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COMPACT, COLD, SUPERCONDUCTING
ISOCHRONOUS CYCLOTRON

BACKGROUND

[0001] A cyclotron foraccelerating ions (charged particles)
in an outward spiral using an electric field impulse from a pair
of electrodes and a magnet structure is disclosed in U.S. Pat.
No. 1,948,384 (inventor: Ernest O. Lawrence, patent issued:
1934). Lawrence’s accelerator design is now generally
referred to as a “classical” cyclotron, wherein the electrodes
provide a fixed acceleration frequency, and the magnetic field
decreases with increasing radius, providing “weak focusing”
for maintaining the vertical phase stability of the orbiting
ions.

[0002] Among modern cyclotrons, one type is a class char-
acterized as being “isochronous,” wherein the acceleration
frequency provided by the electrodes is fixed, as with classi-
cal cyclotrons, though the magnetic field increases with
increasing radius to compensate for relativity; and an axial
restoring force is applied during ion acceleration via an azi-
muthally varying magnetic field component derived from
contoured iron pole pieces having a sector periodicity. Most
isochronous cyclotrons use resistive magnet technology and
operate at magnetic field levels from 1-3 Tesla. Some isoch-
ronous cyclotrons use superconducting magnet technology,
in which superconducting coils magnetize warm iron poles
that provide the guide and focusing fields forion acceleration.
These superconducting isochronous cyclotrons can operate at
field levels below 3 Tesla for protons and up to 3-5 Tesla when
designed for accelerating heavier ions. The present inventor
worked on the first superconducting cyclotron project in the
early 1980’s at Michigan State University.

[0003] Another class of cyclotrons is the synchrocyclotron.
Unlike classical cyclotrons or isochronous cyclotrons, the
acceleration frequency in a synchrocyclotron decreases as the
ion spirals outward. Also unlike isochronous cyclotrons—
though like classical cyclotrons—the magnetic field in a syn-
chrocyclotron decreases with increasing radius. Synchrocy-
clotrons have previously had warm iron poles and cold
superconducting coils, like the existing superconducting iso-
chronous cyclotrons, but maintain beam focusing during
acceleration in a different manner that scales to higher fields
and can accordingly operate with a field of, for example,
about 9 Tesla.

SUMMARY

[0004] A compact, cold, superconducting isochronous
cyclotron is described herein. Various embodiments of the
apparatus and methods for its construction and use may
include some or all of the elements, features and steps
described below.

[0005] The compact, cold, superconducting isochronous
cyclotron can include at least two superconducting coils on
opposite sides of a median acceleration plane. A magnetic
yoke surrounds the coils and contains a portion of a beam
chamber in which ions are accelerated, and the median accel-
eration plane extends through the beam chamber. A cryogenic
refrigerator is thermally coupled both with the superconduct-
ing coils and with the magnetic yoke; for example, the mag-
netic yoke can be in thermal contact with a thermal link from
the cryogenic refrigerator and with the superconducting coils.
The superconducting isochronous cyclotron can also includes
spiral pole tips that supply a sector-based or azimuthally
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varying magnetic field to provide strong focusing to maintain
the vertical stability of the accelerating ion; the spiral pole tips
can be formed of a rare earth magnet and can be magnetically
floating (i.e., separated by non-magnetic compositions) from
the rest of the yoke. In other embodiments the pole tips can
include a superconductor. The pole tips can also include cut-
outs on a back side of the tips remote from the median accel-
eration plane to shape the profile of the resulting magnetic
field.

[0006] During operation of the isochronous cyclotron, an
ion is introduced into the median acceleration plane at an
inner radius. Electric current from a radiofrequency voltage
source is applied to a pair of electrode plates mounted on
opposite sides of the median acceleration plane inside the
magnetic yoke to accelerate the ion in an expanding orbit
across the median acceleration plane. The superconducting
coils are cooled by the cryogenic refrigerator to a temperature
(e.g., 10 to 12K) no greater than the superconducting transi-
tion temperature of the superconducting coils, and the mag-
netic yoke is likewise cooled (e.g., to =50K). A voltage is
supplied to the cooled superconducting coils to generate a
superconducting current in the superconducting coils that
produces a magnetic field that accelerates the ion in the
median acceleration plane; and the accelerated ion is
extracted from the beam chamber when it reaches an outer
radius.

