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Abstract

Tokai Radioactive Ion Accelerator Complex (TRIAC) is
an ISOL-based radioactive nuclear beam (RNB) facility,
connected to the ISOL in the tandem accelerator at Tokai
site of Japan Atomic Energy Agency (JAEA). At JAEA-
tandem accelerator facility, we can produce radioactive
nuclei by means of proton induced uranium fission, heavy
ion fusion or transfer reaction. Since TRIAC was opened
for use in 2005, we have provided RNBs of fission
products and *Li. For the production of *Li, we chose '*C
("Li, ®Li) neutron transfer reaction by 'Li primary beam
and a 99% enriched C sintered disk target. The release
time of Li ions from the "*C sintered target was measured
to be 3.2 s. We are developing the RNB of *Li (T,,=178
ms) but the long release time caused a significant loss of
the beam intensity. A boron nitride target which has fast
release of Li is developed for ’Li beam with intensity of
10* ions/s after separation by JAEA-ISOL.

INTRODUCTION

The tandem accelerator of Japan Atomic Energy
Agency (JAEA-Tandem accelerator) has been operated
since 1982 for studies of nuclear physic, nuclear
chemistry, atomic/molecular physics, solid state physics
and material science. A superconducting linac was built as
a booster in 1994 to advance these studies. Since 2005,
we have been operating an ISOL-based radioactive
nuclear beam facility, Tokai Radioactive lon Accelerator
Complex (TRIAC), connected to the ISOL in JAEA-
Tandem accelerator (JAEA-ISOL).

The total operational time of these accelerators for
FY2008 (From April 1, 2008 to March 31, 2009) was 210
days. The total experimental proposal and the usage of the
beam times for FY2008 are summarized in Table 1 and
Table 2, respectively.

RNBs of fission products and *Li were supplied to
TRIAC experiments for 23 days. Typical experiments are
as follows:

e Measurement of Li diffusion coefficients in Li ionic

conductors

e Search of highly excited state of '°Be using deuteron

elastic reaction to *Li

e R&D for JAEA-ISOL and TRIAC.

This report presents the upgrade of JAEA-Tandem
facility and status of TRIAC, especially target-ion source
system of JAEA-ISOL.

Radioactive Ion Beam Facilities

Table 1: Experimental Proposal

Proposals accepted by the program advisory committee:

In house staff proposals 13
Collaboration proposals 33
Number of experiment proposed 60

Total numbers of scientists participating in research:

from out side 258
in-house 251
Number of institutions presented 33

Table 2: Usage of Beam Times in Different Research
Fields

Beam time
Research field

days %
Nuclear physics 96 457
Nuclear chemistry 22 10.5
Atomic physics and material science 73 34.8
Accelerator development 19 9.0
total 210

UPGRADE OF JAEA-TANDEM FACILITY

In recent years, we have maintained and upgraded some
apparatus of the tandem accelerator and the booster. Main
upgrade works are as follows:

e Replacement of acceleration tubes with compressed
ones. These tubes were treated by high-pressure
water jet rinse to improve the high-voltage
performance [1]. At this time, we provide ion beams
at the maximum terminal voltage of 18 MV.

e Replacement of 180-degree analysing magnet at the
high-voltage terminal. We also realigned all beam
optical devices in the terminal and have improved
the transmission efficiency of ion beams to 2-3 times
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Figure 1: Layout of TRIAC.

and very close to 100 % for ions lighter than mass of
about 40.

e Replacement of in-terminal ion source [2] to a
permanent-magnet type 14.5 GHz ECR ion source,
SUPERNANOGAN. Beam intensities  were
increased 3-5 times compared to the previous 10-
GHz one. We have even accelerated Xe*®" from the
high-voltage terminal.

e Treatment of degraded superconducting resonators
by using high-pressure water jet rinse to recover
acceleration electric fields (E,.). The average of E,
at RF power of 4.0 W improved from 4.96 MV/m to
6.53 MV/m.

e We fabricated a prototype low beta superconducting
twin quarter wave resonator and carried out off-line
test.

STATUS OF TRIAC

The layout of TRIAC is given in Figure 1. TRIAC is
based on an isotope separator on line (ISOL) and the
radioactive nuclei are produced via proton-induced fission
of #*U or heavy-ion reactions with the primary beams
from the JAEA-Tandem accelerator. The produced
radioactive nuclei are singly charged and mass-separated
with the JAEA-ISOL. They are fed to the 18GHz electron
cyclotron resonance ion-source for charge-breeding (CB-
ECRIS), where the singly charged ions are converted to
multi-charged ions. The charge-bred radioactive ions,
usually with a mass to charge-state ratio of around 7 (A/q
~7), are extracted again and fed to the linear-accelerator
(linac) complex for re-acceleration. The linac complex
consisting of two linacs, a split-coaxial radio-frequency
quadrupole (SCRFQ) linac and an interdigital-H (IH)
linac, can accelerate the RNB to the energy necessary for
experiments. The acceleration of the RNBs charge-bred
by CB-ECRIS was the first time over the world and the
overall efficiency of transmission of ISOL to
experimental hall was about 2%. The basic parameters of
TRIAC are summarized in Table 3.

