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To take up the challenging issue of supplying a plasma ion source able to produce radioactive beams
under extreme SPIRAL2 and EURISOL irradiation conditions, a research and development program
has been initiated to work out ionization by radial electron neat adaptation �IRENA� ion source.
Based on the electron beam generated plasma concept, the ion source is specifically adapted for
thick target exploitation under intense irradiation. A validation prototype has been designed,
constructed, and tested. First results obtained will be presented and commented. IRENA potential
will be discussed, particularly in the framework of multimegawatt EURISOL. © 2008 American
Institute of Physics. �DOI: 10.1063/1.2834316�

INTRODUCTION

SPIRAL2 �Ref. 1� and EURISOL-DS �Ref. 2� projects
aim at producing various neutron-rich-nuclear ion beams as
intense as possible, using isotope separation on line �ISOL�
techniques with a thick fission target. The characteristics of
the beams to be produced depend primarily on the design of
the target-ion-source �TIS� system. The irradiation conditions
considered in both projects and the need of beam purity for
exploitation demand an exhaustive development program to
work out a proper design, in particular, for ion source. In
spite of significant differences in irradiation conditions be-
tween these two projects, there are two common fundamental
specifications: reliable operation under strong vapor pressure
and under high radiation level.

Strong vapor pressure comes from the need to increase
the total surface of the bulk material composing the fission
target. Indeed, the fission targets considered for these
projects are about an order of magnitude thicker than to-
day’s, with a porous structure for fast release characteristics.
As pumping in the TIS can only occur through the ion source
emission hole, the pressure in the ion source tends to be
comparable to the one in the target volume. Indeed, any
pumping outlet before the ionization chamber is prohibited
to prevent taking away nuclei of interest before they reach
the ion source; the small conductance of the ion source emis-
sion hole drastically limits the effective pumping speed in
the TIS.

High radiation level comes from the need to have the ion
source close to the target which is in the vicinity of the
neutron converter irradiated by high power primary beam.
The neutron flux at ion source location is of the order of
1014neutrons /cm2 /s for the two projects, with gamma and
neutron spectra being of course quite different. Ion source
materials, particularly insulators, have to be properly se-

lected taking into account existing data.3 Furthermore, ion
source prototypes have to be designed as simple as possible,
minimizing the amount of components to assure highest re-
liability as well as lowest material activation. The lowest
activation possible is also required as a safety specification
and for radioactive waste handling. These fundamental speci-
fications demand a multitude of developments and tests to
work out an operational ion source, whatever the kind of ion
source considered.

RESEARCH AND DEVELOPMENT ON IRENA
ION SOURCE

Currently, no radioactive ion source fulfils all these fun-
damental operation specifications. The vapor flow from the
target is troublesome for all ion sources, e.g., forced electron
beam induced arc discharge4 �FEBIAD�-type ion sources
normally operate with an incoming gas flow below a few
10−3 mbar l /s while the vapor flow generated in the target
area by the future uranium carbide at 2000 °C is estimated to
exceed 10−1 mbar l /s. In contrast, Nielsen or Nier–Bernas
ion sources can deliver a few milliamperes with an emittance
of 20 � mm mrad at 40 kV but producing an intense arc dis-
charge in that vapor pressure leads to a quick wearing of the
cathode. So it has been decided to establish a research and
development �R&D� program focused on a FEBIAD-type
ion source capable of operating with higher vapour flows.
Taking into account all the operation specifications, this pro-
gram aims at working out a dedicated FEBIAD-type ion
source with a cylindrical cathode: ionization by radial elec-
tron neat adaptation �IRENA�.5,6 The first IRENA prototype
has been worked out at the ALTO facility;7 tests of this fea-
sibility prototype are still in progress.

IRENA FEASIBILITY PROTOTYPE

The feasibility prototype has been designed for a stan-
dard thick target. The dimensions of the ionization chamber
are close to those of electron beam generated plasma �EBGP�
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to have a comparison basis with existing measurements.5

Contrary to EBGP,8 the cathode is Ohmically heated to get
reliable operation and to assure a negligible magnetic field
inside. The electrical power required to heat a 1 mm thick Ta
cathode to 2000 °C is about 5 kW. To better understand the
effect of the differences between these two ion sources and
also to prepare the design of the upgraded IRENA prototype,
the feasibility prototype has been modeled using Lorentz
codes, see Ref. 9. Figure 1 shows the evolution of the ion
beam current extracted as function of the cathode tempera-
ture, measured by a Faraday cup inserted at the focal point
before the mass separator. These measurements have been
performed with arc voltage at 100 V. The ion beam current
starts to increase very significantly while the cathode tem-
perature approaches 2000 °C. It has a similar evolution as
the electron bombardment current.

Measurements at higher cathode temperature as function
of all other ion source parameters are in progress. All the
measurements have been carried out with an unfavorable
pressure of about 10−5 mbar at the extraction-electrode vicin-
ity. Because of restricting the dimensions of the ionization
chamber, the beam current extracted is weak even when
cathode temperature is close to 1900 °C. However, regard-
ing the evolution of Fig. 1, the ion beam current could al-
ready microampere intensities with a cathode at around
2000 °C. Such intensities would be comparable to those ob-
tained for EBGP under normal operation conditions. Higher
intensities are then expected while looking for optimal op-
eration conditions with a Ta cathode at about 2400 °C.

