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Abstract 

The KEK-Digital Accelerator (DA) is an induction 
synchrotron renovated from the KEK 500 MeV booster 
synchrotron [1]. Its concept was demonstrated in 2006 
using the 12 GeV proton synchrotron [2,3], where a 
proton bunch was accelerated with pulse voltages 
generated by a transformer instead of RF cavity. In the 
KEK-DA, O, Ne, and Ar ions from the ECRIS embedded 
in the 200 kV high-voltage terminal (HVT) are directly 
injected into the ring though the low energy beam 
transport line. The permanent magnet ECRIS, in which a 
plasma is fired by x-band microwave pulses of 3 msec at 
10 Hz, has been assembled at KEK. Its operational 
performance such as charge-state spectrum, emittance and 
current have been tested since the last year. Beam 
dynamics through the test bench is discussed as well as 
operational characteristics of the ECRIS. 

INTRODUCTION 
The KEK-DA is a recycling of the KEK 500 MeV PS-

Booster, which was shut down in March, 2006, and is 
being renovated as the first DA.  

The operational schematic of the ion source and LEBT 
to the KEK-DA is shown in Fig.1 [1,2]. An ion beam is 
directly injected into the KEK-DA from the ion source 
without a gigantic injector. In order to mitigate space-
charge effects during injection, the ion beam is 
accelerated through a high voltage acceleration column of 
185 kV. 
A permanent magnet ECRIS is a unique solution when 

an ion source is mounted in a high voltage terminal, 
because it does not require a large amount of electric 
power and its size is small and its weight is less than 50 
kg. Since 2008 a pulse-mode x-band ECRIS has been 
developed.  
An Ar beam including Ar1+~Ar8+ is extracted through the 

extraction electrode of 14-15 kV and focused in the 
downstream Einzel lens system and guided into the 
acceleration column with inner focusing electrodes and 
enters into the separation magnet to be selected a desired 
charge state (Z) ion beam. Through the quadrupole 
focusing channel, an A8+ beam pulse of 3-5 msec long is 
guided and chopped by an Einzel lens or electrostatic 
chopper placed at the downstream. 

 

Figure 1: High voltage ion source and LEBT 

ECRIS 
The all-permanent magnet ECRIS has been built and 

tested over the last two years. Presently obtained results 
are discussed here. In addition remained issues are 
addressed. 

Mechanical Design 
The mechanical design of this ECRIS is shown in Fig. 

2. It shows the complete assembly including two 
permanent ring magnets, hexapole magnet, return york, 
the microwave horn antenna and the extraction system 
with a screen to protect metal ions from spattering on the 
surface of the insulating ceramic pipe. The position of the 
antenna horn aperture can be optimized for matching. A 
plasma chamber with water cooling channels has been 
originally designed assuming a CW operation. As a result, 
the aperture size of 4cm in diameter is rather big 
compared with a similar x-band permanent ECRIS such 
as Nanogan [4]. 
 

 
Figure 2: Schematic overview of the X-band ECR for The 
KEK-DA 
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Magnetic System 
It is well-known that the high axial mirror ratio and a 

strong radial field inside the plasma chamber are 
important [5]. For our present ECRIS, the first peak flux 
density is (Bpeak1) 7 kG, the second peak flux density 
(Bpeak2) is 5.6 kG and the radial flux density (Br) on the 
inner surface of the plasma chamber (r=20 mm) is 5 kG. 
The resonance flux density (BECR) is 3.3 kG for the 
frequency of 9.35 GHz. The empirical rule [5] tells us Br 
~ 2 BECR is desired. The actual field strength is a bit lower 
than this condition. 

Microwave Heating 
9.35 GHz microwaves are provided from a TWT with a 

maximum power of 700 W. In the present ECRIS, the 
microwave power in TE01 mode is uniformly irradiated in 
the plasma chamber from the rectangular horn antenna. 
Since the KEK-DA is operated at 10 Hz, the injection of 
ion beams at the same repetition rate is expected. An ion 
pulse is generated in a pulse mode, where the 5 msec long  
microwave pulse are fired at 10 Hz by controlling a seed 
pulse length of the TWT. 

Extraction System 
The geometrical shape of the anode hole biased at 14 -

15 kV and the grounded extraction electrode have been 
optimized by IGUN simulations.  In the early stage, 
spattering of metal ions on the insulating ceramic pipe 
wall was serious to result in high voltage breakdown. The 
screen seen in Fig. 2 was quite effective to keep a clean 
surface from the direct spattering. 

