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Abstract—The Ion-12SC is a sub-compact, 12.5 MeV proton super-conducting isochronous cyclotron for
commercial medical isotope production recently developed at Ionetix Corporation. The machine features a
patented cold steel and cryogen-free conduction cooling magnet, a low power internal cold-cathode PIG ion
source, and an internal liquid target. It is designed to produce N-13 ammonia for dose on-demand cardiology
applications but can also be used to produce F-18, Ga-68 and other medical isotopes widely used in Positron
Emission Tomography (PET). The cyclotron is being installed and commissioned at several medical centers.
During the initial machine operating periods, some issues appeared. In particular, imperfections in manufac-
turing and assembly of the magnet introduced unwanted low order magnetic harmonics that resulted in beam
losses. This report presents results of analysis of the measured magnetic field and beam dynamics in the cyclo-
tron that were initiated to solve the problem. The calculations led to a process for implementing compensating
magnetic shims to improve the beam transmission.
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1. INTRODUCTION
The Ion-12SC [1, 2] is a 12.5 MeV, 10 μA, proton

superconducting cyclotron. This is the world’s small-
est commercial cyclotron applied to medical isotope
production. To aid in field shaping and reduce the
need for shimming, the warm iron 3-spirals sectored
poles are manufactured of Armco pure iron. The final
energy radius of 115 mm was arrived at as a qualitative
compromise between machine size and required peak
RF voltages. The system is designed to irradiate an
internal liquid target for isotope production posi-
tioned at 140 mm radially. The target is positioned
where maximum turn separation exists 180° opposite
to the added 1st harmonic static valley shim. The
machine features a patented cold steel yoke and pole
design [3] in conjunction with warm iron spiraled
focusing sectors. The design was applied such that the
magnetic yoke is in thermal contact with the super-
conducting coils (Fig. 1).

The cold steel design simplifies the magnet con-
struction eliminating additional room for superinsula-
tion between the coil and the yoke. A warm bore
through the magnet provides the mounting surfaces
for the warm iron sectored poles and for accommoda-
tion of the ion source, RF resonator, internal target,
and other equipment as is needed.

The installed weight of the system is less than 2.3 t,
and requires less than 34 kW operating power resulting
in a significant advantage over existing machines
where space and power are important such as in sin-
gle-site dose-on-demand operations. The supercon-
ducting magnet is conduction cooled, cryogen free
design cooled by a single pulse tube cryo-cooler. It is
normally left continuously charged in persistence
mode for months at a time and requires approximately
five hours to charge and 3 h to discharge. Several of
these machines have already been built and deployed.
The Ionetix manufacturing facility is capable of pro-
ducing up to 30 machines per year.

The continuous R&D efforts in physics and engi-
neering have been made to improve the machine per-
formance, stability and reliability. The magnetic field
is mapped with a Hall-probe based mapper to accu-
rately measure the isochronism and provide informa-
tion needed to compensate for any unwanted 1st har-
monics.

2. BEAM INTENSITY TRACE
Analysis of the measured magnetic field map and

following beam dynamics simulation show that in
many cases the 1st harmonics of the magnetic field
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leads to the orbit moving off center preventing acceler-
ation to full energy and intensity. The magnitude of
these unwanted harmonics is small and may be com-
pensated for by appropriate shimming in the center of
the field. The amplitude of the measured magnetic
field 1st harmonics is less than ~20–30 Gs for all con-
structed cyclotrons, which is relatively small given
4.5 T magnitude of the central magnetic field. It is
believed that in given cyclotron the so-called gap
crossing resonance [4, 5] takes place due to a different
azimuthal periodicity of the magnetic and electric
field distributions resulting in decentering of the
orbits. The magnetic field of the cyclotron has 3-fold
spiral structure, and the RF system with one dee and
2 accelerating gaps is of 2-fold structure. The distribu-
tion of the 1st harmonics amplitude along the radius is
about the same for all Ion-12SC cyclotrons. To
improve the machine performance, a number of
actions were taken including analysis of the magnetic
field measurements, beam acceleration simulations,
discovery of the beam transmission problems, and for-
mulation of the possible field corrections for a specific
magnetic system. The magnetic field map was mea-
sured in the cyclotron midplane on a rectangular grid
with 5 mm spacing. To increase the resolution in the
analysis a cubic interpolation has been applied.

A number of possible effects on mapper accuracy
were explored. The most significant effects came from
ensuring the sample grid was accurately centered on
the field. Otherwise, this would result in artificial har-
monic content from the field map. The iteration pro-
cess was applied to define the offsets of the mapper

coordinates. These were subtracted from the measure-
ment coordinates to properly align the data. Minimi-
zation of the 1st magnetic harmonics in the resulting
map was a criterion for the process termination. The
field map obtained in this manner was used to analyze
the beam dynamics. It was shown that the average
magnetic field deviated from the required one by less
than ±0.05% (Fig. 2).

Figure 3 gives the measured dependence of the
amplitude of the 1st magnetic harmonics vs. radius.
The simulations show that in spite of reasonable beam
transmission efficiency (~20%) in the central region,
the total transmission from the ion source to the final
radius is very low. During the acceleration process the
losses of the particles on the vacuum chamber wall and
on other structure elements takes place due to the orbit
moving off center. The analysis shows that this effect
cannot be completely compensated for a correspond-
ing ion source shift from its central position.

