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Abstract 
 
In this report we discuss the possibilities of using a charge breeding scheme based on an Electron 

Beam Ion Source for beam preparation of a radioactive 11C beam for hadron therapy. Test 

measurements under extreme operating conditions were conducted at the REX-ISOLDE facility to 

explore the limitations of the charge breeder for high-intensity, low-repetition-rate, molecular CO+ 

beams. Based on our findings, we discuss different possible scenarios of coupling a charge breeder 

with either a medical synchrotron or linear accelerator. 
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Abstract 

In this report we discuss the possibilities of using a charge breeding scheme based on an Electron 

Beam Ion Source for beam preparation of a radioactive 11C beam for hadron therapy. Test 

measurements under extreme operating conditions were conducted at the REX-ISOLDE facility to 

explore the limitations of the charge breeder for high-intensity, low-repetition-rate, molecular CO+ 

beams. Based on our findings, we discuss different possible scenarios of coupling a charge breeder 

with either a medical synchrotron or linear accelerator. 

1 Introduction 
Within work-package 2 of the MEDICIS-Promed ITN [1,2], we study the possibilities of using a 

radioactive ion beam in hadron therapy. In particular, 11C (β+ emitter, 𝑇1/2 =20.4 min) is investigated 

as it has excellent properties for both on-line and off-line PET imaging, which can be used for dose 

verification [3]. While ions are produced abundantly in conventional hadron therapy with stable 

carbon, it is highly challenging to provide a radioactive beam of adequate intensity for treatment. We 

have initially focused on an acceleration scheme based on a synchrotron, as described in the Proton 

Ion Medical Machine Study (PIMMS) [4,5] and used presently at CNAO (Pavia, Italy) [6] and at 

MedAustron (Wiener Neustadt, Austria) [7]. This was requested by the MEDICIS-Promed steering 

committee, as an essential step would be to try out treatment with 11C ions at one of these facilities.  

Furthermore, it shall be assumed that the radioactive treatment ions are produced by the Isotope 

Separation On-Line (ISOL) technique [8]. Previous experience with carbon ion beams at the nuclear 

physics facility ISOLDE [9] at CERN has shown that the 11C output with the highest yield from the ISOL-

production stage is typically a singly charged, molecular 11CO+ beam [10]. Molecular carbon in form of 

CO is volatile and can therefore be extracted from the target with higher yields than atomic carbon, 

that is refractory and easily forms strong bonds with hot metal surfaces. The main challenge of the 

Figure 1. Schematic layout of an ISOL-production and preparation stage for 
11

C
+
 to be used as 

treatment beam in a synchrotron-based facility. 
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work discussed in this report lies in coupling the production of a continuous, molecular CO+ beam from 

an ISOL-target with a low repetition-rate medical accelerator (see Figure 1). 

The concept of accumulation, breeding and post-acceleration of radioactive carbon beams was tested 

at REX-ISOLDE [11,12], which is part of ISOLDE. Here, ISOL-produced radioactive beams are prepared 

in a charge-breeding stage (see Figure 2) before acceleration in the HIE-ISOLDE linac [13] and further 

transfer to the experimental stations. The charge breeding stage consists of two main devices, namely 

a Penning trap and an Electron Beam Ion Source (EBIS). The Penning trap, REXTRAP [14,15], cools and 

bunches the quasi-continuous beam from ISOLDE. The bunched beam is transported via an 

electrostatic transfer section and injected into REXEBIS [16,17], where the ions’ charge state of initially 

1+ is increased for an efficient post acceleration. After separation by A/Q in a Nier-type spectrometer 

[18], the selected beam is accelerated in the HIE-ISOLDE linac. 

At ISOLDE, the efficiency of the charge breeder stage, comprised of REXTRAP, REXEBIS and the 

spectrometer, is of major concern. Typically, rare isotopes with small production cross-sections are 

handled, hence, ion intensities are relatively low (ranging from a few ions/s to >108 ions/s). In contrast 

to ISOLDE, a beam preparation stage for hadron therapy has to deal with considerably higher 

intensities. The efficiency will still play a central role in the design, as the production of the radioactive 

ions is limited. Furthermore, a synchrotron-based treatment facility would require long storage times 

of the 1+ ions, which is an additional challenge. For the tests presented here, the REX-ISOLDE charge 

breeder stage had to be operated well outside the normal regime to determine its limitations in the 

context of hadron therapy. 

In this report, different possibilities of using a charge breeding stage as a CO beam preparation tool 

for hadron therapy with a synchrotron are laid out and investigated with regard to their feasibility and 

technical limitations. Firstly, basic properties of a charge breeder stage are discussed by reference to 

the setup at REX-ISOLDE. Secondly, measurement data taken at ISOLDE is presented that quantifies 

the behaviour and limitations of the Penning trap and EBIS under the extreme conditions of high-

intensity, low repetition-rate beams. Thereby, various injection scenarios that correspond to different 

design options for a hadron therapy beam preparation stage are compared. 

Figure 2. REX-ISOLDE low energy stage, comprised of REXTRAP for cooling and bunching of the 1+ ion beam, 
the electrostatic beam transfer section (BTS), REXEBIS for charge breeding 1+ → N+ and an A/Q separator. 
The charge breeder stage transforms a continuous 1+ beam into a pulsed beam of higher charge. 
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As this study pinpoints the difficulty of efficiently coupling an 11C+ beam from an ISOL-stage with a 

synchrotron based accelerator, a green field approach is presented, that discusses possibilities of 

matching the radioactive beam with future medical accelerators, in particular with a high-repetition-

rate, all-linac system. 

2 Charge breeding requirements and components 

2.1 Charge breeding requirements for a synchrotron based facility 
In conventional carbon ion therapy facilities, the stable beam is produced in an Electron Cyclotron 

Resonance (ECR) ion source, with continuous currents of several 100 µA. Beam can be injected into 

the synchrotron only during some tens of µs at the beginning of each cycle. Since stable carbon is 

available abundantly, one can afford to chop the beam extracted from the ECR ion source and inject 

a pulse of the desired length into the synchrotron, while discarding >99.99 % of the initially produced 

beam. However, in case of a radioactive treatment beam, the limited production rate of the 

radioisotopes imposes the need of ion accumulation during the length of one synchrotron cycle (>1 

s), in order to reach the desired intensity. For light ions as carbon, the ECR ion source has very limited 

storing capability and it is therefore not suitable as a stand-alone source for the radioactive beam. 

Instead, a charge breeding stage with a storing capability is required. 

Typically, an EBIS-based charge breeding system operates with a repetition rate between 2 and 50 Hz 

[17]. Thus, the low repetition rate of the synchrotron (<1 Hz) enforces a challenge on the design of the 

charge breeder system, to effectively match the quasi-continuous 1+ ion beam from the target ion-

source with a synchrotron. The output of the charge breeder should ideally be a pulse of carbon ions 

of charge state 4+ or higher, with a pulse length that can be accepted for injection into the synchrotron, 

i.e. some tens of µs. If longer pulses are provided, the efficiency of the multi-turn injection decreases. 

According to the PIMMS design report [5], the required intensity of beam out of the ECR ion source is 

5.6·109 C4+ ions per pulse (pulse length of 30 µs, corresponding to an injection over 16 synchrotron 

turns in the PIMMS design). This number is to be understood as a lower limit as higher intensities may 

be required to compensate for losses in a real machine. To include a safety margin, we have aimed at 

1·1010 ions per pulse, which would also be sufficient to complete a treatment in one single synchrotron 

spill, given that the rest of the machine is relatively efficient. 

Functions of the charge breeder system Details 

Accumulation of CO beam During >1 s 
Molecular breakup CO -> C + O 
Charge breeding C4+, C5+ or C6+ 
Extracted pulse length <100 µs 
Output intensity 1·1010 ions 
Maximum emittance for C4+, 95% at 30 kV [19] Approx. 180 mm mrad 

 

Table 1. Summary of the required functions of the charge breeding system for a hadron therapy facility based 
on a synchrotron. 

2.2 Electron Beam Ion Source 
The central part of the charge breeder system is an EBIS. Here, the main working principles of an EBIS 

are described and important terms which are used in the discussion later are defined. For a more 

detailed description of the EBIS and its functionality, the reader is referred to the literature [20,21]. 

2.2.1 Electron beam 
Inside an EBIS, an electron beam is generated by an electron gun. The electron beam is injected into 

a solenoidal magnetic field that compresses it to reach a high current density. On the other side of the 
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magnet, it is recovered on the collector electrode. In REXEBIS, for example, a 200 mA electron beam 

of 4.5 keV is transported over a trap length of 0.8 m. Inside the 2 T solenoidal field, the beam is 

compressed down to a radius of 250 µm, resulting in an electron current density of approximately 100 

A/cm2. 

2.2.2 EBIS cycle 
In the EBIS, highly charged ions are produced by electron impact ionization. They can either be 

introduced as neutral gas or injected from an external source as 1+ ions and thereafter charge bred in 

the electron beam. At REX, under normal operating conditions, the 1+ beam is bunched in REXTRAP 

prior to injection into the EBIS. In every EBIS cycle, the injection barrier, created by the potential on 

one of the outer drift tubes, is lowered during injection and an ion bunch from the Penning trap is 

injected. Before the ions perform one complete axial roundtrip inside the EBIS, the injection barrier is 

closed again to trap the ions before they can escape the EBIS. The ions are now radially confined by 

the space charge potential of the electron beam and axially by the electrostatic barriers. During the 

time the ions spend in the ionization region, called breeding time, an ion’s charge state evolves due 

to the exposure to competing atomic processes: electron impact ionization, radiative and di-electronic 

recombination, and charge exchange [22]. At the end of the cycle, when the ions are extracted by 

again lowering the barrier, a certain charge state distribution (CSD) has been established which is 

mainly determined by the breeding time and the electron beam density. Downstream from the EBIS, 

a specific charge state can be selected by means of an electromagnetic spectrometer. 