Radioactive Ion Beam Facilities
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Table 3: Basic Parameters of TRIAC

p 34 MeV / 1pA)

Primary Ton "Li (68 MeV/300 pnA)
Beam (energy/intensity) ' F (78 MeV/100 pnA),
etc.
Prod. target UCx, BN, Mo, etc.
Ion source FEBIAD, SI type
ISoL Mass resolution 1200
Charge Ion source ECRIS
Breeder Freq. / power 18 GHz/ 1 kW
Linac glflicztogniriergy 2.1keV/u
Complex P &y 0.14-1.09 MeV/u
(var.)
Frequency 25.96 MHz
SCRFQ output energy 178.4 keV/u (A/q<28)
linac
100% (A/q<16),
duty cycle 30% (A/q=28)
Frequency 51.92 MHz
IH linac output energy 0.14-1.09 MeV/u (A/q<9)
duty cycle 100% (A/q<9)

ISOTOPE SEPARATOR ON-LINE

Target-Ion Source System

Originally, the JAEA-ISOL is utilized for the study of
decay properties of nuclei far from stability. To supply an
intense RNB to the CB-ECRIS, we have developed two
types of ion sources, surface ionization type ion source
for ionization of alkali, alkaline earth and rare-earth
elements and FEBIAD type one for ionization of gaseous
and volatile elements. Additionally, we have developed a
target-ion source system to produce medium-heavy
neutron rich RNBs with proton-induced fission of ***U
and a thin-window ion source system for heavy-ion
reaction products for each type. Using these ion sources,
more than 100 isotopes of 21 elements have been ionized
and mass-separated. [3]

A glassy graphite fiber was chosen as a base material for
making a uranium carbide target for the target-ion source
system. A typical uranium carbide target was prepared at
a uranium density of 600-mg/cm® U. A target container
was filled with glassy graphite fiber (¢ =11 pm, GC-20,
Tokai Carbon Co.) as the base material and uranyl nitrate
solution was impregnated. After drying-out, the target
was out-gassed and converted to oxide form at 600 °C in
argon atmosphere before insertion into the ion source.
The target is loaded to the ion source system and sintered
as uranium carbide.

The surface ionization type target-ion source system was
used for the production of neutron rich Rb, Sr, In, Cs and
Ba ion beams. The uranium carbide target was bombarded
with a 33-MeV proton beam (25 MeV on target) with
intensity of about 1 UA. A typical separation yield with
this ion source was 1.8 x 10’ ions/s for 93Rb, 6 x 107
ions/s for 94Sr, 2.5 x 10° ions/s for "*Cs and 3 x 10° ions/s
for '“Ba; the value was normalized to the uranium-target
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thickness of 1 g/em® and 1 LA primary proton beam
current. Particular application of this ion source was
separation of neutron rich “Eu isotopes around A~160.
New isotopes '*1°1>1%Ey have been identified with this
ion source.

The forced -electron beam induced arc-discharge
(FEBIAD) ion source type-B2 with a uranium target
container was used for the production of neutron rich Kr,
Xe and volatile elements ion beams. A typical separation
yield with this ion source was 1.4 x 10° ions/s for *'Kr,
2.6 x 10° ions/s for 138Xe, 5.2 x 10° ions/s for '*’In and 2.5
x 10° ions/s for 132Sn; the condition of normalization is
same as the surface ionization type one.

Safety Handling System of Target-lon Source
Modules

In the ion sources, 2.6-g/em’ of **U is loadable
maximum. We plan to produce the neutron-rich RNB by
proton-induced fission with an intensity of 3 HA proton.
After an irradiation for 5 days in this condition, the dose
equivalent rate is estimated to be 40 mSv/h at 1 m from
the ion source. Therefore, we have built a system of
carrying and storing target-ion source in safety.

At the convenience of handling, the target-ion source
system is united into one module with the irradiation
vacuum housing. The target-ion source module is
designed to a vacuum-tight by itself:

e The primary beam entrance port is sealed with 5-um

thick HARVAR foil.

e On the RNB extraction side of the housing, a
pneumatic valve is installed and closed before
carrying the module.

o Electric feed-throughs, gas and water connections are
coupled to quick connectors.

This module could be handled by a remote carrying
device and stored in a shielding cell to cool residual
radioactivity. By use of this handling system, we can
carry and store the target-ion source module without
radioactive contamination around the irradiation area.

