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The major infrastructures of nuclear physics in Europe adopted the technology of electron cyclotron
resonance �ECR� ion sources for the production of heavy-ion beams. Most of them use 14 GHz
electron cyclotron resonance ion sources �ECRISs�, except at INFN-LNS, where an 18 GHz
superconducting ECRIS is in operation. In the past five years it was demonstrated, in the frame of
the EU-FP5 RTD project called “Innovative ECRIS,” that further enhancement of the performances
requires a higher frequency �28 GHz and above� and a higher magnetic field �above 2.2 T� for the
hexapolar field. Within the EU-FP6 a joint research activity named ISIBHI has been established to
build by 2008 two different ion sources, the A-PHOENIX source at LPSC Grenoble, reported in
another contribution, and the multipurpose superconducting ECRIS �MS-ECRIS�, based on fully
superconducting magnets, able to operate in High B mode at a frequency of 28 GHz or higher. Such
a development represents a significant step compared to existing devices, and an increase of
typically a factor of 10 for the intensity is expected �e.g., 1 emA for medium charge states of heavy
ions, or hundreds of e�A of fully stripped light ions, or even 1 e�A of charge states above 50+ for
the heaviest species�. The challenging issue is the very high level of magnetic field, never achieved
by a minimum B trap magnet system; the maximum magnetic field of MS-ECRIS will be higher
than 4 or 5 T for the axial field and close to 2.7 T for the hexapolar field. The detailed description
of the MS-ECRIS project and of its major constraints will be given along with the general issues of

the developments under way. © 2006 American Institute of Physics. �DOI: 10.1063/1.2149303�
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I. INTRODUCTION

The tests carried out with the superconducting electron
cyclotron resonance �ECR� ion source1 SERSE demonstrated
that a higher frequency �28 GHz and above� and a higher
magnetic field �above 2.2 T� are the relevant parameters to
get an increase of current and average charge state from the
next generation of electron cyclotron resonance ion source
�ECRIS�. In the frame of the ISIBHI project, in which many
EU laboratories collaborate, we plan to build and to test pro-
totypes of such sources that can be adapted to the different
requirements either in cw or pulsed mode. An increase in
performance by a factor of 10 is expected for the multipur-
pose superconducting ECRIS �MS-ECRIS�, able to reach
magnetic fields never so far achieved in ECR ion sources.
This source is based on the GyroSerse project2 and the goal
is to reach milliampere intensities for heavy-ion beams with
charge states above 20+. It is expected to be within the reach
for such a source to produce charge states up to 60+ for the
heaviest ions.

Since the main ionization process in an ECRIS is a step
by step process, a good confinement for the electrons and the
ions is required. The electron confinement is strictly corre-
lated to the magnetic structure of the source and the beam
intensity Iext to the ion density ni

q according to the formula

Iext � const
ni

qqe

�i
q , �1�

where �i
q is the confinement time for ions with charge

state q. An increase of ni
q is needed to enhance the ECRIS

performance. This increase can be obtained through the in-
crease of the microwave frequency, as confirmed by many
experiments.3

If we are looking for highly charged ions, a very good
trap is needed, i.e., high frequency and high magnetic field
are needed simultaneously, which is the basis of the high
B-mode concept.1,3

A source with superconducting solenoid and hexapole
coils is flexible enough to fulfill both options. In Ref. 4 the
demonstration of frequency scaling in the presence of ideal
magnetic confinement is given. Furthermore, it is shown that
the frequency scaling is valid whatever the confinement is.
The rules for an efficient production of intense beams of
medium and high charge states with an ECRIS �Ref. 5� are
�a� optimum radial magnetic-field value at the plasma cham-
ber wall: Bradial�2.2BECR, �b� axial magnetic-field value at
injection: Binjection�3BECR or more, �c� axial magnetic-field
value at extraction: Bextraction�Bradial, and �d� axial magnetic-
field value at minimum: 0.30�Bmin/Bradial�0.45.

Therefore, once the operating frequency is set to
28 GHz, corresponding to BECR=1 T, the field profile is
fixed. The design of MS-ECRIS magnets follows these rules,
with an additional safety margin of 20% at least. In Table I
the main features of the design are shown.

a�
Electronic mail: ciavola@lns.infn.it
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II. THE SUPERCONDUCTING MAGNETS AND THE
CRYOSTAT

A three-dimensional �3D� study has been done for the
design of a minimum B magnetic trap, consisting of a mirror
field generated by three coaxial solenoidal coils and of a
radial field generated by hexapolar coils which are coaxial
with the mirror coils, as shown in Fig. 1. The solenoid coils
are surrounding the hexapole.