2.2.3 Capacity 
The charge storage capacity of the EBIS is given by the total space charge of the electrons within the 

trapping length L. The number of electrons can be approximately calculated from the non-relativistic 

electron energy Ee and the beam current Ie: 

     𝑁− =
𝐿∙𝐼𝑒

𝑒
∙ √

𝑚𝑒

2𝐸𝑒
     (1) 

with e and me being the electron charge and mass, respectively. In REXEBIS, with Ie=200 mA, 

Ee=4.5 ekV and L=0.8 m, the total electron number amounts to 2.31010 electrons. 

A low beam energy is favourable if the trapping capacity has to be maximized. However, from an 

electron optics point of view, a lower beam energy is more difficult to handle, and a trade-off must be 

made. The electron energy also determines the maximum attainable charge state of the ions. This, 

however, is not of concern for this particular application, as carbon is a light ion and can easily be 

ionized – with a threshold energy of 490 eV to go from C5+ to C6+. Significantly higher electron beam 

energies are only required for charge breeding of heavy ions to high charge states.  

2.2.4 Radial trapping potential and neutralization 
The radial trapping potential is created by the space charge of the electrons. Assuming a uniform 

distribution of the electrons inside the electron beam radius re, the potential inside the drift tubes 

(radius rd) takes the following form. 

𝑈(𝑟) =  
(1−𝑘)∙𝐼𝑒

4𝜋𝜀0√
2𝐸𝑒
𝑚𝑒

{
(−1 + 2 ln (

𝑟𝑒

𝑟𝑑
) + (

𝑟

𝑟𝑒
)

2

)        𝑟 ≤ 𝑟𝑒  

2 ln (
𝑟

𝑟𝑑
)                          𝑟𝑒 < 𝑟 ≤ 𝑟𝑑

   (2) 

Here, ϵ0 is the vacuum permittivity and k is the neutralization factor, which describes the filling of the 

electrons’ space charge potential. It is defined as the ratio of ion charges to electron charges inside 

the trapping volume of the EBIS. When the EBIS is filled with ions, the electron space charge becomes 
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neutralized according to the neutralization factor k and the potential well becomes less deep. Figure 

3 shows the space charge potential of the REXEBIS electron beam with partial and without 

neutralization by ions. 

When estimating the number of carbon ions the EBIS can hold, one has to take into account that the 

EBIS can not be filled completely (k<1), as will be discussed below, and that the fraction of the capacity 

that is actually used, is distributed over different elements (residual gases and injected ions) and 

charge states. The number of ions of element X in charge state Q is: 

𝑁𝑋
𝑄+ =

𝑘∙𝑁−∙𝛿𝑋∙𝑓𝑋
𝑄

∑ <𝑄>∙𝛿𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠
    (3) 

with X being the fraction of particles of element X, fQ the fraction of particles in charge state Q of 

element X, and <Q> the average charge state of element X. Typically, the background from residual 

gas amounts to 108 to 109 charges per pulse at REXEBIS, meaning that residual gas ions fill the electron 

beam by up to 5%. The main contribution to this background is Ne, coming from the REXTRAP buffer 

gas. If no buffer gas is injected into the Penning trap, the background neutralization can be <1%. 

2.2.5 Ion losses from boil-off 
An important ion loss mechanism in the EBIS is thermal boil-off [23]. Ions are heated by Spitzer 

collisions [24,25] with the fast electrons, and gain energy from so-called ionisation heating when they 

change charge state within the electron beam potential. Inside the electron beam, different ion 

populations thermalize within some milliseconds until their energies follow a Maxwell-Boltzmann 

distribution in the radial and axial dimensions. Hot ions in the high-energy tail of the distribution are 

lost if they exceed a certain energy threshold. In the radial trapping dimension, ions have too large 

radii and hit the drift tubes if their energy exceeds the depth of the radial trapping potential, given by 

Eq. 2. In the axial direction, ions boil off over the outer barrier, where the energy threshold is 

determined by the potential difference of the outer barrier and the trapping tubes. This loss 

mechanism becomes particularly important for long storing times in the EBIS, and for cases where the 

1+ ions are injected with a high energy, as the boil-off is more likely for ions with relatively high 

energies (see Sec. 3.4). 

2.2.6 Transverse acceptance 
The total normalized acceptance αfull of the EBIS for injected beam is given by the potential depth and 

radius of the electron beam and can be estimated using the following equation [16]: 

Figure 3. Radial space charge potential relative to the drift tubes inside REXEBIS in the absence of ions (blue) 
and partially neutralized, k=0.5 (red). 
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   𝛼𝑛𝑜𝑟𝑚 =
𝑟𝑒,𝑡𝑟𝑎𝑝

𝐶
√2 ∙ ∆𝑈𝑒,𝑡𝑟𝑎𝑝 ∙ 𝑞/𝑚 ,    (4) 

where re,trap and Ue,trap represent electron beam radius and potential depth, c the speed of light, and 

q and m ion charge and mass. The formula neglects the contribution from the solenoidal magnetic 

field, which is adequate as the electrostatic contribution to the acceptance is dominating when the 

compensation degree is low (as is the case during 1+ ion injection). An EBIS with an electron beam 

radius re,trap of 0.8 mm and a potential depth ΔUe,trap inside the electron beam of approximately 1 kV - 

similar parameters to RHIC-EBIS - would have a normalized acceptance of 0.36 mm mrad for a 11C+ 

beam. 

2.3 Penning trap 
Before the ions are injected into REXEBIS, the radioactive ions from the ISOLDE target are cooled and 

bunched in REXTRAP. The ion accumulation interval followed by the short ion extraction phase make 

up the so-called period time. The device is a buffer-gas filled (usually Ne) Penning trap built into a 3 T 

superconducting solenoid. In normal operation the ions enter the trap with a residual kinetic energy 

of around 200 eV and are stopped in the buffer gas. The central electrode is split azimuthally and a 

transverse RF-field can be applied for mass-selective cooling of the ions. At REXTRAP, quadrupolar 

sideband and rotating wall cooling are implemented [15,26]. Normally, the rotating wall mode is used 

as it yields the highest transmission. 

The Brillouin limit determines the maximum attainable density which depends on the magnetic field 

B and ion mass m [27]: 

𝑁+

𝑉𝑐𝑙𝑜𝑢𝑑
=

𝜀0𝐵2

2𝑚
     (5) 

with N+ the number of stored charges and Vcloud the ion cloud volume. For 13CO+ the Brillouin limit lies 

at 8.2·108 ions/cm3 and the maximum space charge capacity can therefore be calculated from the 

cloud volume. Unfortunately, in our setup, the cloud size cannot be determined directly. However, 

taking the REXTRAP geometry and cloud shape (see a detailed discussion in e.g. [15,26]) into account, 

0.5 cm3 is a reasonable value, which would result in 4108 13CO+ ions. 

Theoretically, the Brillouin density can be reached when the cloud rotates at 
𝜔𝑐

2
, i.e. half of the true 

cyclotron frequency  𝜔𝐶 = 𝑞𝐵 𝑚𝑖𝑜𝑛⁄ . When centring the ion cloud with rotating wall cooling, this 

motion can be driven by applying the cyclotron frequency to the 8-fold segmented ring electrode 

located at the trap centre, with a phase shift of 90 between neighbouring electrodes. Tests at 

REXTRAP have shown that due to the presence of the buffer gas and trap imperfections, the RF 

centring mechanism is most probably not dominated by rotating wall cooling, but by the conventional 

sideband cooling. Hence, it has to be assumed that the maximum plasma density might not be reached 

and that saturation effects may occur below the theoretical Brillouin limit. 

The trap transmission is defined as the ratio of the 1+ ion beam currents before and after the trap. 

During typical operation at 2-50 Hz, the trap transmission for a singly charged, mono-atomic beam 

ranges between 30% and 70%; the lower value occurring for very light ions (A<15). Losses happen 

mainly upon injection into the trap when ions enter the trapping region over an electrostatic barrier. 

During their first round-trip inside the trapping region, they have to lose enough energy not to escape 

over the injection barrier on the way back. If the cooling is insufficient and their energy is still higher 

than the barrier, the ions will not be trapped. In addition, ions with angles outside of the acceptance 

cone of the magnetic mirror will be reflected before entering the actual trapping region. 
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Efficiency refers to the fraction of beam that can actually be accepted by the EBIS. Beam that is not 

completely cooled may exit the trap and contribute to the transmitted current, even though it does 

not lie within the EBIS acceptance and is lost during beam transport or upon injection into the EBIS. In 

particular, this is the case when several masses are present in the trap. The sideband cooling is mass-

selective, meaning that only one mass can be cooled efficiently. Other masses may be transmitted 

through the trap but cannot be injected into the EBIS efficiently. 

