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The ion source is one of the most relevant elements in a cyclotron, since it determines the injection into the
accelerator. An internal cold-cathode Penning ion source has been chosen for the AMIT compact cyclotron.
This kind of source is extensively used in cyclotrons to produce negative hydrogen ions. The compactness of
the accelerator constrain the beam diagnostic in the cyclotron, motivating the development of an external
experimental facility for the commissioning of the ion source. In this paper, the validation of the ion source

design and the characterization of the H~ beam production are presented. Different chimney geometries
modifying the distance between the plasma column and the extraction wall have been tested to obtain the best
relation between ion production and plasma conditions. In addition, experimental measurements of the beam
profile have been carried out. Current experimental results provide relevant information for the operation in
the final cyclotron assembly and the final beam current optimization.

1. Introduction

The use of radioisotopes for nuclear imaging techniques, especially
Positron Emission Tomography (PET) short life isotopes, has increased
considerably over the past few decades [1]. Therefore, the current cen-
tralized medical isotope production and supply system must be adapted
to the needs of society [2-4]. For that purpose, a ground-breaking
compact superconducting cyclotron, AMIT, has been developed by
CIEMAT and commercialized by Cyclomed Technologies [5].

The cyclotron is aimed at the production of single doses of !8F
and !1C radioisotopes in a optimized size design. It will contribute
to the deployment in hospitals for an on-site radioisotope production
that will reduce the corresponding delivery costs. A suitable production
of the selected radionuclides entails a beam requirements of 10 pA
beam of 8.5 MeV protons at the target [6]. AMIT cyclotron, based on a
weak focusing concept, employs two superconducting coils of NbTi in
a Helmholtz arrangement to provide the 4 T magnetic field in a warm
iron configuration [7]. The magnet is cooled down with two-phase
helium, circulating in a closed circuit and re-condensed externally in
a ground-breaking Cryogenic System Supply [8]. The radio-frequency
system [9] consist of a 180° Dee attached to the cavity, with a 60 kV
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accelerating peak voltage imposed by the non RF-particle isochronism.
In order to contribute to the high compactness of the accelerator,
a cold-cathode Penning Ionization Gauge (PIG) ion source has been
developed to produce a H~ beam that will be extracted from the
accelerator through stripping-based system. The simplicity of this kind
of source makes it the most common solution for cyclotron used for
short-life radioisotope production.

The performance of the ion source plays a relevant role in the
final operation of the cyclotron. It allows optimizing the beam current
injected and the vacuum level inside the acceleration chamber, con-
nected, likewise, with the beam losses by interaction with the residual
gas. However, the compactness of the accelerator imposes restrictions
on the beam diagnostics available during commissioning and operation
of the accelerator, disabling the performance characterization of the
source. Therefore, testing the ion source in a stand-alone facility be-
comes a relevant feature for optimizing the radioisotope production.
Different ion source test facilities for cyclotrons have been worldwide
developed [10-14]. A novel Ion Source Test bench facility (IST) has
been designed, constructed and commissioned at CIEMAT in order
to study the discharge characteristics and improve the ion source
efficiency of the AMIT cyclotron.
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2. Experimental setup
2.1. Ion source

The AMIT ion source consists of two cathodes and a hollow anode
cylinder, usually called chimney, with an aperture for beam extraction.
The cathodes are made of Tantalum due to the high thermionic emis-
sion current density, the high melting point and the high mechanical
strength. The anode is made of copper-tungsten alloy, because of
suitable thermal properties and good machining qualities. The slit size
is 6 mm height and 0.2 mm width with 0.1 mm thickness to increase
the penetration of the electrical field of extraction and keeping enough
thickness to avoid a quick erosion due to the sputtering. The anode is
held between two hollow copper blocks which are water cooled, where
the cathodes are accommodated. A detailed scheme of the ion source
specifying the different components is shown in Fig. 1, whereas Fig. 2
shows real pictures of the source.

The ion production begins to be relevant with the thermionic elec-
tron emission by the cathodes. The hydrogen gas injected directly
into the source through the cathodes cavity is ionized, generating a
plasma. In the anode volume, the production of negative hydrogen ions
is primarily determined by the equilibrium between the creation and
destruction processes through different reactions [15-17] between gas
molecules, ions and electrons, depending on the energy of the electrons.