Figure 2 shows mass spectra of extracted ion beams
achieved at three different cathode temperatures: 1770, 1810,
and 1860 °C. The evolution of identified masses as function
of cathode temperature fits the evolution of the total ion
beam current, except for 23Na and 39K. This exception is due
to the fact that a part of these alkalis have been produced by
surface ionization. This has been checked by measurements
without arc voltage.

Considering Cu+, Ta++, and TaO++ beams, observable

between 1810 and 1860 °C, their intensity increase is higher
than their vapor pressure variation, indicating a slight in-
crease in ionization efficiency.

The ionization efficiency of IRENA feasibility prototype
has been measured on 84Kr using a calibrated leak of
9�10−7 mbar l /s, giving a value slightly higher than 0.3%
for the cathode at 1860 °C. In these conditions, the electron
bombardment current is only 50 mA. At such a low current,
the radial bombarding electrons cannot properly confine the
generated plasma. For EBGP, the ionization efficiency of
35% for Kr has been obtained for an electron current of
0.9 A and with a pressure in the ion source about two orders
of magnitude lower.

Although measurements are still in progress to get ex-
haustive data in all the possible operation conditions, all
these results already show main convergences with EBGP.
Furthermore, the tests and Lorentz simulations carried out
also give information for designing the next prototype. In
particular, the mechanical reliability of anode fixation with
regard to the cathode has to be improved.

SELECTIVITY

In addition to the fundamental operation specifications
exposed, an essential exploitation specification has to be in-
tegrated: selectivity, i.e., nuclear beam purity. The purity of
nuclear beams delivered by next generation facilities is a
major concern in various aspects. First, a substantial part of
nuclei of interest has very low production cross section, up to
a few orders of magnitude lower than nuclei close to the
stability valley. The exploitation of such beams of interest
can only be considered in the absence of contamination by
more commonly produced isotopes. Although beam purifica-
tion can be carried out along the radioactive beam lines, e.g.,
by a high-resolution mass separator, it is of prime importance
to be able to get the highest selectivity in the TIS itself. Such
a high selectivity allows to keep the main part of unwanted

FIG. 1. Evolution of the total ion beam current extracted from IRENA
feasibility prototype as function of cathode temperature �Ref. 10�. The ion
beam current has been measured with a Faraday cup inserted at the focal
point before the mass separator. The arc voltage applied is 100 V.

FIG. 2. �Color online� Mass spectrum of beams extracted from IRENA
feasibility prototype obtained at the off-line mass separator of ALTO facil-
ity; the arc voltage is 100 V and the pressure in the vicinity of the extraction
electrode is about 10−5 mbar �Ref. 10�.

02A903-2 Lau, Cheikh Mhamed, and Essabaa Rev. Sci. Instrum. 79, 02A903 �2008�

Downloaded 03 Mar 2008 to 129.175.97.14. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



generated radio nuclei confined in the TIS and to reduce the
activation of the successive beam-line elements of the
facility.

Even if FEBIAD-type ion sources are considered as
nonselective,11 a proper design of the transfer line including
selective trapping can make such sources as selective as any
electron cyclotron resonance �ECR� or electron beam ion
source �EBIS�.

In contrast, surface ion source and resonant ionization by
laser ion source �RILIS� which are considered as selective
ion sources may have their selectivity and efficiency altered
by the strong vapor flow.

For surface ion source, this may occur by surface con-
tamination, depending on the nature of the elements released
in the vapor flow.

For RILIS, if the pressure in the hot cavity is really high,
then nonresonant ionized metals even those with higher po-
tential ionization than the element of interest may create
enough ions to deteriorate the plasma conditions in the
cavity.12 In addition, the lack of electron emission from the
cavity at high temperature will further degrade the plasma
confinement.

R&D PERSPECTIVES

A large number of tests and calculations are still required
to work out an effective and operational IRENA prototype.
However, the IRENA device already shows advantageous
features. Its configuration is very close to RILIS hot cavity or
thermoionization source. This makes IRENA a very adapt-
able complementary ion source. Furthermore, some IRENA
developments should benefit both RILIS and thermoioniza-
tion source developments. For instance, to prevent plasma
deterioration in RILIS ionization cavity at high pressure op-
eration, a remedy could consist in using IRENA radial struc-
ture �see Fig. 3� and applying a low arc voltage to generate
lots of radial electrons at low energy only to confine the
plasma. Tests are planned in a second step to determine the
best conditions for providing such a confinement without
inducing ionization so as to keep highest selectivity.

IRENA configuration also represents one of the most
minimal configurations of discharge ion source, without
magnetic confinement, so it is one of the most reliable can-
didates for operating in strong-radiation environment.

By developing a transfer tube with adjustable cooling
and heating, IRENA would gain in selectivity with, in addi-
tion, the option of functioning in a thermoionization mode.
In this way, this ion source gives the possibility of accessing
at once a large variety of nuclear beams without the con-
straint of changing ion source.
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FIG. 3. �Color online� Simulation of electron emission in IRENA ionization
chamber exploited in confining mode for RILIS. The anode volume plays
the role of the cavity. Using Lorentz-EM code, the calculated electron tra-
jectories have been obtained for 10 V, taking into account space charge
effect. From the simulation, electron density current of about 0.3 A /cm2 can
be obtained with such a low arc voltage.
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