3 Measurements at REX-ISOLDE 
The measurements described in this section aim to understand the limits of the charge breeder system 

when handling high intensities, long accumulation times and molecular beams. The measurements 

quantify the space charge limits and loss mechanisms due to long ion holding times under different 

operating conditions of the Penning trap and EBIS. Furthermore, the breakup of CO was studied for 

different trap configurations and buffer gases. All measurements were performed with stable beams, 

either from the ISOLDE General Purpose Separator GPS [28], or from the local off-line surface ion 

source in front of the Penning trap (only K, not CO) [29]. 13CO+ beams were produced in an ISOLDE 

target ion-source unit by injecting 13CO gas into a Versatile Arc Discharge Ion Source VADIS [30] via a 

leak. The measurements were performed with stable 13CO+ as radioactive 11CO+ beams with sufficient 

intensities cannot be reached with the present ISOL-system, and for the more abundant 12CO, 12C 

suffers from high background levels after mass separation, particularly from oxygen. It is assumed that 

the behaviour of the radioactive ions is similar to that of the stable beam. For a radioactive beam, 

slightly higher loss rates in the Penning trap are expected due to the radioactive decay. However, as 

the half-life of 11C is relatively long (𝑇1/2 =20.4 min), only a small fraction of the ions decays during 

the storing time in the trap (decay constant 5.7·10-4 s-1). Concerning the space charge limitation, the 

results for the Penning trap can be scaled with the mass difference according to Eq. 5. In the EBIS no 

difference in capacity is expected between radioactive and stable beam as it depends only on the 

charge and not on the mass of the ions, to the first order. 

3.1 CO injection into REXTRAP 

3.1.1 Molecular breakup 
When injecting CO+ into REXTRAP, the molecule might break up into carbon and oxygen. In principle, 

the CO molecule has to be broken up at some point in the charge breeding system. Therefore, it would 

actually be favourable if all molecules could be broken up in the trap such that all oxygen can be 

removed and an ion beam of atomic carbon is injected into the EBIS, thereby reducing the occupied 

space charge in the EBIS. The problem, however, is that when the CO+ dissociates in the trap, it is not 

guaranteed that the carbon atom remains positively charged. In the breakup there are two possible 

exit channels [31]: 

 CO+ -> C+ + O (neutral) 

 CO+ -> C (neutral) + O+, 
 

where the branching ratio depends, among other things, on the collision energy with the neutral atom, 

with higher energies leading to an increased O+/C+ ratio [31]. In the second channel, the carbon atom 

is neutralized and lost. When breakup happens, three beam components can exit the Penning trap: 

C+, O+ and CO+. In addition, there might be a background from ions that are produced in the trap. The 

beam transfer section (BTS) from the Penning trap to the EBIS is completely electrostatic, so all beams 

can be transferred to the EBIS, but they will have different flight times. As will be seen below, the 

difference in time-of-flight (TOF) between the 13C+ and 13CO+ is approximately 13 µs at the 

measurement position after the Penning trap. Until the EBIS entrance, they travel another distance of 

approximately 8 m at 30 keV, hence, they will be separated by 19 µs in total. This time difference is 
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shorter than the roundtrip time inside the EBIS trapping region for the fastest ion (35-40 µs for C+). It 

is therefore expected that all three beams can be accepted by the EBIS during the injection window. 

In the buffer gas, energy is transferred between the injected beam and the neutral buffer gas atoms 

through collisions. If the energy in the centre-of-mass frame of the collision exceeds the dissociation 

energy of the molecule, there is a possibility that the molecule breaks up, which might lead to carbon 

losses. In tests with molecular CO+ beams in REXTRAP, the influence of different parameters such as 

the injection energy, cooling time and choice of buffer gas on the trapping efficiency and breakup 

were investigated. Here, injection energy is defined as the potential energy of the ions relative to the 

REXTRAP platform (0 V in Figure 4). 

For ion energies in the eV to keV range, nuclear stopping dominates over electronic stopping and the 

process can be described by elastic collisions of the ions with the buffer gas atoms [32]. Within the 

kinematic model of buffer gas cooling, ions and buffer gas atoms are modelled as hard spheres. It is 

assumed that the diameter of these spheres is to first order proportional to the respective mass. The 

energy threshold for breakup is where the ion’s energy in the centre-of-mass frame of the collision 

reaches the dissociation energy. This threshold energy has to be compared to the maximum energy 

transfer in a head-on collision (zero impact parameter). Eq. 6 translates the ion’s kinetic energy in the 

laboratory frame Elab into the centre-of-mass frame of the collision ECM, depending on the ion and 

buffer gas masses, mion and mb. 

𝐸𝐶𝑀 =
𝑚𝑏

𝑚𝑖𝑜𝑛+𝑚𝑏
𝐸𝑙𝑎𝑏    (6) 

In lighter buffer gases, the energy transfer per collision is lower than in heavy gases, hence the 

molecules are less likely to break up. On the other hand, the cooling times, in REXTRAP typically in the 

order of some 10 ms, are longer than in heavier gases as more collisions are required to stop the ion. 

The CO+ molecule (A=29) is bound with a threshold dissociation energy of 8.3 eV [31]. For the buffer 

gases He (A=4) and Ne (A=20), Eq. 6 yields threshold injection energies as listed in Table 2. 

Buffer gas Threshold energy Elab 

He 68.5 eV 
Ne 20.3 eV 

Table 2. Threshold energies for breakup of a 13C16O+ molecule in different buffer gases, assuming a dissociation 
energy of 8.3 eV. 

The threshold is the energy at which breakup is possible for head-on collisions. However, the impact 

parameter is randomly distributed and most molecules will survive an injection also with an energy 

above the threshold. Nevertheless, if the differential pumping is insufficient, breakup is also possible 

at an injection energy below the threshold, as buffer gas that exits the trapping region can cause 

breakup at the trap entrance, where the ions still have a higher energy. A second reason for an 

effectively lower threshold would be if the molecules can be broken up through a stepwise excitation 

over several interactions with the buffer gas. 

Figure 4 shows different configurations of the axial trapping potential in REXTRAP. In the normal trap 

configuration (black) the ions enter the trap over the injection barrier with around 200 eV compared 

to the trap centre, as indicated by the arrow. The ions oscillate in the axial potential well and are 

gradually stopped by collisions with the Ne buffer gas. Once the ions have migrated to the trap centre, 

the RF that is applied to the segmented, central trap electrode, couples the magnetron and reduced 

cyclotron motions, which, in the presence of a buffer gas, has a radial centring effect on the ions. 
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The normal trap configuration with an injection energy of 200 eV is usually used for atomic beams. 

When injecting CO+, a significant fraction of the beam breaks up, which is not surprising given the 

threshold of 20.3 eV. Most of the extracted beam is atomic carbon ions, with possibly some oxygen in 

the peak. It has to be assumed that for every oxygen ion coming out of the trap, one carbon atom was 

lost. In an attempt to avoid the dissociation of the CO+ molecules, we lowered the injection energy. 

The axial trapping potential was changed according to the potential shown in Figure 4, referred to as 

the ‘flat’ trap. As the injection barrier is lower, the whole trap platform potential could be increased 

by 100 V, thereby effectively lowering the ion injection energy by 100 eV. Indeed, it could be shown 

that the beam is less prone to breakup in this configuration. 

The three different beam components, C+ / O+ (mainly C+ with possibly some O+), H2O+ (background 

contamination from the Penning trap) and CO+, are identified by a time-of-flight measurement directly 

after the trap. The TOF spectra corresponding to the beam out of the normal and the flat trap 

configurations are given in Figure 5. Note that the intensities in the two plots cannot be compared, 

only the relative heights of the peaks are meaningful. The TOF for the flat trap had a lower extracted 

current. The trap cooling RF was different in the two measurements: in the normal trap C was 

enhanced by cooling on A=13, while CO+ (A=29) was cooled in the flat trap. In the TOF spectrum, the 

cooling increases the output of the corresponding mass in the order of 10%. This effect might seem 

Figure 4. Different configurations of the axial trapping potential in REXTRAP. In the normal trapping 
configuration, the beam enters from the left side several 10 eV above the barrier or approximately 200 eV 
above the central trapping electrode. 
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configuration (right plot: cooling RF tuned for A=29, period time = 41 ms, injected current 57 pA) [30]. Note 
that the peak identification in [30] is incorrect. 
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only like a small improvement, however, when injecting into the EBIS, the efficiency for the cooled 

mass will be a factor 2 to 4 higher than for the a non-cooled beam. By lowering the injection energy, 

the TOF measurements clearly indicated less molecular breakup in the flat trap. 

The measurements shown in Figure 5 were taken for a period time of ≤100 ms. For a CO charge 

breeding system connected to a synchrotron, longer period times are expected. We have therefore 

repeated the TOF measurement for different period times as shown in Figure 6. The injection was 

gated such that always the same amount of ions, namely 1.24108 CO+, were injected during the first 

100 ms of the cycle. Even though the total intensities decrease for longer period times due to losses 

(see Sec. 3.1.2), Figure 6 shows that the relative intensities of the C+ / O+, H2O+ and CO+ peaks do not 

change significantly. It can therefore be concluded that the breakup happens mainly upon injection 

into the buffer gas and is not related to the applied RF from the central trapping electrode during the 

cooling period.  