Development of Target-lon source System

A short-lived isotope beam, °Li (T;,=178 ms), is
required with intensity of more than 5 x 10° ions/s on the
target at the end of TRIAC to the study of highly-excited
state of ''Be. For the production of 8Li (T,=838 ms), we
have chosen "*C ('Li, *Li) neutron transfer reaction by 'Li
primary beam and a 99% enriched “C sintered disk
target. The 99% enriched "*C thick graphite disk was
mounted to the catcher position of the surface ionization
type ion source with 3-um thick tungsten-window. The
target was bombarded with a 67-MeV 'Li’" beam with
intensity of about 100 pnA. In this condition, the
separation yield of *Li was evaluated to be 1 x 10° ions/s.
However, the separation yield of Li (Ty,=178 ms) was
reduced to 10” ions/s. We thought that the long release
time caused a significant loss of the *Li beam intensity. A
release profile of Li from the target/catcher/ion-source
system was measured using the heavy ion implantation

Radioactive Ion Beam Facilities
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Figure 2: Release profile of Li from the surface ionization
type ion source.

technique [6]. As shown in Figure 2, the fast component
of release profile of Li ions from the °C sintered target
was 3.2 s. In a search for high-temperature-resistant target
material for the production of °Li, we found out that
boron nitride (BN) has a short release time of Li; as
shown in Figure 2, the fast component release profile was
120 ms. With a hot pressed BN sheet target, we obtained
a ’Li beam with an intensity of 10* ions/s after separation
by JAEA-ISOL.

The FEBIAD-B2 type target-ion source has separation
efficiencies of about 8% for long-lived In isotopes.
However, the efficiencies depend strongly on the half-
lives and decrease to about 0.4% for '*™EIn
(T1,=1.29/0.59 s). This result consists with the long
release time of In, T= 7 s, at the target-ion source
temperature of 1550 °C. It is expected to accelerate
diffusion, adsorption and effusion processes by raising the
temperature of the target-ion source system; a short
release time of In, t=1.7 s, was achieved by the surface
ionization type one at the temperature of 2100 °C. [4] In
the FEBIAD-B2 type, the target container is connected to
a top of the target heating cathode capsule; the
temperature reaches 1550 °C. For the separation of short-
lived isotopes around '**Sn, the FEBAID-E type ion
source [5] with a uranium target container has been newly
developed [3]; the FEBIAD-E type ion source is operated
at the temperature of 1700-2000 °C. To raise the
temperature of the target to 2000 °C, it is heated by an
electron bombardment from a couple of tungsten
filaments surrounding the target container. An on-line test
and preliminary separation yield search is performed.
Measurements of release profiles of several elements are
in progress.

OUTLOOK

Continuous upgrade enabled JAEA-Tandem facility to
deliver a variety beams for experiments. Until now,
TRIAC facility provides relatively weak intensity and low
energy RNBs. However, we have produced good results
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by using *Li beam which is a specialty of TRAIC facility.
It is expected to allow furtherapplications and progresses
especially by use of the RNBs of medium-heavy neutron-
rich isotopes. Development of the target-ion source
system is one of the highest priority issues on operation of
RNB facility. We will carry on the development for the
facility.
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Abstract

The EXCYT project has successfully come to
conclusion at the end of 2006. As a consequence a new
facility for production and acceleration of radioactive ion
beams is now available at Laboratori Nazionali del Sud,
Catania. This facility is based on the ISOL method: in
particular the primary beam is delivered by a
Superconducting Cyclotron, while the secondary beam is
post-accelerated by a Tandem. A low energy radioactive
beam is also available at the exit of the pre-injector. The
main features of the commissioning of the facility will be
described. Details will be given on the characteristics of
the diagnostic devices. Future development activities are
related both to the operative features of the new facility
and to the improvements and upgrading that are planned
to be introduced in the near future. All of these subjects
will be extensively discussed.

INTRODUCTION

The layout of the INFN-LNS with the scheme of the
EXCYT facility is shown in Fig. 1.

The EXCYT facility is able to produce beams with high
purity, but the role of the Tandem as a post-accelerator
implies that the recoils produced in the reaction between
the primary beam and the target must be ionized
negatively in order to be accelerated by the Tandem.

The commissioning of the EXCYT facility started in
the first months of 2005 and a detailed description of the
facility together with the commissioning phases are
extensively reported in [1].