Test Bench  
In order to investigate operational performances of our 

ECRIS including beam parameters and beam stability, a 
test bench have been constructed. It is divided into two 
portions: upper stream and downstream. The upper stream 
consists of a diagnostic device (Faraday Cup) just placed 
after the Einzel lens measured a total ion current. The 
beam is focused by a electrostatic quadrupole doublet 
(D)(F) and guided through the analyzer magnet to 
downstream. The downstream also consists of another 
doublet (F)(D) and to the diagnostic devices  (Faraday 
cup and beam profile monitor) which are placed at the 
end point of the test bench as shown in Fig. 3. 

 

 
Figure 3: Schematic overview of test bench  

Measurement Results 
Charge-state spectrum of the extracted Oxygen, Neon 

and Argon beam were obtained by monitoring a beam 
current in the downstream Faraday cup. Figs. 4 and 6 
show the pulse shapes for individual charge states at the 
gas flow rate of 0.05 SCCM for Argon and Neon. 

 

 
Figure 4: Waveform of ion current. Power/pulse length: 
600W/5msec, upper green trace is the reflection signal of 
microwaves (Argon) 

 
Absolute ion intensities have been obtained as a 

function of the microwave power. The results are shown 
in Fig. 5 and 7. 
 

 
Figure 5: Ion current of an individual charge state for 
various microwave power (Argon) 

 

 
Figure 6: Waveform of ion current. Power/pulse length: 
600W/5msec, upper green trace is the reflection signal of 
microwaves (Neon) 

 

Proceedings of ECRIS2010, Grenoble, France TUPOT015

08 Pulsed Operation 151



 
Figure 7: Ion current of an individual charge state for 
various microwave power (Neon) 

Discussions 
Achieved highest charge states for Oxygen, 

Neon and Argon were 6, 6 and 8, respectively. This fact 
can be explained by their ionization energy. According to 
reference [6], the ionization energy (ΔE) of Ar7+→8+ is 
143.5 eV, Ar8+→9+ is 422.4 eV and Ne5+→6+ is 157.9 eV,  
Ne6+→7+ is 207.3 eV and O5+→6+  is 138.1 eV, O6+→7+  is 
739.3eV . To obtain higher charge state ions, the electron 
energy must be sufficiently higher than the required 
ionization energy for a desired charge state.  The achieved 
charge state of three species of ion suggested the density 
of high energy electron might be insufficient for 
ionization to the higher charge state. It is known that the 
electron confinement time in ECRIS increase as the 
mirror ratio of the magnetic field increases. This is crucial 
to obtain highly charged ions. Meanwhile, the so-called 
magnetic field scaling laws suggest that Bpeak1/BECR ~ 4 
and Br/BECR ~ 2 are desired [7].  Their values in our 
present ECRIS are 2.1 and 1.5, respectively. The latter 
seems to be notably small. 

Beam Dynamics 
The IGUN simulator has been used to simulate the 

beam dynamics from the cathode to the anode and from 
the anode through the Einzel lens as shown in Fig. 8. The 
beam emittance and phase space plot are generated from 
the IGUN output.  
 

 

 
Figure 8: Beam envelope from the cathode to anode and 
from anode through Einzel Lens (IGUN simulation result) 

 
IGUN simulations based on the Langmuir-Child law 

[8] give a space-charge limited ion current under an 
artificial assumption of a relative fractional ratio of 
charge states. In our calculations, the experimentally 
obtained fractional ratios were assumed. Consequently, 

the estimated space-charge limited current was in good 
agreement with the experimentally obtained total ion 
current. 

The lattice function at the beginning of the test bench 
can be evaluated from the IGUN output. It is 
straightforward to calculate the beam envelope along the 
beam transport line using this initial value and lattice 
parameters which are uniquely determined by the voltage 
of electrostatic Q-lenses. It is interesting to compare the 
actual beam profile on the X-Y plane with the predicted 
result. For this purpose, a beam profile measurement was 
carried out using an emission plate of alumina placed at 
the end point of the beam line. Basic qualitative features 
of the observed profile were consistent with the predicted 
ones. 

SUMMARY 
Although our permanent ECRIS can deliver lower 

charge-state ions with a sufficient intensity, the intensity 
of higher charge-state ions is not enough. This could be 
attributed to the low Br on the inner surface of the plasma 
chamber. In addition the region with B=BECR is far from 
the central region. In order to improve both undesired 
features, installation of a thinner hexapole magnet into the 
inner aperture is underway.  
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