If the first harmonic is analytically removed from
the measured field maps, acceleration to full energy
and intensity is obtained resulting in ∼100% beam
transmission in the expected region. To compensate
for the existing 1st magnetic harmonics, a set of the
steel shims was designed to be installed in the axial gap
between the sectors as shown in Fig. 4. The introduced
set of the shims allows reduction of the 1st magnetic
harmonics amplitude in the whole working radial
range. In calculations this yields the required increase
of the beam transmission from the ion source to the
production target. It was found that the main positive
effect on the beam transmission comes from the com-

Fig. 1. Cyclotron installation with the equipment around shown.
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Fig. 2. Average field vs. the isochronous field (left) and the difference between these curves (right).
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Fig. 3. Amplitude of 1st harmonic in the measured magnetic field.
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pensation of the 1st magnetic harmonics on initial
turns. So, it was sufficient to install only a pair of the
steel shims sitting in the central region [2]. Addition-
ally, the effect of the ion source radial shift also gets
more pronounced in this case. However, the ion
source positioning is allowed only along the accelera-
tion gap of the dee (X-axis in Fig. 4). The total beam
transmission reaches ~15% for the optimal ion source
position off-center. This optimal transmission effi-
ciency will be reduced by 40 or by 80% if the ion source
is shifted from its optimal position along X-axis by
0.5 mm either in the positive or in negative direction.
As a result of the optimization described above the
measured beam transmission enhancement can be
seen in Fig. 5. In the beam tests, the beam probe can
cover the radial path from 46 mm to 151 mm, and can
be fitted with a carbon block (intensity probe head) or
stack of thin borosilicate glasses (energy probe head)
for the beam current or energy measurement during
the commissioning. The port on the opposite side of
the RF system is used for the beam probe insertion.
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3. ANALYSIS 
OF BEAM AXIAL DISPLACEMENT

The beam current probe has axial size of ±4 mm
centering on the median plane of the cyclotron. The
probe is surrounded by the jaws to register the acceler-
ated particles with axial displacement off the median
plane in 4–5 mm range (Fig. 6). The arrangement per-
mits estimation of the axial displacement of the beam
along the working radial range. Additionally, the
viewer probe gives visual information on the beam
spot.

Readings of the beam current and viewer probes are
shown in Figs. 7 and 8. But the viewer gets easily satu-
rated, and one has to run at a much lower intensity
level. So, it is necessary to use the beam current probe
data, which gives more accurate information. The
viewer should be used just to have general ideas of the
beam position.

An analysis of the beam measurements shows that
an axial shift of the beam takes place during the accel-
eration process in a majority of the working radial
range. The effect leads to a substantial intensity reduc-
tion of the beam impinging on the production target.
The reason of particle losses could be an axial dis-
placement of the magnetic median plane in the cyclo-
tron. The most pronounced effect took place for the
machine version locally named as T5. There, the beam
axial displacement was observed in the whole radial
range (Fig. 8).

For interpretation of the observed effects and find-
ing the way for possible improvements a set of the
beam dynamics simulations were performed. The cor-
responding displacements of the structure elements
were taken into account in the calculations of the spa-
tial magnetic field distribution used in the beam simu-
lations. The ultimate goal of the simulations was to
define such displacements that have an impact on the
beam similar to that observed in the measurements.

To get an impression of the vertical position of the
beam center of mass, a useful analytical expression
from [6] can be applied:

(1)

where,  is axial shift of the coil,  is radial
derivative of the coil contribution to the axial compo-
nent of the field, Qz is axial betatron frequency, Btot is
total azimuthally mean magnetic field. Despite of low
axial betatron frequency the resulting beam shift is not
so pronounced due to small magnitude of the radial
derivative of the field in the formula above (Fig. 9). In
figure it can be seen that for the coil shift of 0.5 mm the
beam axial offset is less than 1 mm.

Apparently, there are many combinations of the
axial shifts and rotations of the coils that can pro-
duce intended perturbations of the beam axial dis-
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Fig. 5. Measured beam intensity before and after correction of the first harmonics.
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Fig. 7. Beam intensity probe trace.
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Fig. 8. Viewer probe image of the beam.
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placement along the radius. The beam displacement
obtained in this way can even change the sign in
some cases depending on the sign of .∂ ∂coil

zB r

Additionally, shifts and rotations of the iron mass
near the median place can also induce some pertur-
bations of the beam position. , it’s not a trivialSo
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task to find a unique combination of the coil and
iron shifts and rotations to reassemble the beam
shift behavior in the measurements. The situation is
even more complex due to the inverse problem not
being unique with multiple solutions. Nevertheless,

we have found one solution which is in some sense
close to that in the measurements. To this end, the
coil was shifted axially by 1 mm and the valley shim
by 2 mm. The beam behavior obtained in this way is
shown in Fig. 10.

Fig. 9. Axial beam position as a function of radius from Eq. (1) with the coil shift by 0.5 mm (dash line). Solid line: axial betatron
frequency dependence on radius.
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4. CONCLUSIONS

A set of operational Ion-12SC machines has been
produced by the Ionetix manufacturing facility. The
obtained beam intensity on the target is well within
reach of the design goal. R&D efforts in physics and
engineering to improve the machine performance, sta-
bility and reliability required extensive computer sim-
ulations including analysis of the measured magnetic
fields and beam dynamics modeling. This activity
allowed predicting some of the beam loss mechanisms
and then determining methods to mitigate them by
tailoring the magnetic field to increase the beam
intensity on the production target.
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