The low binding energy of H™ (<1 eV [18]) allows the secondary
electron to be easily stripped by collisions with high-energy electrons.
Therefore, H™ ions survive mainly on the outer shell of the plasma
column, where the energy of electrons is lower. To compensate for
the destruction channel, the design of the ion source enhances the
production and survival of the H™ in the plasma by the implementation
of an expansion gap of 0.3 mm between the plasma column boundary
and anode slit wall, a region where there are cold electrons about few
eV and fast electrons are excluded.

2.2. Ion Source Test facility

The objectives of the Ion Source Test facility are to validate and
optimize the design of the ion source and characterize its operation,
performing experimental measurements to determine the optimal op-
erating conditions of the ion source, as well as the characterization
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Fig. 2. Pictures of the ion source showing a lateral view with the water cooling pipes
and the gas supply pipes (top), a frontal view of the main body of the source and
the anode (bottom left), a cathode with electrical insulator (bottom center) and the
chimney (bottom right).
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of the resultant beam [19]. The measurements are taken with beam
diagnostics focused on electrical measurements of the extracted beam,
depending on the operational parameters of the source, the geometry
of the system and the extraction conditions. During the operation, the
arc current, the arc voltage, the gas flow, the vacuum pressure, the
magnetic field and the extraction voltage are monitored and recorded.
All these parameters influence on the internal performance of the ion
source as well as on the extracted beam.

The IST (Figs. 3 and 4) consists of a mechanical structure that holds
a vacuum chamber where the ion source is introduced. The chamber
is designed to be introduced inside a warm dipole magnet. It produces
the magnetic field necessary to generate the operating conditions of
the source as well as to bend the beam out the ion source. The IST
magnet is a dipole with a cylindrical pole and copper coils providing
a maximum field of 0.86 T. A 3D optimization of the electromagnetic
design was performed, which was later manufactured by the company
ANTEC [20].

The ion source generates charged particles by an electric discharge
applied by the Ion Source Power Supply (ISPS) to the cathodes, gen-
erating a plasma by electron induced ionization of the hydrogen gas.
The plasma is confined by the external orthogonal magnetic field. An
electrical shielded box is installed inside the vacuum chamber with
a devoted puller mechanism, which fixes an extraction gap during
operation of 3 + 1 mm. A positive DC high-voltage is applied to the box
to extract the negative particles from the ion source, which is grounded.
This high-voltage system allows the validation of the ion source with a
technically simple facility. The electrical box shields the electric field
like a Faraday cage and therefore the trajectories of negative ions inside
are unaffected by any accelerating field. However, the beam path can
be modified during the operation by the external magnetic field, tuned
by the applied current to the coils. The gas handling system Bronchorst
model controls the flow rate of hydrogen into the source in a range of
0 to 10 scem (+0.06 sccm). To achieve a low stripping losses rate as
well as a rapid pumping speed, the vacuum system uses two diffusion
pumps of 1300 1/s and one rotary vane vacuum pump of ~40 m3/h. A
schematic overview of the ion production in the facility is illustrated in
Fig. 5.

The IST facility includes several interceptive beam diagnostics for
an optimum characterization. On the one hand, the total beam current
generated is measured with some beam probes which can be located
at three different positions, two of them with a fixed structure and
the third with a movable system by a piezoelectric motor to provide
variable measurements. The current is measured with a picoammeter,
adjustable in different ranges of measures with associated error of
0.6%. On the other hand, the transverse beam profile can be measured
through a Al,0;:Cr fluorescent screen [21].

The versatility of the IST facility has additionally allowed to test
and verify some other subsystem of the AMIT cyclotron beyond the ion
source. The vacuum system, the beam diagnostics, the water cooling
system and the operational control system among other minor elements
have been tried and tested.

3. Results and discussion

The final objective of the experimental measurements of the ion
source is focused on verifying the ion source design and its adequate
operation under the control parameters and establishing the achievable
beam current range in order to meet the cyclotron beam requirements.
Therefore, the ion source parameters influence must be perfectly char-
acterized to satisfy an adequate beam current injection during the
cyclotron operation.
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Fig. 3. Ion source test facility. (a) Overview of the test bench with the mechanical structure, the magnet, the vacuum system and the refrigeration water distribution system. (b)
A top view inside the vacuum chamber, showing the electrical shielded box, the ion source and the magnet.
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Fig. 4. Schematic top view of IST showing the beam extraction region from the ion
source and the beam probe inside the electrical shield box.
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Fig. 5. Diagram of ion source operation at the IST.

