fig-
ure 16(c) and (d). This removes the need to cool down the
large conduction-cooled test-environment [38], and by cre-
ating small-scale coils in which all the required, but scal-
able, coil-technologies such as lead-in, lead-out, and a layer-
transition can be demonstrated, we can test various config-
urations at low cost and with a high throughput. The added
advantage of a small-scale test-environment is that only short
conductor-lengths are required to demonstrate a certain con-
ductor technology.

The small cryostat is designed to be as flexible as pos-
sible in terms of cooling options to accommodate multiple test
scenarios. The main cooling is provided by the two-stage cryo-
cooler, but the current leads are also equipped with a liquid
nitrogen heat-exchanger to provide additional cooling-power
at the current feed-throughs for high-current capacity cables.
At present, this liquid-nitrogen cooling at the current feed-
throughs limits the temperature range to which a coil can be
tested, but further modifications can easily be implemented
due to the manageable size of the system.

A prototype-length of the Magnum-NX® cable will be
tested in the small main-coil test environment, in a coil with an
inner diameter of the windings of 28 cm. Extensive bending-
tests on the early-prototype Magnum-NX® cables indicated
that in rare cases the inside brass-strip can buckle. To prevent
this from happening in the small prototype-coil, the inside
brass-strip was removed (as sketched in the cross-section in
figure 15(a). This compromise enables an early main-coil test
with the Magnum-NX® prototype cable, even while the cable
development has not yet fully matured. A number of >2m
length cable sections and a 9.5 m length section for the demon-
strator coil (figure 15(f) have so far been delivered to Varian,
and the preparations for the coil test are presently ongoing. The
9.5 m cable length enables a two-layer, four turns-per-layer
coil, with an inner diameter of the windings at 28 cm and a
height of 65 mm. All the individual turns of the coil have been
modelled in 3D Computer Aided Design in SOLIDWORKS®,
so the pitch-reversal and the layer-jump are clear at forehand.
This enables an accurate location of the cable-turns through
the use of 3D-printed filler-pieces that are made from glass-
fiber filled epoxy, which significantly simplifies coil winding.

In order to make accurate comparisons between the critical
current of a Bi-2223 tape, a cable manufactured from such
a tape, and a coil made from such a cable, self-field correc-
tions have to be made for all three configurations. Since crit-
ical current data in the relevant temperature range for our fore-
seen tests between 60 K and 77 K is not readily available for
the DI-BSCCO HT-NX® tape from which the Magnum-NX®
cable is manufactured, we start the analyses using suitable data
in the temperature range of interest from an older generation
Bi-2223 conductor [43]. The original critical current density
data in kA(cm) 2 is scaled by a factor of 16.5 to arrive at the
measured critical current in self-field of around 200 A for DI-
BSCCO HT-NX® tape at 77 K [26]. These I.(B L tape) data at
various temperatures are shown as open symbols in figure 17.

As a result of the steep initial reduction of the critical cur-
rent of Bi-2223 with low magnetic fields perpendicular to the
tape (see figure 8), it is prudent to apply self-field corrections
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Figure 16. Main coil technology demonstrator with (a) an exploded view of the 30 cm coil, (b) a view of the assembled coil, (c) a view of
the coil mounted in a small conduction-cooled test stand, and (d) a cut-open view of the complete small test stand in which also the liquid

nitrogen cooled current-leads are visible.

Table 3. Maximum magnetic field in the superconducting
cross-section and perpendicular to the tape, and expected cable and
coil critical currents at 77 K based on the tape measurements.
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Figure 17. Critical current of Bi-2223 tapes as a function of
magnetic flux density at relevant temperatures. Shown are the scaled
as-measured data [43] in open symbols and the self-field corrected
data as closed symbols. Also included are the load-lines of the cable
and the technology demonstrator coil, scaled to the tape critical
current. In the inset, the maximum field in the filaments and
perpendicular to the tape is indicated for (a) a tape, (b) a cable
cross-section, and (c) a cable cross-section half a twist pitch further
along the cable.

to critical-current measurements on tape samples. This is sim-
ilar to what is now commonly accepted practice for critical-
current measurements on low-temperature superconducting
wires such as Nb3Sn [44]. In order to make self-field cor-
rections, the maximum perpendicular magnetic field compon-
ent on the superconductor fraction in the tape cross-section
that is generated by the current that the conductor is carrying
needs to be calculated, at the location that is highlighted with
white arrows in the inset in figure 17(a). To do this, the super-
conducting filament-area is approximated by a rectangular box
of 0.152 mm height and 4.030 mm width, and the maximum
perpendicular magnetic field is calculated at the middle of the
small side of this box using a Microsoft® Excel spreadsheet,

Tape Cable (b/c) Coil
Maximum field [ mT/A ] 0.2468 0.683 3/0.601 9 0.7437
Expected I [ A ] — 944 904

called SOLENO, and running a Visual Basic script that was
developed at the University of Twente [45] for calculating the
magnetic field around rectangular conductors. The resulting
self-field correction is given in table 3, and the self-field cor-
rected data are shown as closed symbols in figure 17.