Mechanical constraints and the magnet design have
been considered for the cryostat design; it includes high-
temperature superconducting �HTS� current leads and cryo-
coolers, in order to be able to operate in a stand-alone mode,
as it was proposed for the GyroSERSE project, which is the
parent project of MS-ECRIS and as it is used in some other
ECRISs.6

The plasma chamber is placed in the central warm bore
of the magnet cryostat, with particular regard to the align-
ment of magnetic axis and chamber axis, which is very im-
portant for the beam production.

For the magnet coils, copper-matrix-based multifilamen-
tary NbTi wires are the best choice. The magnetic system
will maintain at any condition a reasonable safety margin
with respect to the operational temperature of the LHe bath,
better than 0.4 K. The choice of ribbon wires will permit to
contain the stresses. Four separate power supplies �three for

TABLE I. Major parameters of MS-ECRIS as compared to the SERSE and
VENUS sources.

SERSE VENUS MS-ECRIS

F 18 GHz 28 GHz 28 GHz
Pmax 2.5 kW 10 kW 10 kW
Bradial 1.55 T 2.4 T 2.7 T

B1 2.7 T 4.0 T 4.5 T
B2 1.6 T 3.0 T 3.2 T

�chamber 130 mm 150 mm 180 mm
Lcryostat 1310 mm 1300 mm 1550 mm

Vext 20–25 kV 30 kV 40–60 kV
LHe consumption �4 l /h �100 l /day� 0 0
FIG. 1. OPERA output for the magnetic system.

euse of AIP content is subject to the terms at: http://rsi.aip.org/about/rights_and_permissions
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the solenoids and one for the hexapole� will be used. The
current values and ramp rate are chosen to ensure a charging
time below 30 min.

A. Mirror coils

The axial mirror field will be generated by three continu-
ously variable solenoid coils with the field of the central coil
in opposite direction to that of the two outer mirror coils. The
two maxima are 4.5 and 3.2 T with the minimum between
0.4 and 0.9 T. The position of the field minimum is not criti-
cal, but a steep decrease of the axial mirror field beyond the
two maxima is desirable. To enhance this decrease, the front
ends of the magnet cryostat will be made from high perme-
ability material such as soft iron. The distance between the
mirror field maxima and the cryostat front ends should be as
short as possible. This applies especially to the extraction
side where residual fields of less than 0.5 T at the cryostat
front end and less than 0.2 T at the axial position 20 cm
further out are required for optimum beam optics. As the
stored energy is very high �about 700 kJ�, a detailed stress
analysis is under way to define the best technical solutions
for the application of collars and for the coil impregnation
with epoxy resin.

B. Hexapole

The transverse hexapolar field, specified at the inner ra-
dius of the plasma chamber wall, is continuously variable up
to a maximum value of 2.7 T.

The inner radius of the plasma chamber wall is 90 mm.
Two design constraints determine the distance between the
plasma chamber wall and the hexapole coil windings. The
first comes from the plasma chamber technology: a fixed
radial distance of 11 mm is required between the inner side
of the plasma chamber wall and the inner side of the cryostat
warm bore tube �thickness of the chamber wall, water cool-
ing flow, x-ray shielding, and 60 kV insulator thickness�. The
second constraint is related to the cryostat design and de-
pends on the solution of two problems: �a� adequate thermal
insulation between the cold superconducting coil windings
and the warm bore tube by means of a multilayer insulation
of 3–4 mm and �b� constraining of the magnetic forces in a
safe and reliable manner.

The hexapole field extension was considered to cover the
whole length of the axial mirror field. It keeps at least 95%
of its nominal value at the positions of the two axial field
maxima, which determine the two ends of the plasma cham-
ber. To avoid excessive magnetic forces and fields at the
hexapole windings the coil heads should be positioned well
beyond the axial mirror field maxima, as already done for the
design of the SERSE magnets.

For the shape of hexapole coil windings, the use of a
simple racetrack configuration was discarded for the sake of
stress reduction and a cos�3 ��-shape solution was adopted.

The alignment of the solenoids and of the hexapole is
particularly important and the request is that the solenoids
and the hexapole axes should be coincident within ±0.5 mm.
Their common axis will determine in turn the axis of the

warm bore and finally of the plasma chamber.
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C. Cryostat and magnetic shield

All coils of the superconducting magnet system are
cooled by immersion in a bath of liquid helium �LHe� con-
tained in a special can. To reduce thermal losses at the LHe
temperature level, the cryostat includes thermal shields at
40 K. Refrigeration at this intermediate temperature and LHe
bath temperature is achieved by autonomous cryocoolers. No
use of externally supplied liquid nitrogen is made.

The cryostat provides magnetic shielding of the stray
field produced by the superconducting magnet system using
high permeability iron for the external walls. The residual
magnetic field will be lower than 2 mT at a distance of 4 m
from the cryostat in order to ensure the safety of the gyrotron
tube.