3.1. Ion source performance

The experimental performance operation of a cold cathode PIG ion
source is determined by the plasma properties. The plasma resistiv-
ity [22] is defined as:

= % e
e’n,
where m, is the electron mass, n, is the electron density and v, is
the Maxwellian-averaged electron—-ion collision frequency of binary
collisions that depends on ion density and temperature. The plasma
inside of the ion source can be considered as an equivalent electric
circuit. Thus, as a first approximation, the DC arc voltage and current
are related with the resistance according to Ohm’s law, and therefore
with the resistivity and the internal geometry of the chimney.

The ion source operation requires the presence of a magnetic field
parallel to the chimney axis. Electrons emitted from either cathode are
accelerated by the potential difference between the cathode and the
anode. Their movement is along expanding helical orbit crossing the
hollow anode and proceed toward the opposite cathode due to the axial
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Fig. 6. Arc voltage in front of arc current with a magnetic field of ~0.5 T (I,
135 A).
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magnetic force. The neutral gas injected is ionized, generating a plasma
which is confined by the magnetic field. The cathodes are self-heated
by back accelerated ionic bombardment, that it is supplied by plasma
ionization process.

The pure penning discharge can also be driven into an arc discharge
by increasing the gas flow of a source already at high voltage; this
is referred to as “striking the arc”, and is generally the main way in
which the arc discharge is initiated to start the hydrogen breakdown.
As the gas pressure is increased, the current increases, the cathodes
heat up and begin to supply electrons by thermionic emission. This
increases the current with further cathode heating until the current
is limited by the external circuit. The transition to full thermionic
operation can be clearly seen and it will not occur below a critical
pressure. The minimum pressure at which the transition occurs and
the impedance of the source are determinate by the heat conduction
of the cathode stems. Lower heat conduction results in higher cathode
temperature and a lower arc impedance and voltage for a given current.
Thus, by varying the pressure, the arc voltage can be controlled for
a given current. The standard behavior of the source in this stage is
described by the decrease of the arc voltage while the arc current is
increased, as it is illustrated in Fig. 6. The experimental error associated
with the ion source parameters is due to the systematic uncertainty
of the acquisition system measurements, being 0.5% for arc current
measurement and 0.05% for voltage.

The characterization of the ion source according to the gas flow rate
is illustrated in Fig. 7. As the initial flow rate increases, more molecules
are available for plasma production and the resistance decreases, caus-
ing a slight decline of the arc voltage. As the gas flow raise further, the
drift velocity of the charged particles is reduced, the electron collision
frequency increases and the plasma resistance increases. Furthermore,
modifications in the plasma density produce variations in the ionization
probability as well as in the probability of recombination for charged
particles due to the adjustment of electron mean free path. Thus, these
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Fig. 7. Arc voltage as a function of the gas flow at different arc currents. This
measurement is taken with a magnetic field of ~0.5 T (I, 135 A).
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Fig. 8. Arc voltage as a function of magnet coil current at different arc current (4 sccm
of gas flow rate).

two effect affecting to the plasma resistivity compete with each other
while the gas flow rate changes.

The magnetic field is other parameter to consider because it mod-
ifies the trajectory of the charged particles in the plasma and con-
sequently, it affects to the averaged electron-ion collision frequency.
However, their influence is of less relevance due to the volume of the
plasma is small and the internal pressure is high. Thus, the plasma
conditions remain almost unchanged against variations of the magnetic
field as long as it reaches certain value that evince the stability of the
plasma (Fig. 8).

3.2. Beam current measurements

The produced beam is directly related to plasma status and the
extraction conditions, specifically the electric field that depends on
the applied voltage and the puller-ion source distance. The electric
field penetrates through the slit of the ion source, extracting negative
charged particles from the plasma. The electrons are bent by the
magnetic field with small radii compared with that of the ions, due
to their tiny mass, and they collide outside of the source. H™ ions are
transported from the ion source into the electric shield box where they
are collected by a fixed beam probe located at the entrance of the cage.