For the Magnum-NX® cable, two cross-sections from an
early prototype cable are considered that are separated by
half a twist-pitch, as shown in the inset of figure 17(b) and
(c). The maximum magnetic field in the cable at the location
of the white arrows is calculated through summation of the
magnetic-field contributions from the current flowing in the
superconducting filament-areas in each of the individual tapes
in the cross-section, while the areas, as above, are approxim-
ated as rectangles, and a homogeneous current-distribution is
assumed. The resulting self-field corrections for the cable are
summarized in table 3. The cable cross-section b) in figure 17
has the highest self-field and will therefore be limiting the
cable performance when no external magnetic field is applied.

For the maximum magnetic field that is generated by the
solenoid coil perpendicular to the tapes in the cable, the same
SOLENO code is used to calculate the maximum radial mag-
netic field in the coil at half the coil thickness, and at 0.5 mm
from the edge of the winding pack. Although this is not strictly
speaking at the location of the superconducting fraction in
the winding pack cross-section for a two-layer, four-turns-per-
layer coll, it is sufficiently close, and the self-field is therefore
calculated within the accuracy of the approximations. The res-
ulting self-field for the coil is also given in table 3.

The load-lines of the cable and coil, calculated from the
self-field values and normalized to the current per tape, i.e.
divided by 8, are shown in figure 17, and their intersects with
the self-field corrected tape data at 77 K forms a prediction
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of the critical current that is expected for the cable and the
coil without externally applied magnetic field. These expec-
ted critical-current values are also summarized in table 3. The
critical current at 77 K from an actual measurement of a cable
section is 1,070 A [43], i.e. 126 A more than as predicted. This
difference can be attributed to margins in the assumptions of
the parameters that are used for the calculations, a difference
between the I.(B L tape) dependence of older-generation Bi-
2223 conductor from a different manufacturer, or simply due
to the tapes in the cable having a higher critical current than
200 A per tape at 77 K in self-field.

5. Conclusions

We have discussed a range of new technology develop-
ments to investigate the potential of using superconductors to
enable more compact proton therapy systems based on an iso-
chronous cyclotron. From comparisons of magnet complexity
versus possible size reductions in gantries, and allowing for
sufficient space in cyclotrons for the system to be realized on a
space-constrained technical level, it becomes clear that a target
magnetic field in the range of 5 to 7 T is the most appropriate.
Balancing the desire to design cryogen-free systems against
cooling-efficiency considerations and conductor performance
yields an operating temperature of around 10 K.

Through considerations on ease of implementation, cost,
performance, and conductor availability we find that, at least
at present, Bi-2223 has the most desirable properties, while
pre-reacted Nb3Sn is a suitable alternative, for example for a
cyclotron main coil. A combination of both can certainly also
be considered.

We would like to stress that this is the status today,
and future changes in the conductor landscape could change
our present conclusion, specifically if, or when, the cost of
REBCO will come down. We also would like to emphasize
that magnets can obviously be made to work with the altern-
ative conductors as well, e.g. (flutter) coils from REBCO or
even MgB,, so that there is not an unambiguous best solution,
but preferred options that stem from our design considerations
and boundary conditions.

The recently developed Magnum-NX® Bi-2223 cable
broadens the application range for Bi-2223, specifically for
larger coils. The cable can be fabricated at a highly compet-
itive price-point, but further developments will be needed to
arrive at a commercial product that has an optimized critical
current density and that includes solutions to handle the trans-
verse loads that will be present in any high-performance mag-
net system.

In terms of the implementation of superconductivity in the
various magnets and coils that are needed for proton therapy
systems, we find that for gantry bend magnets the reduction
in gantry diameter is not dramatic. Other technology changes
will therefore have to be made as well, which can be com-
bined with superconducting technology to arrive at truly com-
pact treatment systems. Our efforts so far have shown that
curved dipoles will not be easy to fabricate. When gantries
will become more compact, the dipoles will need to be curved

more, and stray magnetic fields closer to the imaging system
and patient will also need to be handled.

The need for superconducting flutter coils to enable more
compact isochronous cyclotrons represents a major hurdle, but
we have shown that in principle these complex-shaped coils
can be produced. It should be emphasized though, that there
are 16 flutter coils required for a four-fold symmetry isochron-
ous cyclotron, and that a large series production of such coils
at an acceptable price-point requires further optimizations of
the technology.

Implementation of superconductivity in the main coils of a
cyclotron has already been demonstrated since long. The ques-
tion therefore is how to drive this further towards more com-
pact and higher-field systems that are ideally cryogen-free.
Naturally, the optimal conductor for a, say, I m diameter split
solenoid, will be a cable. Both the Magnum-NX® cable as well
as a pre-reacted Nb3Sn cable seem attractive options. A key
complication for cryogen-free systems will be to bring the high
current for a high-performance cable from room temperature
into the low-temperature coil. Clearly, a balance between the
desire for a large cable (ease of winding and low inductance)
and cooling capacity at the current entrance-point will need to
be found.

Our overall conclusion is that in order to arrive at truly com-
pact proton treatment facilities, superconducting technologies
will be required, in combination with further developments in
other technology areas. When observing the need that exists
for affordable proton treatment systems, then the use of super-
conductivity in particle therapy applications can become a new
and large commercial application of superconductors, next to
magnets for Medical Resonance Imaging and Nuclear Mag-
netic Resonance.
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