 

When changing the buffer gas to He, one expects a higher threshold for collisional breakup from the 

kinematic model of buffer gas cooling. As already listed in Table 2, the threshold for breakup of CO+ in 

He lies at 68.5 eV injection energy, compared to 20.3 eV in Ne. Above we have shown that lowering 

the injection energy in Ne from 200 to 100 eV, still about 80 eV above the threshold, results in a 

significant reduction of molecular breakup. Hence, it is expected that an even larger fraction of CO+ 

molecules survives, when injecting CO+ into a He-filled trap. Figure 7 presents the TOF spectrum after 

the Penning trap, when filled with He buffer gas. For this measurement, the trapping potential was 

again in a flat configuration, as we were trying not to break up the molecule, and the cooling RF tuned 

for CO+. The trap period time was 50 ms and the total trap transmission only 16%. The actual efficiency 

was even lower as a large fraction of the extracted beam consisted of H2O+. Indeed, from the kinematic 

model, a lower injection efficiency is expected in He, compared to a similar situation in Ne, as the 

cooling is slower due to the lower energy transfer per collision. Hence, more ions will escape over the 

barrier because they have not been sufficiently cooled during their first round-trip in the Penning trap. 

When using He as buffer gas, no trace of a C+ / O+ peak was observed in the TOF spectrum. Hence, the 

number of broken-up molecules is assumed to be reduced, in agreement with the collisional model. 

In addition to the data shown above, we have also injected CO2
+ into the trap with the same result: 

the transmission in He is lower than in Ne and the C+ / O+ peak completely disappears. Due to the 

significantly lower over-all efficiency, the idea of using He as buffer gas was discarded. All 

measurements presented below were taken with Ne as buffer gas. 

Figure 6. TOF spectra (to the right normalized) after REXTRAP filled with Ne buffer gas and operated in normal 
trapping configuration, while cooling on mass 13. A total of 1.24·108 13C16O+ ions are injected during the first 
100 ms of each cycle and thereafter held for different times. As the relative peak heights do not change 
significantly for long holding times, we conclude that the breakup happens solely during injection and not 
during RF cooling. 
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3.1.2 CO losses during long holding times in REXTRAP 
For the 11C charge breeding system, long accumulation times, in the order of 1 s and longer, are 

required to store the continuously produced ions between synchrotron cycles. Already during tests 

with low intensity beams, a reduced transmission through REXTRAP for CO+ was recorded when the 

period time was increased. To quantify the effect, a dedicated test with beams from the ISOLDE target 

was performed, where the losses related to the long holding time, that resemble an exponential decay 

of the ion population, were quantified. This loss behaviour of different beams, namely CO+, C+, Be+ and 

AlF+, was compared to that of a K+ beam, which serves as a reference. By means of the TOF spectra 

after the trap, the breakup of the bi-atomic beams was observed. 

The spectra confirmed previous findings, that CO+ partly breaks up such that several beam 

components exit the trap. In the AlF+ breakup, on the contrary, neither F+  nor AlF+ ions are observed, 

but the beam after the trap is composed of Al+ only. For the loss rate measurement, the storage time 

of the ions in REXTRAP was systematically changed. A beam gate enabled a gated injection into the 

trap, such that ions were collected during the first 100 ms of each cycle in the Penning trap (normal 

trapping potential configuration) and were held until the end of the period time. Thereafter, the ions 

were extracted in the normal way and sent to the EBIS for charge breeding. Table 3 summarizes the 

ion types tested and measured. 

Beam into trap Cooling mass Beam out of trap Beam after separator 
9Be+ 9 9Be+ 9Be4+ 
13C+ 13 13C+ 13C6+ 

39K+ 39 39K+ 39K10+ 

27Al19F+ 27 27Al+ 27Al7+ 

13C16O+ 13 13C+ (16O+), H2O+ and 13C16O+ 13C4+/6+ 

Table 3. Overview of beams and cooling parameters during the holding-time measurement. Beam 
compositions are given before and after REXTRAP, as well as the beam selected by the REX separator. While 
the CO beam break up in multiple components in the trap, the AlF beam breaks up fully only leaving Al after 
the trap and all F is removed. 

Figure 8 shows the intensity after the EBIS and separator, as a function of the period time. 

Measurements with K+ and CO+ were taken over a wide intensity range (107 - 109 particles injected per 

pulse into the Penning trap), which had no systematic effect on the loss rate. For the representation 

in Figure 8, the intensities in each measurement series have been normalized to the first measurement 

point at 100 ms, which corresponds to no additional holding time after the collection of ions into the 

trap has stopped. Potassium is relatively unaffected by long holding times: when cooling on A=39, the 

K+ ions can be stored in the trap for up to 900 ms period time without measureable losses. Uncooled, 

Figure 7. TOF spectra after REXTRAP filled with He buffer gas in a flat trapping configuration, cooling on 
A=29. The C+ / O+ peak vanishes due to reduced number of break-ups. 
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the population in the Penning trap decays with a half-life in the order of 50 ms. The AlF+ beam, which 

breaks up such that only Al+ remains in the trap, shows an almost identical behaviour. Furthermore, it 

should be stated that Xe+ can also be kept in REXTRAP for more than a second, which was 

demonstrated during an earlier experimental campaign [33].  

 

CO+, when cooling on carbon, however, behaves differently: losses are experienced when attempting 

to store the ion cloud in the trap for longer times. The CO+ beam is lost exponentially with a half-life 

of around 100 ms. When CO+ is not cooled, the ion losses are significantly higher than in the case of 

the uncooled K beam. Almost identical loss rates for C+ and CO+ beams were found, which is expected 

if one assumes the CO+ molecule breaks up upon injection into the trap. The holding time for Be+ was 

similar to that of C+. 

The mechanism behind the losses could not be fully explained within this study. If it would be due to 

charge exchange, one would see a progressive increase of another ion species in time (see e.g. [33]), 

which is not the case. The ionisation potential of carbon (11.3 eV) is similar to that of xenon (12.1 eV) 

and can therefore not explain the difference either. If the losses would be due to the mass effect 

hampering the trapping of light ions, one would expect to see an even worse holding time for 9Be+ 

than for 13C+, which is not the case. Possibly impurities in the vacuum system cause unwanted chemical 

reactions between the carbon and for example H2O. 

3.2 Pulsed injection into the EBIS 
At the start of this study, pulsed injection into the EBIS with prior cooling and bunching in a Penning 

trap had been proposed as charge breeding scheme for a synchrotron-based 11C therapy facility [3]. 

Within the investigations presented in this work, however, we have found that its working range is 

strongly limited, which makes it unsuitable for a therapy purpose. Nevertheless, the scheme serves as 

an important reference case as it represents the normal operating scheme of the charge breeder 

system. 

In this section, the efficiency of the charge breeding stage and breakup characteristics of two different 

injection schemes into REXTRAP are compared: the normal and the flat trap configuration. Above, we 

have shown that the breakup of the CO+ molecules inside the Penning trap can partly be avoided by 

lowering the injection energy into the trapping region. In the normal trap configuration most of the 

molecules break up, hence, the beam is cooled on A=13 as atomic carbon ions make up the largest 

Figure 8. Ion loss measurement with the beam gate open during the first 100 ms of each cycle, indicated by 
the grey bar. While the output per pulse from the charge breeder of K and Al does not change significantly 
with longer holding times in the Penning trap, the carbon and beryllium beams decrease rapidly. 
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part of the beam extracted from REXTRAP. In the flat trap configuration, the injection energy is lower 

in order to reduce the breakup upon injection into the buffer gas, therefore the beam is cooled on 

A=29 and mostly CO+ molecules are extracted from REXTRAP. 

As previously mentioned, only the beam species that have been sufficiently cooled can be injected 

into the EBIS efficiently. Thus, in order to correctly compare the efficiency of the beam preparation 

inside the Penning trap for the two trap configurations, the beam has to be taken through the EBIS. 

The transmission of carbon through the whole charge breeder stage was measured for relatively low 

CO+ beam intensities, i.e. <100 pA. In this case the beam was not gated, but the ions were constantly 

injected into the Penning trap throughout the period time, as would be the case for a treatment 

facility. Thereafter the cooled ion bunch was transmitted to the EBIS for charge breeding in the normal 

way.  

The black curves in Figure 9 represent the trap transmission. The normal trap has a higher transmission 

than the flat trap, due to better injection conditions, and faster cooling during the first axial oscillation. 

In both cases, the trap transmission decreases with longer period times due to two effects. First, for 

longer holding times in REXTRAP the ions suffer more from the high loss rate discussed above. Second, 

space charge effects in REXTRAP become more relevant, as the injection is continuous and higher 

integrated intensities need to be accumulated during longer period times (e.g. 2.8·108 charges are 

injected for a 500 ms period time). When the accumulated charge per pulse approaches, and exceeds, 

the space charge limit of the Penning trap (see Sec. 3.3.2 below), the efficiency decreases. 

The over-all efficiency (dashed curves in Figure 9) of the charge breeder system for C6+, including 

REXTRAP and REXEBIS, has an optimum around 100 ms period time and is higher for the normal than 

for the flat trap configuration. For shorter period times, the breeding time in the EBIS is insufficient, 

while for longer period times losses and space charge effects in REXTRAP become important and 

reduce the efficiency. With the normal trap configuration at 100 ms period time, a maximum total 

efficiency of 8% through REXTRAP and REXEBIS could be achieved, corresponding to 4.3·106 extracted 

C6+ ions per bunch when injecting 91 pA of CO+ beam into the charge breeder system, i.e. into 

REXTRAP. For longer period times, higher particle numbers up to 7.7·106 C6+ ions per pulse could be 

extracted with a trade-off in efficiency. The measurements showed similar efficiencies and particle 

numbers for charge states 4+, 5+ and 6+, when optimizing the breeding time in the EBIS. For the lower 

Figure 9. Transmission through REXTRAP (black solid line, including exiting C+, O+, H2O+ and CO+ beams) and 
total efficiency of carbon ions (charge bred to C6+) through REXTRAP and REXEBIS (dashed) for a normal (circle) 
and a flat (triangle) axial trapping potential in the Penning trap, with an input beam of 91 pA and 83 pA, 
respectively. The blue curves correspond to the total number of C6+ ions extracted from the charge breeder 
system. 
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charge states, the optimum in efficiency is reached at a shorter period time, as a shorter breeding 

time is sufficient. 