As the plasma chamber produces x-ray radiation which
will be absorbed in the cold mass to some extent and con-
tribute an estimated maximum heat load of 500 mW to the
thermal balance at LHe temperature, the cooling capacity of
the system has been increased with respect to the expected
heat load of the system �1.5 W� and a second cryocooler was
added to the design. Cold diodes are used for passive protec-
tion against quenches. A Quench Detection system will also
guarantee the removal of stored energy and the identification
of the coil that has quenched.

A total of six current leads will be used: all hexapole
coils are connected internally and a single pair of current
leads connects them as a whole to room temperature; the
solenoids are energized by four current leads from three in-
dependent power supplies.

III. MICROWAVE INJECTION

Microwave injection and coupling are crucial issues for
the third-generation ECRIS, in particular, in the case of the
production of intense beams, as a high ion-beam output re-
quires that ion lifetime in the plasma is not so high, which
also affects the electron lifetime and thereby the rf power
which is given by

Prf = nekTeV/��e�ECRH� .

The rf power Prf to be injected into the 15 l plasma
chamber of MS-ECRIS �for electron density of 1013 cm−3

and “warm” electron energy of 10 keV� is 300 W/�e, i.e.,
about 6–10 kW for typical values of the electron lifetime
and for an efficiency of 80%, as if the coupling is better than
for 18 GHz operations.1

In order to get higher charge states, larger electron den-
sities and higher microwave power will be needed, but the
ability of the plasma chamber to withstand more than 10 kW
is questionable.

The problems connected with such a large power are
mainly related to the dc break aging, especially for the
highest-voltage operations; the plasma chamber watercooling
has been dimensioned properly, even if that increases the
distance between the hexapole and the chamber inner wall.

The microwave injection line will reproduce the layout
already used for SERSE that proved to be reliable, including

1
filters and bending unit. Additional safety instrumentation is
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to be investigated, for pulsed mode operation. A new design
for the 60 kV dc break is under study, allowing the full
power delivery for long-lasting operations.

As for the microwave coupling, the mode distribution
was studied and it was evident that the higher frequency is
helpful. The numerical studies have shown that the number
of useful modes is high and that the magnetic field may be
adjusted in such a way that almost all power is coupled to the
plasma, except for the resistive losses in the waveguide and
injection line.

Appropriate modeling is under way to describe the open-
ings on the injection side and extraction sides. The results of
these calculations will be important not only for microwave
coupling but also for the vacuum, permitting to define the
ideal size of the holes for pumping.

IV. MECHANICAL DESIGN

The mechanical constraints of the magnets made it nec-
essary a significantly larger inner bore than for SERSE. The
plasma chamber inner diameter is 180 mm, 50 mm larger
than the one of SERSE, but the larger plasma chamber length
and diameter will be an advantage, provided that a residual
gas pressure of 10−8 mbar is maintained. As the radial pump-
ing is not possible, the pumping will be performed only
through a large number of 1.5–2-mm-diam holes drilled in
the injection flange and in the outer part of the extraction
electrode; small holes are designed to prevent microwave
leaks. A 5 mm double-wall water-cooled stainless-steel
chamber will be able to dissipate a maximum power of
10 kW. A 2 mm lead shield will be added between the
plasma chamber and the insulator, to take care of the x rays
and to avoid the well-known phenomenon of LHe boiloff
that limits the performance of the cryogenic system.6,7 High-
voltage �60 kV� insulation will be provided by a 4-mm-thick
polyetherethercheton �PEEK� layer between the chamber and
the cryostat. The length of the plasma chamber will be about
650 mm and the volume will be larger than 15 l, signifi-
cantly more than any existing source.

A sketch of the mechanical drawing of the MS-ECRIS is

FIG. 2. The MS-ECRIS section view �HTS current leads are not shown�.
presented in Fig. 2.
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V. TESTBENCH, DIAGNOSTICS, AND TRANSPORT

It is foreseen to use the ECR testbench �EIS� at GSI to
test the MS-ECRIS. It consists of a solenoid, a quadrupole
singlet, and a split dipole magnet.

The transport through the beamline of the testbench has
been studied with different codes and recently KOBRA3.INP

�Ref. 8� has been used. With that it is possible to simulate the
beam transport starting from the plasma with a fully three-
dimensional code. Different space-charge compensation
models are available to investigate space-charge influence
and compensation. A sketch of the testbench including the
envelope of a q /m=1/4 beam is shown in Fig. 3. The maxi-
mum beam magnetic rigidity allowed by the beamline is
0.088 T m, which is acceptable for full characterization of
any beam at a voltage of 40 kV or lower. Some limitation
will exist for 60 kV operations.