[0007] The entire magnet structure, including coils, poles,
the return-path iron yoke, trim coils, superconducting mag-
nets, shaped ferromagnetic pole surfaces, and fringe-field
canceling coils or materials can be mounted on a single
simple thermal support, installed in a cryostat and held at or
near the operating temperature of the superconducting coils.
Because there is no gap between the yoke and the coils, there
is no need for a separate mechanical support structure for the
coils to mitigate the large decentering forces that are typically
encountered at high field in existing superconducting cyclo-
trons; moreover, decentering forces can be substantially
reduced or eliminated.

[0008] The cold magnet materials of the magnetic yoke can
be used simultaneously to shape the field and to structurally
support the superconducting coils, further reducing the com-
plexity and increasing the intrinsic safety of the isochronous
cyclotron. Moreover, with all of the magnet contained inside
the cryostat, the external fringe field may be cancelled with-
out adversely affecting the acceleration field, either by field-
cancelling superconducting coils or by field-cancelling
superconducting surfaces affixed to intermediate temperature
shields within the cryostat.

[0009] The isochronous cyclotron designs, described
herein, can offer a number of additional advantages both over
existing superconducting isochronous cyclotrons and over
existing superconducting synchrocyclotrons, which are
already more compact and less expensive than conventional
equivalents. For example, the magnet structure can be sim-
plified because there is no need for separate support structures
to maintain the force balance between constituents of the
magnetic circuit, which can reduce overall cost, improve
overall safety, and reduce the need for space and active pro-
tection systems to manage the external magnetic field. Addi-
tionally, the isochronous cyclotrons can operate with a low
relativistic factor and can produce a high magnetic field (e.g.,
of'6 Tesla or above). Additionally, the apparatus does notneed
a complex variable-frequency acceleration system, since the
design of'these isochronous cyclotrons can operate on a fixed
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acceleration frequency. Accordingly, the isochronous cyclo-
trons of this disclosure can be used in mobile contexts and in
smaller confines.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is a sectional side illustration of an isochro-
nous cyclotron and surrounding structure.

[0011] FIG. 2 is a magnified sectional view of the isochro-
nous cyclotron of FIG. 1.

[0012] FIG. 3 is a further magnified sectional view of the
electrode and beam chamber inside the isochronous cyclotron
of FIG. 1.

[0013] FIG. 4 is a perspective side-sectional view of the
isochronous cyclotron of FIG. 1.

[0014] FIG. 5 is a perspective top-sectional view of the
isochronous cyclotron of FIG. 1.

[0015] FIG. 6 is a top sectional view of the isochronous
cyclotron of FIG. 1 showing the sector pole tips without the
electrode assembly.

[0016] FIG. 7 is a top sectional view of the isochronous
cyclotron of FIG. 1 showing the electrode assembly above the
sector pole tips shown in FIG. 6.

[0017] FIG. 8 is a perspective top-and-side sectional view
of the isochronous cyclotron of FIG. 1.

[0018] FIG.9is aperspective angled-side sectional view of
the isochronous cyclotron of FIG. 1.

[0019] FIG. 10 is a section side view of an isochronous
cyclotron.

[0020] FIG.11 is a magnified view of section 70 from FIG.
10.

[0021] FIG. 12 is a perspective exterior view of the cryostat

containing the isochronous cyclotron of FIG. 1.

[0022] FIG. 13 is a sketch of the axial reference frame for
the ion orbits inside the isochronous cyclotron.

[0023] FIG. 14 is an unfurled sectional illustration of the
pole sectors as “seen” by the accelerating ion in orbit inside
the isochronous cyclotron.

[0024] FIG. 15 is a perspective view of an alternative
embodiment of pole tips the and a pole base, wherein the pole
tips are wrapped with superconductor coil rings.