In conclusion, the attempt to keep the molecules intact through REXTRAP using a flat trapping 

potential can be discarded due to the lower over-all efficiency compared to the normal trap 

configuration. Furthermore, even if the normal trap configuration has a reasonable maximum 

efficiency of 8% for the charge breeder system, when going to long period times it decreases 

significantly. The efficiency decreases even further for higher beam intensities, which is addressed in 

the next section. Therefore, standard operation charge breeding of CO+ together with a low-

repetition-rate synchrotron would be highly inefficient. 

3.3 Space charge limitations of REXTRAP and REXEBIS 
Under normal conditions at ISOLDE, space charge does not play a role as typical ion currents are small 

compared to the capacity of the devices. As this is not true any longer for the CO+ charge breeding 

system, where significant currents need to be handled, we have made efforts to determine the 

intensity limitations in REXTRAP and REXEBIS. Even though the theoretical space charge limits can be 

calculated as described in Sec. 2.2.3 and Sec. 2.3, the practical ion holding capacity might differ. In the 

trap, for example, the actual cloud size and compression are unknown and in the EBIS the 

neutralization factor k (Eq. 2) might change with different experimental conditions, such as the mode 

and tuning of the injection. 

In order to quantify the effect, we have conducted dedicated test measurements to experimentally 

determine the holding capacity of REXEBIS and REXTRAP. They will help to understand which of the 

devices is the bottleneck and therefore causes the losses seen in Figure 9. 

3.3.1 Space charge limitations in REXEBIS 
In order to establish a limit for the EBIS space charge neutralization, the current saturation was 

measured after the EBIS without prior cooling of the beam in the Penning trap, to exclude a possible 

current limitation from the trap. To mimic the timing of a pulsed injection into REXEBIS, without 

actually bunching the beam in REXTRAP, a fast solid-state switch (50 ns switching time) was connected 

to an electrostatic deflector before the Penning trap. Thereby, the continuous beam from GPS was 

chopped into pulses of 60 µs length at 10 Hz. The beam was transmitted through the Penning trap 

without trapping, as neither an axial trapping potential (see ‘continuous’ trap configuration in Figure 

4), nor buffer gas or RF cooling were applied. Since most of the beam was discarded by the chopper, 

high particle currents from the 1+ ion source were required. The available CO+ intensities were not 

sufficient for this test, therefore we measured the space charge saturation with an argon beam, which 

could be produced abundantly by injecting argon gas into a VADIS target ion source. For example, a 
40Ar+ current of 14.8 µA from GPS translated into approximately 1.1·109 ions per pulse being injected 

into REXEBIS, taking into account the 80% transmission losses (mainly occurring in the GPS). 

Figure 10 shows the Ar beam (black), measured after the REX separator for an increasing number of 

particles injected into REXEBIS. The Ar+ current was varied by changing the argon gas pressure at the 

GPS ion source, and the optimal breeding time varied between 40 and 45 ms. The EBIS neutralization 

value k (blue) was calculated as the ratio of total number of charges extracted per pulse from the EBIS 

(including all Ar charge states, as well as other residual gas ions produced in the electron beam, 

measured before the mass separation in the REX separator) and the total space charge capacity of the 

device (2.3·1010 charges). Here, we neglect that the extraction efficiency might be slightly <100%. At 

approximately 7.5·108 injected charges, space charge effects in the EBIS start becoming visible and 

cause a saturation of the total extracted current and thereby of the filling k. The measured k value of 

the EBIS at this point was 25%. For higher injected currents, a k-value of 30% could be achieved. The 
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40Ar11+ current actually saturates a bit earlier than the total extracted current, as the CSD may peak at 

lower charge states due to the less deep potential depth of the highly compensated electron beam. 

The less deep potential well reduces the ability to keep highly charged ions, that are hotter than the 

cool low-charged ions. In Table 4, the number of ions in a certain charge state is calculated according 

to Eq.3. As no Ne buffer gas was injected into the Penning trap during the measurement, the 

background from residual gas ions was as low as 108 charges per pulse, corresponding to a filling of 

0.4% of the electron beam. At low neutralization, ~20% of all Ar ions in the EBIS are expected to be in 

charge state 11+ at optimal breeding time. However, for a high neutralization of 25%, the fraction in 

charge state 11+ may be lower. As only 8.5∙107 40Ar11+ are extracted from the EBIS, one can conclude 

that the fraction of Ar in charge state 11+ has been reduced to approximately 17% (f=0.17 in Table 4).  

Finally, the findings from the Ar measurements have to be translated to a CO+ case. Let us assume that 

the neutralization is comparable to that of Ar, when injecting 7.5·108 charges of CO+ beam from 

REXTRAP, namely k=25%. This is a reasonable approach even though the actual k value might vary 

slightly due to different ion injection tuning, as well as with different nuclear charge Z of the injected 

ions. If we then repeat the calculation for the CO+ case (see Table 4), assuming that 50% of the beam 

extracted from the EBIS is made up of carbon and that the rest of the electron space charge potential 

is filled mainly with oxygen and a small fraction of residual gas ions, Eq. 3 gives an expected output of 

2.1·108 13C6+ ions per pulse at 25% neutralization. This particle number describes a conservative 

situation where CO+ is injected into the EBIS and oxygen fills approximately half of the EBIS space 

charge potential. However, when cooling in REXTRAP beforehand, the molecules break up and when 

cooling on A=13, mostly carbon will be injected into the EBIS, meaning that  might well be >0.5. In 

addition, the reduction in phase space for cooled ions leaving the Penning trap, which was not the 

situation for the chopped Ar+ beam, may also yield a higher k value. 

Beam 40Ar11+ 13C6+ 

k 0.25 0.25 

 0.99 0.5 
f 0.17 0.4 
<Q> 11 5.5 

Ions after separation [ppp] 8.6·107 2.1·108 

Table 4. Number of 40Ar11+ and 13C6+ ions that is possible to extract from REXEBIS according to Eq. 3 for realistic 
charge state distributions of Ar and CO beams for a space charge filling of 25%. <Q> is the average charge 
state over all elements.  and f are the beam fractions occupied by the corresponding element and charge 
state, respectively. A background of k=0.004 or 108 charges from residual gas ions is assumed. 

Figure 10. 40Ar11+ intensity after the REX separator in particles per pulse (black) and neutralization k of the 
EBIS (blue), for an increasing 40Ar+ input intensity. Above 7.5·108 particles injected into the EBIS, saturation 
effects start to become visible, as indicated by the black arrow. The total 40Ar11+ output saturates at 9·107 
ions per pulse. A neutralization of 30% could be obtained. 
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3.3.2 Space charge limitations in REXTRAP 
In the next step, the practical space charge limit in REXTRAP was determined with a CO+ beam. As the 

trap transmission does not provide sufficient information about the trap cooling efficiency, one has to 

take the extracted beam also through the EBIS and the REX separator. Thereby, beam components 

that are transmitted through the trap but lie outside the EBIS acceptance are discarded and the 

measurement is representative of the space charge limit for beam that was actually cooled in the trap. 

For this measurement, the 13CO+ beam was taken from GPS through the charge breeder operating in 

normal mode, bunching in REXTRAP at a repetition rate of 10 Hz, with the REX separator set to 13C6+. 

As shown above, most of the molecules break up upon entering the Penning trap, hence, the RF 

cooling frequency was tuned for mass 13. 

Figure 11 presents the transmission through REXTRAP, the combined transmission of BTS, REXEBIS 

and the REX separator and the total transmission through the charge breeder system. All of them 

decrease for an increasing input current, the trap transmission from initially 38% (6·107 13C+ injected) 

to only 13% when injecting 4·109 13CO+ ions per cycle.  

 

The plot in Figure 12 shows the same data in a different way. The beam intensity after REXTRAP (black) 

and after mass selection (blue) saturate for an increasing input current into the Penning trap. Figure 

12 is actually non-linear throughout the full measurement range, meaning that saturation effects are 

present latest at 7·107 charges extracted from REXTRAP, corresponding to the second measurement 

point in the data series. 

At the data point for the highest injected current, indicated by the black arrow, approximately 6·108 
13C+ ions were extracted per pulse from REXTRAP and further transported to the EBIS. Above, we have 

shown that saturation effects in REXEBIS in pulsed mode start to appear at a filling of 25% 

corresponding to at least 2.1·108 13C6+ ions after the separator. The measurements presented in Figure 

12, however, show that only 4·107 13C6+ ions per pulse (blue data point) could be extracted. This 

confirms the previous conclusion, that REXTRAP is in space charge saturation, as the measured 

intensity after the EBIS is a factor 5 lower than what would be expected for a properly cooled input 

beam. 