The extracted current from a charged particle source has two dif-
ferent regimes as a function of the extraction voltage [14]. The first
is the so-called space-charge (SC) limited emission regime. In the SC-
regime the electron beam emission is limited by the beam itself. This
leads to reduced emission of the cathode because the space charge of
the particles already emitted compensates the extraction field, making
it impossible to extract a higher current density. The maximum current
density, J, can be calculated by the Child-Langmuir law [23,24]:

_ 4\/55 q V32

9

J
m d2

(2)

0

applied to parallel plates surfaces, where V' is the applied extraction
potential and d is the separation between the extractor and the emission

Nuclear Inst. and Methods in Physics Research, A 1025 (2022) 166028

surface. From this equation, the ratio between current and extraction
voltage, called the beam perveance, can be deduced:

-_L
V3/2
It is the proportionality constant that describes the extraction system. It
refers to the strength or ability of the plasma to deliver ions. For a spe-
cific charged particle, the perveance only depends on the geometry. As
long as the emission is space-charge-limited, the perveance is roughly
constant. When the voltage is further increased and the beam emission
is no longer space-charge-limited, the beam perveance decreases.

As extraction voltage is increased, the extracted current density
saturates by the emission limit of the plasma. Then, the ion source starts
to emit in the production-limited emission according to the thermionic
regime, which is the heat-induced flow of charge carriers from a surface
or over a potential-energy barrier.

The H™ beam current has been measured at IST as a function of dif-
ferent DC extraction voltages. The high voltage of the puller is restricted
to reduce HV breakdown phenomena due to the excessive spark occur-
ring in the space between the extractor and the ion source. To diminish
this effect, a resistor was placed between the high voltage power supply
and the extractor. Therefore, all measurements are referenced with
respect to the effective voltage in the electric shield box. The results
(Fig. 9) manifest the transition in the operating regime of ion produc-
tion. First the space-charge limited emission is dominant and above
a certain extraction voltage the current extracted from the plasma is
limited by the production emission. The curve fitted to the data in
Fig. 9(b) shows that the perveance of the AMIT internal ion source
during the space-charge limited emission is P =~ 0.1-0.5 mA kV—3/2,
according the ion source conditions. Whereas in the production emis-
sion regime, the current extracted increases slowly for higher voltages
with an approximate slope of 10-45 pA/kV according to the plasma
properties.

The beam current extracted from the ion source can be increased by
modifying on the plasma density conditions through the arc discharge
current and the gas flow rate. The high interdependence between the
different magnitudes plays a fundamental role in the optimization of
the ion source, allowing the tuning of the beam extracted current
through different control parameters of the ion source. Regarding the
arc current, during the operation of the cyclotron, it must be adjusted
so that the final current at the target fulfills the beam requirements
(10 pA). Once this condition is satisfied, the arc current should be
minimized to reduce secondary losses, wear and tear of the cathodes
and the consequent economic and material costs.

The dependence between the extracted beam current of H™ with
respect to the gas flow rate comes from the particle interaction reac-
tions in the plasma. As the gas load increases, a greater number of
ionization occurs for a given arc current, but electrons with adequate
energy for production are limited and the high pressure inside the
chimney decreases the survival of H™ ions. In addition, other processes
such as insufficient supply of gas molecules, the increase percentage
of neutral particles that are positively ionized, the excess supply of
electrons with destructive energy and the neutralization rate must be
taken into account.

The results presented in Fig. 10 show how the variation of the
gas flow rate at fixed arc current provides a quickly increase of the
beam current until a value around 4 sccm, which saturate the balance
between ion production—destruction reactions. Therefore, this value
can be considered optimal for the operation of the ion source, since
it maximizes the H™ current generated, minimizing the gas load and
consequently the vacuum level in the chamber, a relevant factor in the
beam losses by interaction with the residual gas.

It is also important to consider that there are other factors that influ-
ence the H™ production, although with less relevance, such as the mag-
netic field, the vacuum chamber pressure, the extraction gap distance,
the chimney—puller alignment, the internal geometry of the chimney...
Those factors can provoke the non-repeatability of the factor values
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during the measurements, that is to say, the ion source parameters and
the beam current do not present exactly the same values, even though
the trend of these magnitudes remains unaltered. However, their influ-
ence on the final outcomes is limited by the carefully systematic method
of measurements employed during the measurements.