[0025] FIG. 16 is a top sectional view of an isochronous
cyclotron with an internal secondary beam target.

[0026] FIG.17 is a magnified view of section 98 from FIG.
16.
[0027] FIG. 18 is a top sectional view of an isochronous

cyclotron with quadruple magnets for ion extraction.

[0028] FIG.19 is a magnified view of section 99 from FIG.
18.
[0029] In the accompanying drawings, like reference char-

acters refer to the same or similar parts throughout the difter-
ent views. The drawings are not necessarily to scale, empha-
sis instead being placed upon illustrating particular
principles, discussed below.

DETAILED DESCRIPTION

[0030] The foregoing and other features and advantages of
various aspects of the invention(s) will be apparent from the
following, more-particular description of various concepts
and specific embodiments within the broader bounds of the
invention(s). Various aspects of the subject matter introduced
above and discussed in greater detail below may be imple-
mented in any of numerous ways, as the subject matter is not
limited to any particular manner of implementation.
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Examples of specific implementations and applications are
provided primarily for illustrative purposes.

[0031] Unless otherwise defined, used or characterized
herein, terms that are used herein (including technical and
scientific terms) are to be interpreted as having a meaning that
is consistent with their accepted meaning in the context of the
relevant art and are not to be interpreted in an idealized or
overly formal sense unless expressly so defined herein. For
example, if a particular composition is referenced, the com-
position may be substantially, though not perfectly pure, as
practical and imperfect realities may apply; e.g., the potential
presence of at least trace impurities (e.g., at less than 1 or 2%
by weight or volume) can be understood as being within the
scope of the description; likewise, if a particular shape is
referenced, the shape is intended to include imperfect varia-
tions from ideal shapes, e.g., due to machining tolerances.

[0032] Although the terms, first, second, third, etc., may be
used herein to describe various elements, these elements are
not to be limited by these terms. These terms are simply used
to distinguish one element from another. Thus, a first element,
discussed below, could be termed a second element without
departing from the teachings of the exemplary embodiments.

[0033] Spatially relative terms, such as “above,” “upper,”
“beneath,” “below,” “lower,” and the like, may be used herein
for ease of description to describe the relationship of one
element to another element, as illustrated in the figures. It will
be understood that the spatially relative terms, as well as the
illustrated configurations, are intended to encompass difter-
ent orientations of the apparatus in use or operation in addi-
tion to the orientations described herein and depicted in the
figures. For example, if the apparatus in the figures is turned
over, elements described as “below” or “beneath” other ele-
ments or features would then be oriented “above” the other
elements or features. Thus, the exemplary term, “above,” may
encompass both an orientation of above and below; and the
apparatus may be otherwise oriented (e.g., rotated 90 degrees
or at other orientations) and the spatially relative descriptors
used herein interpreted accordingly.

[0034] Further still, in this disclosure, when an element is
referred to as being “on,” “connected to” or “coupled to”
another element, it may be directly on, connected or coupled
to the other element or intervening elements may be present
unless otherwise specified.

[0035] The terminology used herein is for the purpose of
describing particular embodiments and is not intended to be
limiting of exemplary embodiments. As used herein, the sin-
gular forms, such as “a” and “an,” are intended to include the
plural forms as well, unless the context clearly indicates oth-
erwise. Additionally, the terms, “includes,” “including,”
“comprises” and “comprising,” specify the presence of the
stated elements or steps but do not preclude the presence or

addition of one or more other elements or steps.

[0036] An embodiment of an isochronous cyclotron is
shown in FIGS. 1-10 from various perspectives and via vari-
ous sections. The isochronous cyclotron includes a magnetic
yoke 10 with a pair of poles 38 and 40, each including a pole
cap 41, a pole base 54, and a plurality of spiral-shaped pole
tips 52, and a return yoke 36 that contain at least a portion of
a beam chamber 64 that contains a section of a median accel-
eration plane forion acceleration. The poles 38 and 40 exhibit
approximate mirror symmetry across the median acceleration
plane and are joined at the perimeter of the magnetic yoke 10
by a return yoke 36.
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