Figure 11. Current dependent transmission through the Penning trap, from the trap exit through the 
EBIS (including BTS (beam transfer section) and separator); and total efficiency from the Penning trap 
entrance to after the REX separator. 
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We conclude that the EBIS capacity was indeed not limiting the throughput, rather was the beam not 

completely cooled due to space charge effects in REXTRAP, thereby reducing the injection efficiency 

into REXEBIS. Table 5 shows where saturation effects due to space charge limitations start to become 

important in REXTRAP and REXEBIS. In the REX-ISOLDE case, the Penning trap turns out to be the 

bottleneck. A stronger solenoidal field of the Penning trap could increase its capacity, possibly with a 

factor 4 going from the present 3 T to a 6 T field (c.f. Eq. 5). Furthermore, one has to implement a 

correctly working rotating wall cooling scheme, in order to reach the maximum compression of the 

ion cloud and approach the Brillouin limit, which is currently not the case at REXTRAP where sideband 

cooling is the dominating effect. State-of-the-art EBISes can have a factor 10 higher space charge 

capacity than REXEBIS, so there would potentially be room for improvements. The measured values 

can in principle be pushed towards the theoretical limits, given by Eqs. 1, 3 and 4, at the cost of 

efficiency. However, as the number of 11CO from the production stage is limited, a significant reduction 

in efficiency is not acceptable. In a charge breeder setup based on this concept, aiming for 11CO+-to-
11C6+ transformation and subsequent injection into a low-repetition-rate synchrotron, the high 

number of ions collected over the long period time, would make the process very inefficient.  

Device Extracted charges 

REXTRAP <7·107  
REXEBIS 5.8·109  

Table 5. Number of charges extracted from REXTRAP and REXEBIS, respectively, where space charge effects 
are observed for ions in the mass region of interest. The value given for the EBIS corresponds to a filling of 
25%. Higher k values can indeed be obtained, but at the cost of efficiency. 

3.4  Continuous injection into the EBIS 
When repetition rates below 1 Hz are required, a setup with a Penning trap (Figure 13, top) is not 

advantageous due to the high loss rate for CO and the limited space charge capacity, as discussed 

above. Therefore, continuous ion injection into the EBIS without prior cooling and bunching in 

REXTRAP was tested [34]. For this operational mode of the EBIS, the outer barrier of the axial trapping 

potential - which is usually low during the injection and high during breeding - is constantly at an 

intermediate voltage. Ions are injected with a certain residual energy above the barrier. During the 

injection, a good overlap of the ions with the electron beam is essential. If the ions are not injected 

fully into the electron beam, they will perform oscillations around the electrons and spend only a 

fraction of their time inside the beam. In the worst case, they circle the electron beam with no overlap. 

As the outer barrier is never completely closed, ions will escape over the barrier, unless they are 

Figure 12. Total beam intensity after REXTRAP (black) and 13C6+ intensity after the separator (blue) in 
particles per pulse for an increasing 13CO+ input intensity. The total 13C6+ output saturates at around 4·107 
ions per pulse. 
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ionized from 1+ to 2+ or a higher charge state by the electron beam during their first round-trip along 

the EBIS axial trapping potential. As this injection mechanism is in general less effective compared to 

the pulsed injection [35], where the ion bunch is trapped axially through the outer electrostatic 

barrier, a reduced trapping efficiency in the electron beam is expected. In the continuous injection 

mode the loss rate from boil-off of hot ions is higher compared to pulsed injection, as the energy 

distribution is shifted towards higher energies due to the injection conditions. In addition, the low 

barrier facilitates axial losses. 

For the measurements presented in this section, the beam was transmitted through REXTRAP without 

cooling (i.e. ‘continuous’ trap configuration), analogously to the operation with the Ar beam described 

in the previous section. The CO+ beam was injected continuously over the barrier into REXEBIS during 

the full period time, as schematically shown in Figure 13, bottom. For long period times, 6+ is certainly 

the most dominant charge state being extracted from the EBIS, as the charge breeding process 

continues during the full period time and lower charge states are over-bred. 

The efficiency of charge breeding to C6+, including injection into REXEBIS, breeding and separation, is 

shown in Figure 14 for beams of two different intensities as a function of period time. Due to space 

charge limitations in the EBIS, efficiencies for the higher injected intensity of 3.6 nA are significantly 

lower. For both intensities, the total number of extracted ions (blue) increases for longer period times, 

as more ions are collected per cycle. At the same time, as more charges are accumulated, space-charge 

related losses become more pronounced. There is an optimum in the efficiency around 200 ms period 

time. For shorter period times, the breeding into charge state 6+ is inefficient, as the lower charge 

states still dominate. The observed decrease in efficiency for long period times is a combined effect of 

ion boil-off and space charge limitations in the EBIS. In order to disentangle the two effects, we have 

studied them independently. 

Figure 14. Efficiency (black) and numbers of extracted 13C6+ particles (blue) as function of the period time in 
continuous injection mode for two injection currents: 3600 pA (triangles) and 120 pA (circles). 

 

Figure 13. Schematic drawing of REX low-energy stage in pulsed (top) and continuous (bottom) injection mode. 
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To determine the boil-off in the EBIS without introducing space charge related problems, beam was 

injected during 90.5 ms and then stored in the EBIS for various period times. Figure 15 shows how the 

charge breeding efficiency to C6+ changes with the holding time and for different input intensities. 

Overall, the efficiency for the higher injected current is lower due to space charge limitations in the 

EBIS. However, as always the same number of ions is injected at the beginning of each cycle, space 

charge related effects do not influence the behaviour within one measurement series. For longer 

holding times, we suffer from a boil-off of ions in the EBIS, however, we cannot distinguish between 

radial and axial losses. The number of extracted ions per pulse peaks at 200 ms breeding time as the 

breeding to charge state 6+ continues after the injection window. The required breeding time to reach 

the highest charge state is longer than the optimal breeding time of 70 ms for pulsed injection. The 

extended breeding time can be explained by a poor radial overlap of the ions with the electron beam, 

i.e. a low effective electron current density, that is a consequence of the continuous ion injection. 

Figure 16 quantifies the decrease of efficiency coming from the limited space charge capacity of the 

EBIS. Here, the period time is constant within one measurement series, but the current input that is 

injected continuously, increases. For 100 ms period time, the current is already saturated at a few 107 

C6+ ions extracted from the EBIS. This exemplary case corresponds to only 1% neutralization of the 

electron beam. It seems, that in the continuous injection mode, we cannot fill the EBIS properly as we 

do in the pulsed injection mode with a beam pulse length <30 µs. In addition, the 1+ to 6+ breeding 

efficiency in the order of 1% is extremely poor. 

The low filling grade can be explained through a combination of poor injection efficiency and high loss 

rates through boil-off of hot ions. As we have seen above, the breeding time to reach 6+ is longer in 

the continuous mode, which is a strong indication towards a poor ion-electron overlap and thereby a 

low trapping probability. In pulsed mode (see Figure 17 left) the outer barrier is low during injection 

and ions can be injected such that they have a relatively low residual kinetic energy inside the trapping 

region. When injecting continuously, the barrier is constantly at an intermediate height and CO+ ions 

enter the EBIS approximately 125 eV over the barrier (see Figure 17 right). Hence, ions have a higher 

residual kinetic energy in the trapping region around 240 eV. In the end, an equilibrium between the 

injected current and all losses is established at a certain k. For the continuous injection mode the 

losses upon injection and through boil-off are significant and limit the filling of the EBIS drastically. 

Operation at RHIC EBIS has shown that a higher neutralization during continuous injection can be 

achieved when orders of magnitudes higher currents are injected, hence, at the cost of efficiency [36]. 

Figure 15. EBIS efficiency into charge state 13C6+ (black) and particle current after separator (blue) for an 
injected current of 6.2·107 (circles) and 1.4·109 (triangles) CO+ molecules. Beam is injected continuously into 
the EBIS during the first 90.5 ms of the period time (grey region) and further charge bred until the end of 
the cycle. 
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4 Challenges in 11C charge breeding  

4.1 EBIS capacity 
In the light of the measurements discussed in the previous chapter, we can calculate the required EBIS 

capacity to reach the desired intensity output of 1010 carbon ions per pulse. In case the subsequent 

accelerator chain has a high efficiency, this should be sufficient for a single-spill-treatment. 

We have learned, that for a pulsed injection into the EBIS with a reasonable efficiency, we can reach 

a filling of the electron beam of approximately 25% (possibly higher if the beam is cooled before 

injection). To reach the desired intensity in the pulsed mode, an EBIS with an electron space charge 

capacity of 1.2·1012 electrons is required, assuming the same beam filling and CSD as in Table 4. This 

could be obtained with an EBIS of 10 A electron current, 1.8 m trapping length, and 25 keV electron 

energy. These specifications are similar to the RHIC EBIS [37] parameters – highly challenging, but in 

principle within reach with current EBIS technologies. For continuous injection, which is required when 

the injected pulse length is in the ms instead of µs range, the filling is significantly lower – in the order 

of 1%. Thus, for the continuous injection mode, an electron current sufficient to provide 11010 ions is 

out of technological reach. Figure 18 summarizes the two injection scenarios. 

Figure 16. EBIS efficiency into charge state 13C6+ for an increasing input intensity injected 
continuously during a 100 ms and 400 ms period time. 