In order to determine the beam quality of the extracted
ion beams a versatile emittance meter will be designed and
built. The instrument must be able to measure the beam emit-
tance in a few minutes with a statistical accuracy better than
10%. In addition, the emittance meter should be designed
so that it can easily be used for calibration in different
laboratories before the final measurements with MS-ECRIS.
We have chosen to build a pepperpot-type emittance meter
in which the ion beam falls on a screen with many small
holes, together with a suitable imaging technique for the
transmitted ions. This type allows measurement of the
4d-phase-space emittance without integration of the other
two dimensions, which is particularly relevant for ECR ion
sources because the magnetic fields in the extraction area
result in correlations between the horizontal and vertical
planes. The alternative Allison-emittance meter, consisting
of movable slits with an ion detector behind the slits,
cannot resolve these correlations. Presently we are testing
different types of scintillator materials in order to identify the
most suitable one for imaging low-energy ion beams
��35 keV*q�.

VI. METAL ION-BEAM PRODUCTION

Because of the interest for very heavy projectiles in
nuclear and applied physics the production of metal ion
beams will be an important issue in the ISIBHI project.

Among several methods of metal ion production the
evaporation with a resistively heated oven has become a
well-established method for routine operation at ion accel-
erators. Therefore it is intended to use such an oven for the
first tests of metal ion production with MS-ECRIS. The high-
temperature oven �HTO� developed at GSI �Ref. 9� has been
improved and tested in order to extend the available tempera-
ture range to about 2000 °C. It is in the state of a prototype
at present.

Its diameter was limited to 15 mm but the plasma cham-
ber of MS-ECRIS will provide more space for entrance
ports, making it possible to extend the dimensions of the
HTO. Furthermore this allows for an increased container vol-
ume, which will extend the operating period between refill-
ings, as MS-ECRIS is designed to deliver much higher in-

tensities than conventional ECRIS of today, and higher
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evaporation rates are needed. Another option to be consid-
ered is the technology of inductively heated ovens. Sputter-
ing is considered to be an alternative only for the production
of highest charge states of heavy ions, as only moderate in-
tensities can be achieved with these technique.

A powerful method applicable for several solid elements
is the metal ions from volatile compounds �MIVOC�
method,10 particularly attractive for elements such as iron
and nickel. This method has routinely been used at JYFL and
RIKEN where, for example, 150 �A of Fe11+ ion beam has
been produced. The method is based on the fact that an ECR
ion source requires a very small quantity of the ion gas. The
MIVOC method is well established but contamination on the
plasma chamber wall is a drawback as the secondary electron
emission from the walls decreases. Research into methods to
mitigate this effect is planned for the future.

VII. PLANNING OF THE EXPERIMENTAL ACTIVITIES

The construction and acceptance test of the magnetic
system is the next major issue. The field uniformity of the
magnets is a crucial point for the optimum confinement into
ECRIS. Therefore during the magnet acceptance phase, the
first point to be verified will be the absolute value of the
magnetic field; afterwards the measurements will be carried
out by taking into account the average value of the hexapolar
field at the inner radius of the plasma chamber and at three
different axial positions �i.e., at the two axial maxima posi-
tion and at the position exactly in the middle of the axial
maxima, with the solenoids not energized�. The values of the
radial field uniformity will be calculated at each of the three
axial positions, by measuring the hexapolar field at 0°, 60°,
120°, 180°, 240°, and 300°. The difference must be lower

FIG. 3. A sketch of the testbench with trajectory plot.
than 4% of the average value.
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Additionally the average value over an axis parallel to
the magnets’ axis �at the radius of the plasma chamber wall�
should be uniform within ±2.5% in all the positions between
the axial maxima.

According to the construction planning, the magnets
should be delivered in less than one year and a half and then
the commissioning of the MS-ECRIS at GSI is scheduled for
the first half of 2007. Mechanics, microwave components,
high voltage, and vacuum equipment shall be complete by
the fall of 2006. The commissioning phase will be followed
by a period for the characterization of cw beams of gaseous
elements, then a minimum period of 6 months will be de-
voted to pulsed mode operations, and finally the activities
with metal ion beams will be carried out, in order to com-
plete the experimental program at the end of 2008.

As for the goals of the program in terms of beam current,
we are confident that more than 1 mA current can be pro-
duced for medium charge states of heavy ions �above 20+�.
In fact, the optimum magnetic trap gives an important advan-
tage for the high intensity beams. An additional factor will
come from the use of a higher extraction voltage as was
demonstrated in Ref. 1. It seems not unrealistic to expect
current in the order of a couple of milliamperes for Xe20+,
Ar12+, and U28+ beams. Moreover, very high charge states
above 50+ for Au, Bi, or U will be made available, as al-
ready demonstrated by the VENUS source.11,12

Finally, it may be considered the upgrading to higher
frequency �e.g., 35 GHz� as the magnetic-field design values
exceed above 20% the ideal ones for 28 GHz operation. This
upgrade may additionally increase the performance.
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