It is important to comment that the extractions conditions at the IST
are different from the extraction scheme in the cyclotron. In the first
case, the extraction is performed by DC voltage by means of a movable
puller that allowed adjusting the gap distance before the operation to
maximize the beam extraction while avoiding electric sparks. In these
conditions, the gap was set to the closest distance of about 3 + 1 mm,
implying a static electric field of ~1.7 MV/m. The uncertainty in the
gap measurement was severely restricted due to limited accessibility
to this specific area on the test bench. In the scenario of the cyclotron
operation, the extraction electric field is oscillating at the frequency
of the RF resonant cavity, 60 MHz, providing a 60 kV accelerating
peak voltage in the 6 mm extraction gap. Besides that, the reduced
dimensions of the central region of the cyclotron imposed by the high
magnetic field lead to high electric fields at the peak of the RF cycle
close to 10 MV/m in the first stages at the source exit. Consequently, the
ion source is expected to work in the production emission regime dur-
ing the cyclotron operation. Despite this, stagnation in the perveance
curve could be expected under the high voltage conditions during the
cyclotron injection because the survival of H™ ions is constrained to
the surface of the plasma arc column [12]. In other words, higher
penetration of the electric field lines into the source slit would not nec-
essarily increase the beam current. Therefore, we cannot estimate the
injected beam current in the cyclotron from the IST experimental data
due to the different operating conditions between the IST and the AMIT
cyclotron. However, such measurements provide valuable information
for the validation of the design and the optimum operating settings of
the ion source with independence of the beam extraction conditions
considered. In particular, the arc configuration for the source kick-start,

the relation of the performance with the gas flow rate as well as the
beam extracted as a function of the gas flow are relevant parameters
established for the final start-up of the ion source in the cyclotron.

3.3. Cathode lifetime influence

The cathode lifetime is one of the main factors determining the total
operating life of the ion source. Their deterioration is of great relevance
since it diminishes the availability of the machine for radioisotope pro-
duction and increases the cost associated with the replaceable material
as well as increased exposure to ambient radiation. The experimental
test at the IST has provided meaningful information about this issue.
After many hours of ion source operation, the time needed by the
ion source to reach the thermionic mode was increased, denoting the
wear of the cathodes. When the material wear was extremely high,
the ion source could not be turned on. The removal and replacement
of the cathodes revealed an important erosion of the surface, with a
misalignment of one of them (Fig. 11). The sputtering of the cathodes
by ions from the discharge produces a crater-shaped erosion profile.
The lifetime at the moment of the replacement was 23.57 A - h, a value
that takes into account both the operational time and the supported
current during this time because the arc discharge current determines
the hit of the electrons and the material erosion. The high wear during
the tests was produced because the ion source was operated close to
the performance limits of the arc discharge at high arc currents.

The effect of cathode wear is studied comparing the ion source per-
formance and the ion production for new and eroded cathodes (Fig. 12).
The extracted current is affected by the wear of the cathodes, with
~30% more current measured at the beam probe with new cathodes.
Therefore, the reduction of the arc current arises as an important factor
to decrease the damage of the cathodes, extending the operating life of
the source.

Fig. 11. AMIT ion source cathodes after several hours of operation at the IST facility.
The erosion of the surface is clearly appreciated.
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measured at 450 mA of arc current.

3.4. Plasma expansion gap study

A parameter evaluated during the ion source tests was the depen-
dence between the inner anode wall and the plasma arc column. This
geometric parameter influences on the H~ ions survival, modifying
consequently the plasma conditions. In addition, it determines the
efficiency of the electric field to extracts the ions. Hence, after some
theoretical analysis and by similarity with previous studies [10,12], it
was decided to manufacture three cylindrical chimneys with different
plasma expansion gap distances of 0.2, 0.3 and 0.4 mm between the
plasma column and the internal wall of the anode. The chimneys have
equal dimension of the anode hole and the same slit size.