Figure 17. Schematic drawing of potentials for pulsed and continuous injection into the EBIS. The dashed 
region indicates the radial potential depth of the electron beam, in this case 40 V. 
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The pulse length of the extracted beam is mainly determined by the trap length and ion energy in the 

trapping region, as it is limited by the ion’s flight time from the trapping region inside the EBIS. It does 

not depend on the intensity and can be as low as 10 µs, which would translate into an instantaneous 

current of 4 mA. By applying a ramp of a few 100 V to the drift tubes, the pulse length can be shortened 

further, however, it is not recommended as 10 µs is sufficiently short and the high instantaneous 

current would cause significant space charge effects in the low energy transfer line [38]. In addition, 

the longitudinal energy spread might lead to chromatic aberrations in the extraction and low energy 

transfer systems. A short pulse length guarantees an efficient multi-turn injection into the 

synchrotron. Currently, at MedAustron, 50 µs pulses are used for stable carbon beams. The pulse 

length from the EBIS can be of the same length or shorter, thus ensuring a comparable or even 

improved efficiency in the multi-turn injection into the synchrotron.  

In conclusion, building an EBIS with a capacity that can in principle charge breed 1010 carbon ions per 

pulse to charge state 4+, 5+ or 6+ and extracting them in a sufficiently short pulse, is technically possible. 

The main challenge is to obtain a reasonable efficiency in the charge breeder system, in particular in 

the injection into the EBIS. 

4.2 Efficiency of the charge breeder system 

4.2.1 Penning Trap + EBIS 
The measurements with CO beams at REX-ISOLDE, that were described in the previous chapter, were 

laid out to investigate the matching of the ISOL-produced CO beam with a medical synchrotron, as 

proposed by Augusto et al. [3]. There, the authors suggested a charge breeding stage similar to REX-

ISOLDE, consisting of an ion trap and an EBIS. Based on previous experience with the charge breeder 

system, the efficiency was assumed to be 45% in the trap and 30% for the EBIS and separator (see 

Figure 19). 

 

During our measurement campaigns, however, we have shown that these values are not realistic for 

a high-intensity charge breeder for hadron therapy due to the high loss rate and the space charge 

limitations in the Penning trap. Augusto et al. correctly state that ‘the limitation comes mostly from 

the trapping process. When charge breeding CO+ to C4+/6+, the inherent problem is the low repetition 

rate of the synchrotron and the consequential need of storing the 1+ ions efficiently. The carbon is lost 

Figure 18. Extracted C6+ intensity for pulsed and continuous injection into an EBIS, assuming a space charge 

capacity of 1.2·1012 charges. The elemental and charge state distribution is taken from Table 4 (=0.5, f=0.4, 
<Q>=5.5). 

Figure 19. Suggested injection scheme for 11C from [3]. 
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in the trap with a half-life of approximately 100 ms, hence, it cannot be used to store the beam during 

the synchrotron cycles. In addition, the space charge limitation of the trap does not allow for efficient 

transmission of more than few 108 ions per pulse, even when increasing the magnetic field from the 

present 3 T to 6 T. 

4.2.2 EBIS only 
A beam preparation scheme pursued by Noda et al. [39] refrains from using a Penning trap for storing 

the 1+ beam, but aims at injecting 10 ms pulses of 1011 11CO2
+ directly into the EBIS. Thereby, an 

efficiency of the charge breeder and separator of 10% is assumed, and that 1010 11C4+/5+ ions are 

extracted in a 100 µs pulse from the EBIS. With the recent measurement results in mind, the 

realization of such a scheme seems unrealistic. The pulse length in the ms range of the injected beam 

requires a continuous injection scheme into the EBIS (in contrast to <30 µs pulses used in pulsed 

injection). In our tests with REXEBIS, we have found that efficiencies for high-intensity continuous 

injection are in the sub-percent range, mainly due to a highly inefficient injection and additional losses 

in the EBIS that prevent an efficient filling of the electron space charge potential. To reach the desired 

carbon intensity despite the low filling efficiency, an electron beam current significantly higher than 

the 1.2·1012 e given in Figure 18, would be required, which is not attainable with state-of-the-art EBIS 

technologies. In addition, oxygen occupies more of the space charge potential of the EBIS when 

injecting a dioxide rather than the monoxide. 

4.2.3 RFQ cooler + EBIS 
An improvement of the CO+ to C4+/6+ charge breeding scenario is the use of an RFQ ion beam cooler 

for cooling and bunching [40] before injection into the EBIS instead of a Penning trap. The RFQ cooler 

is a linear Paul trap filled with a buffer gas. An RF voltage is applied to the quadrupole rods, which 

confines the particles radially. The particles follow a stable trajectory if the Mathieu parameter qMathieu 

is limited: 

𝑞𝑀𝑎𝑡ℎ𝑖𝑒𝑢 =
4𝑞𝑉𝑅𝐹

𝑚𝑟0
2𝜔𝑅𝐹

2 < 0.908   (7) 

with the particle charge q, the zero-to-peak voltage VRF, the ion mass m, the radius of the circle 

inscribed to the RF rods r0 and the RF frequency fRF= ωRF/2π. Thereby, the depth of the radial trapping 

potential is linear with the voltage, meaning that a high voltage is required in order to have a large 

capacity. If no DC component is applied to the RF rods, the cooler acts as high-pass mass filter, and 

therefore all components, C+, O+ and CO+, can be cooled at the same time. 

Within the framework of MEDICIS-Promed, tests with CO+ inside the ISOLDE RFQ-cooler ISCOOL have 

been performed. The goal, however, was not to study the efficiencies for bunched, high-intensity 

operation, but to evaluate the breakup of CO+ molecules under different conditions. Thereby, very 

little breakup was observed [41], however, the authors have no further data available on the trapping 

and cooling of high-intensity CO+ ion beams in an RFQ cooler. It remains to be demonstrated that no 

other loss mechanisms are involved under these conditions. 

ISCOOL can cool and bunch 108 charges in one pulse [42], which is similar to REXTRAP. A typical pulse 

length from a cooler in bunched mode is in the order of several µs and therefore suitable for injection 

into the EBIS. In order to overcome space charge limitations and create a deeper radial trapping 

potential, a more powerful RF setup is required. SHIRaC is a buffer-gas filled RFQ cooler at GANIL, 

optimized for high-intensity radioactive beams and typically used in continuous mode [43]. There, up 

to 9 kV and 9 MHz - compared to several 100 V RF amplitude at ISCOOL - can be applied to the RF rods, 

enabling the transmission of µA of continuous beam. The voltage is limited by electrical breakdowns, 

as the rods have to hold the voltage in a gas-filled environment. The ratio of the demonstrated 9 keV/9 
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MHz are ideal for transmission of their test beam 133Cs+. With amplitudes >1 kV as has been 

demonstrated in the SHIRaC at LPC-Caen, the space charge limit can probably be stretched to 109 

possibly even to 1010 charges. According to Eq. 7, a higher frequency of at least 22 MHz would be 

required for transmission of the significantly lighter 11C+ at the same high voltage, which is highly 

challenging for the RF setup.  

Furthermore, the effect of the high ion number on the transverse emittance is crucial. In [44] Boussaid 

et al. show that the emittance increases proportionally to the beam current. The transverse 

normalized emittance for a 133Cs+ beam grows from 0.001 to 0.0025 mm mrad, 4rms, when increasing 

the continuously extracted current from 100 nA to 1 µA. If 11010 particles are to be extracted within 

20 µs, that corresponds to a current of 80 µA, and the transverse emittance might therefore be high 

(a plain linear extrapolation suggests 0.125 mm mrad, 4rms). This is larger than the acceptance given 

by Eq. 4, using RHIC-EBIS parameters for a Cs beam, thus a poor injection efficiency into the EBIS is 

expected. 

In conclusion, operation with an RFQ ion beam cooler as a buncher before the EBIS is limited in 

intensity. The capacity of the cooler may be pushed towards 109 to 1010 particles, although with a large 

transverse emittance, resulting in a maximum of 109 11C6+ per bunch after an EBIS. However, the high 

intensity is challenging for the RFQ design due to the low mass of the carbon ions that requires higher 

frequencies than are available at state-of-the-are devices. In addition, no data on potential other 

loss mechanisms is presently available to the authors. The desired intensity of 1010 carbon ions out 

of the EBIS seems out of reach with this method, which is therefore only suitable if the intensity 

requirements can be relaxed. 

5 Alternatives to CO+ injection 
Alternatively to storing 1+ ions and injecting them into the EBIS, one may want to consider storing the 

produced radioactive isotopes as neutral molecules and release them directly into the EBIS in gaseous 

form. A setup based on a similar concept, although with an ECR ion source, is described in [45]. An 

advantage of neutral gas injection is that higher k values, up to >0.7, can be obtained for the EBIS. In 

this case, it is sufficient if the release time of the neutral molecules is in the order of some 10 ms, as 

the EBIS has an inherent storing capability for this time. A cryogenic trap in the vicinity of the electron 

beam, preferably inside the EBIS, is suggested. The neutral molecules would freeze on a cold surface 

(melting point CO: 68.13 K [46], CH4: 90.58 K [46]) and be released into the electron beam by heating 

of the trap. Boytsov et al. [47] have successfully demonstrated the storing of CH4 in such a cryogenic 

trap, cooled with liquid He, as well as the neutral gas injection into the electron beam of their ESIS 

(Electron String Ion Source) through a heating pulse of 2 ms. The conversion efficiency from frozen 

CH4 -> C4+ of 5-10%, obtained in tests with stable 12CH4, is indeed very promising. 

Coupling the cryogenic trap to an ECR ion source instead is not a valid alternative, as the ECR ion 

source does not have a storing capability, when operated in normal mode. The pulse length out of the 

source would be determined by the release time of the cryogenic trap convoluted by the effusion time 

to the ECR plasma and the ionisation time to reach the desired charge state, which is orders of 

magnitudes longer than the pulse length desired for injection into the accelerator. Afterglow 

operation [48] provides a certain degree of storage for heavier ions, although it would need to be 

proven for light carbon. Furthermore, the extracted pulse length from an ECR ion source in afterglow 

mode is in the order of few ms and therefore too long for injection into the subsequent accelerator. 

If the output from the target (gas or solid) is injected directly into the EBIS (see Figure 20), losses in 

the gas transport from the target to the cryogenic trap can be minimized by keeping transport 
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distances as short as possible. A few meters are realistic, considering that the target area needs to be 

shielded. The sticking of CO to stainless steel has been found to be negligible (sojourn time 1·10-11 s) 

[49], which would result in an efficient transport. A possible complication is, that contaminations from 

other elements and from radiogenic 12C compounds that effuse from the target to the EBIS may occupy 

a significant fraction of the electron space charge potential. The target development within the 

MEDICIS-Promed network is ongoing [50] but no data is so far available to the authors, regarding 

contaminations. A separation of some sort is most probably required, to obtain a reasonable purity of 

the gas in the cryogenic trap. An approach to separate the desired gas component from 

contaminations is a gas separation system, as, for example, the cryogenic separation system 

developed by Katagiri et al. [51]. However, it might be challenging to reach the desired purity and 

efficiency with such a system. Alternatively, a 1+ ion source and mass selection in an electromagnetic 

spectrometer, as it is done in the usual ISOL-scheme, can be considered, with a subsequent transfer 

and collection of the gas molecules in the cryogenic trap. 

 

6 Acceleration – green field approach 
The largest challenge for the 11C beam preparation stage discussed above is to provide a high per-

pulse-intensity, sufficient to complete a treatment. From a machine point-of-view, one could work 

with lower currents per spill and make use of more spills. This, however, is not a practicable trade-off, 

as it extends the treatment time for the patient. 

In a state-of-the-art medical synchrotron for carbon ion therapy, only one pulse can be accepted per 

synchrotron fill. In multi-turn injection, the transverse phase space is completely filled after injection 

of one pulse, as the phase-space-painting covers the acceptance of the ring. Even if it was not covered 

immediately after the filling with one pulse, still the injection of multiple pulses from the source would 

not be possible due to the phase space filamentation in the ring. In a future synchrotron-based therapy 

accelerator, the accumulation of several pulses in the ring could be realized through electron cooling 

in the synchrotron [52]. The cooling reduces the transverse emittance in the ring and therefore several 

pulses can be injected. The method is successfully applied at several storage rings, for example the 

ESR (Experimental Storage Ring) at GSI [53], ELENA (Extra Low ENergy Antiproton ring) [54] and LEIR 

(Low Energy Ion Ring) [55], both at CERN. In a scheme where the patient is treated with several spills 

from the synchrotron, electron cooling would add considerably to the treatment time, as the cooling 

time for each pulse might be in the order of 1 s. It would therefore be strictly limited to a single-spill 

treatment scheme. Assuming that 10 pulses can be accumulated, the intensity requirement on the 

Figure 20. Gas injection into the EBIS, equipped with a cryogenic trap. The radioisotopes are produced from a 
cyclotron-produced proton beam on a target in a shielded area. The radioactive gas (CO or CH4) is transported 
into the EBIS, where it is accumulated in a cryogenic trap that releases the molecules through pulsed heating 
into the electron beam. If the level of contamination of other gases is too high for the EBIS, either a gas 
separation system or separation of a 1+ beam, in analogy to the ISOL-method, could be applied to purify the 
target output before injecting into the EBIS. 
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EBIS of initially 1010 ions would relax to 109 ions extracted per bunch. However, for a charge breeding 

system relying on external 1+ ion injection, the extraction of 109 carbon ions from the EBIS is highly 

challenging even with a high-power RFQ cooler. Being on the edge of what is technically possible, and 

taking into account that cooling is not foreseen in any of the existing medical synchrotrons, the 

method is not recommended for 11C. 

A more natural choice for acceleration of 11C is a linear accelerator. In comparison to a synchrotron, it 

can be more easily combined with an EBIS, as both machines are inherently pulsed. Designs of linac-

based carbon ion facilities have been proposed by the TERA foundation in the form of CABOTO – 

Carbon Booster for Therapy in Oncology – an all-linac accelerator for C6+ ions [56,57], and by CERN 

within the PIMMS2 study [58]. The repetition rate for the former may be as high as 400 Hz and the 

beam energy can be changed between pulses by switching on or off the cavities as required. This 

allows for fast spot scanning of the tumour, which could also follow tumour movement caused by the 

patient breathing. In substituting the synchrotron with a linac in our 11C acceleration scheme, one 

eliminates the two major problems: the high required per-pulse-intensity and the storing of the 

produced radioactive isotopes, either as molecules or as ions. The primary source concept for stable 

carbon in the CABOTO design is an EBIS equipped with MEDeGUN [59,60], a high-compression 

electron gun, developed at CERN. MEDeGUN is designed to provide >108 C6+ ions per pulse at 400 Hz 

from 12CH4 gas. According to the calculation in [59], which includes gas transport from outside the EBIS 

to the ionization region, 9.2·10-7 mbar·l/s or 3·1012 CH4 molecules per second need to be provided to 

the gas supply line in order to reach the desired ion intensity. If this system was to be used for 

radioactive beam, a gas purification system might be required, as discussed above. 

The repetition rate of 400 Hz requires charge breeding to 6+ in under 2.5 ms, which can only be realized 
in a high-density electron beam. Therefore, the main focus of MEDeGUN is on the high compression 
of the electron beam, rather than a high capacity. Compared to the RHIC-like EBIS discussed above 
with an 800 µm electron beam radius, the MEDeGUN beam is highly compressed down to a radius of 
60 µm. The small electron beam radius also helps keeping the emittance low, which is beneficial for 
the design of the consecutive linac. As a drawback, however, the ion injection acceptance is also fairly 

small: only 0.01 mm mrad for 11C+ according to Eq. 4 (re,trap= 60 µm, ΔUe,trap=151 V), which would 

complicate a 1+ injection. In our case, however, gas from the target would be injected continuously, 

thereby completely eliminating the need for storing the produced radioisotopes.  

7 Summary and Conclusions 
Injection into a medical synchrotron requires the EBIS to deliver a pulse of 1010 carbon ions within a 

pulse length of few 10 µs. Ion pulses extracted from an ECR ion source operated in afterglow mode, 

or by pulsing the introduction of gas into the 1+ ion source with a mechanical valve or through a 

heating process, have lengths in the ms range. While it is straightforward to achieve a sufficiently short 

pulse length from an EBIS, the intensity requirement is very demanding. It necessitates an EBIS with 

high electron beam current, which is, however, within reach of state-of-the-art technology. The 

challenge is to efficiently store and introduce the radioactive 11C into the electron beam. Tests have 

shown that direct, continuous injection of a 1+ ion beam into the EBIS is highly inefficient. For pulsed 

ion injection, a short pulse length of <30 µs is required. To reach the short pulse length, a 

cooler/buncher would be required. The Penning trap and the RFQ ion beam cooler are well-

established bunching elements capable of producing short pulses. It was found that the Penning trap 

cannot store molecular CO beams during synchrotron cycles. No experimental data is available on the 

transmission and cooling efficiency of high-intensity molecular CO in an RFQ cooler. In any case, both 

devices have limited space charge capacities that constrain the per-pulse ion output of the charge 
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breeder. These limits can be overcome by injecting the neutral radioactive gas directly into the EBIS. 

In order to reach the desired purity of the gas, an intermediate purification step might be required.  

Alternatively, different acceleration schemes can be considered, with the goal of reducing the required 

holding time and per-pulse-intensity from the EBIS, as the classical charge breeding scheme is limited 

in intensity by the space charge capacity of the cooler/buncher. As an alternative to the synchrotron, 

the 11C preparatory stage could be coupled to a linac-based machine, like CABOTO. An electron gun, 

MEDeGUN, has been specifically designed to be used in an EBIS for C6+ for CABOTO. The high repetition 

rate eliminates the need for storing and pulsing the radioactive ions in-between cycles. Instead, a 

radioactive gas can be injected continuously into the electron beam. 

 

In conclusion: 

1. A continuous injection into the EBIS can be excluded due to low efficiency and low output, as 
the EBIS cannot be filled properly.  

2. The Penning trap can be excluded as well due to its low capacity and its inefficiency when 
storing C+ beams.  

3. A scheme with an RFQ ion beam cooler and an EBIS is limited to 108 carbon ions per pulse, 109 
when being optimistic.  

4. A promising approach is neutral gas injection via a cryogenic trap into the EBIS. In order not 
to fill the EBIS with background ion species, the target output could be purified either in a gas 
separation system or in an electromagnetic spectrometer after 1+ ionization of the target gas, 
if required.  

5. In case of the synchrotron, a high-capacity EBIS with 1.3·1012 electron charges is required, 
which is technically possible, but requires significant resources. 

6. An EBIS equipped with MEDeGUN, attached to an all-linac accelerator can be more compact 
than in the case with the synchrotron, as a smaller electron space charge capacity is sufficient 
and it does not require the cryogenic trap as gas can be injected continuously. Besides the 
smaller footprint, it possibly also requires lower levels of maintenance and electrical power. 
The high repetition rate relaxes the per-pulse intensity-requirements, which makes it the most 
favourable approach. 

Figure 21 summarizes the here listed viable scenarios. 

Figure 21. Summary of most promising approaches to 11C acceleration. 
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