Fig. 13 shows the beam measurements for different chimneys em-
ployed. The results of these measures are inconclusive, since no one
of the chimneys provides a clear improvement in the current extracted
from the ion source under whatever operating condition. The variation
of the plasma parameters has a high influence on the beam production,
observable with measurements at fixed extraction voltage; even though
for steady plasma conditions there is an obvious difference in the
extracted current. In other words, the extracted current varies under
changes in the source parameters such as the arc current and the gas
flow rate in a non-reproducible way and without a clear observed
trend that could be related to some physical process that justifies the
measured results. Therefore, it is difficult to conclude in an optimum
plasma expansion gap for the chimney. Nevertheless, in certain optimal
operating conditions (4 sccm), concluded in previous section, a 0.2 mm
of plasma expansion gap has provided a higher beam current during
the measurements.

A relevant factor in these inconclusive results is the high uncertainty
associated with the accuracy of the chimney manufacturing. This is a
delicate part of small dimensions, and therefore the fine adjustment
between the hole in the anode and the wall of the anode is highly
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Fig. 13. Beam current at the beam probe for different chimneys with expansion gap modified as a function of (a) the gas flow rate at fixed

in front of the effective voltage at 4 sccm of gas flow rate and 600 mA of arc current.

Current

complex from a technical point of view. Furthermore, it was not possi-
ble to verify after manufacturing the different distances of the plasma
column, increasing the uncertainty about the real difference between
the chimneys.

Summarizing, the measurements with different plasma expansion
gap have not been conclusive. However, this constitutes the starting
point for future studies to correct the defects observed during this
experimental tests providing reliable results. Consequently, the com-
prehension of a real improvement base on that geometry modification
depends on future measurements and analysis of the results.

3.5. Beam profile characterization

In order to characterize the beam profile, a transverse interceptive
beam diagnostic based on fluorescent screen of Al,0;:Cr has been
employed to record in situ the impact of the beam on the monitor.
The device allows to measure the beam size with a 2-millimeter grid
carved on it. The experimental measurements were performed at a fixed
position of the screen, modifying the magnetic field, and consequently
the radius of the orbits, to monitor the transition of the beam on the
screen.

The results were recorded in video by a live camera installed inside
the electric shield box. Fig. 14 shows a screen capture of the beam
during the experiment and both transversal profiles after the post-
processing of the image. The delay shine of the beam produced by
fluorescence is appreciated, that is to say, the time that the screen emits
light is prolonged few milliseconds, producing a visible light tail in
the beam movement direction. Nevertheless, the high beam deposition,
concentrated in a very small region of space, damage the device during
the experiment and an area of the screen was found to be burned.

The beam profile measurements have provided relevant information
to characterize the beam size produce with the AMIT internal ion
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Fig. 14. Experimental measurements of the beam profile. (a) Beam profile live image
from the camera. The screen emit visible light of the intercepted beam. (b) Horizontal
and vertical transverse beam profiles obtained by post-processing of the image with a
calibration factor of 0.15 mm/pixel. The dashed line represent a Gaussian fit to the
profiles.

source. Future implementations of the IST facility will allow a better
characterization of the beam through some enhancements of the beam
acquisition as well as a robust monitoring of the extraction control pa-
rameters. In this way, the beam extraction will be able to be reproduced
computationally through multiparticle simulations performed with a
beam dynamics code to verify the experimental results.

4. Conclusion

The measurements performed at the IST have provided significant
knowledge to establish a procedure for operation of the AMIT ion
source. First, the discharge characteristics of the baseline configuration
of the cold cathode PIG ion source has been studied at different
conditions. Thus, the designed ion source have been validated for its
deployment in the cyclotron, establishing the configuration for a well-
suited starting point of the source as well as the dependence with
internal parameters. Secondly, the beam current have been measured
under different extraction conditions, varying the operation conditions
of the ion source. This results will allow establishing an optimum
range of the ion source control settings. Furthermore, different anode
geometry modifying the plasma expansion gap have been studied. Ad-
ditionally, the experimental operation has given relevant information
to optimize the ion source design at a mechanical level, as well as to
correct certain defects identified in the facility. Last but not the least,
the beam profile has been measured and characterized by a dedicated
on-site beam diagnostic, as well as it has been validated with beam
dynamics simulations performed with OPAL code.
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