For the commissioning case, the production of the
radioactive ions is performed by injecting a *C*" primary
beam of 45 AMeV on a graphite target up to a beam
power of 150 W, while the ionisation of *Li is achieved by
a Tungsten positive surface ioniser. For such a kind of ion
beam, the highest extraction efficiency from the TIS is
obtained by positive ionisation. Then the post-
acceleration with the Tandem is possible only after a
charge exchange cell (CEC) to obtain negative ions. The
CEC consists of a cell containing Cesium vapours, which
interact with the *Li beam converting its charge from +1
to —1 by a two step reaction. The Li’ beam has been
produced at different energies to cross-check the
transmission efficiency together with the charge exchange
efficiency.

The maximum "C primary beam intensity was 1 epA
which corresponds to a beam power of 147W leading to a
production yield of 9x10° pps of *Li. Table 1 summarizes
the production yields at the entrance of the first stage of
isobaric separation. The yields of *Li and *'Na are also
reported even if measured in not optimized conditions.

Table 1: ®Li, °Li and *'Na Measured Yields at the
Entrance of First Stage of Isobaric Separation

Beam Beam Power Intensity
*Li 147 W 9-10° pps
Li 82 W 3.4-10° pps
*'Na 82 W 3.7-10° pps

Figure 1: The layout of INFN-LNS with the Excyt facility for the production of radioactive beams.

Radioactive Ion Beam Facilities
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THE PRIMARY DRIVER

The LNS Superconducting Cyclotron is the primary
accelerator of EXCYT. It is a three sectors compact
machine with a typical extraction efficiency of 30-50%.
The high intensity operations have been made possible by
some modifications of the electrostatic deflectors and
beam diagnostics.

The first modification was the installation of a cooling
circuit on the first electrostatic deflector, Fig. 2,
assembled in the rear part of the housing , which provided
indirect cooling of the septum, the ground element where
a big part of the accelerated beam is lost.

Figure 2: Water cooling circuit assembled in the rear part
of the deflector housing.

At the same time, it was necessary to upgrade also the
main probe, so as to have a diagnostic device able to
measure intense beams. The original probe, designed for
not intense beams, was replaced by a water cooled one.

With this equipment, it was possible to extract a *C**
45 AMeV beam with a power of 100 watt.

To go beyond 100 watt, it was decided to introduce
further modifications to the electrostatic deflector in order
to improve its reliability: a new housing was realized with
a new cooling circuit, allowing the septum to be directly
cooled, as shown in Fig. 3. Moreover the septum material
was changed from tantalum to tungsten, which ensures a
better thermal exchange. Finally, the septum thickness
was increased from 0.15 to 0.3 mm, which ensures a
better mechanical stability under thermal stresses. With
these modifications, an extraction efficiency of 63% was
obtained and a 150 watt beam was extracted in a quite
reliable way.

Figure 3: New deflector provided with direct cooling of
the septum.

In order to reach the objective set by EXCYT, namely a
beam power of 500 watt, it is wise to search for an
Radioactive Ion Beam Facilities
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increased extraction efficiency. This could be achieved by
improving the beam formation at the source exit and
realizing a better matching between the source and the
cyclotron. The immediate result would be an increased
injection efficiency, allowing for the possibility of cutting
particles out of the machine acceptance. Beam tests will
soon be accomplished to study the problem.

STATUS OF THE EXCYT FACILITY

The production yield of the radioactive nuclear beam
(RNB) depends on many factors such as: primary beam
parameters (element, energy, intensity), target material
(nuclear cross-section, operating temperature), target
structure (diffusion mechanism), container geometry
(effusion to the ionizer), ionizer type (ionization
mechanism and efficiency), charge exchange efficiency,
transport efficiency, isobaric separation and post-
acceleration efficiency.

Target lon Source Complex

The graphite made target is enclosed in a Ta container
and heated by a surrounding electrical heater. The recoils
produced in the target will effuse through the transfer tube
to the ionizer, where they are ionized by an ISOLDE-type
ion source and then extracted by an acceleration voltage
up to 50 kV. The sources available for the TIS are the Hot
Plasma Ton Source (HPIS), which is suitable to ionize
positively many elements, included noble gases with an
efficiency of about 1%, and the surface ionization type
sources for positive and negative ion production. The
positive one (PIS) is particularly suitable for alkaline ions
for which it is highly selective and efficient, while the
negative one (NIS) is indicated for halogens with
exception of fluorine. The source presently used is the PIS
(efficiency measurements indicate a ionization rate
around 70% for Lithium beam) [2].

The selection of our target material has been done
following the criteria of high porosity, small grain size,
high thermal conductivity, high chemical purity, high
melting point and low vapour pressure.

Experimental results indicate the UTR146 graphite
from XYCarb as the best target material for our facility
[3]. Taking into account the Superconducting Cyclotron
(CS) operational diagram, the *Li demand and the target
material, we selected C*', 45 AMeV ion as a primary
beam. In this energy range *’Li are essentially produced
both by target and projectile fragmentation: EPAX code
simulations indicate the nuclear cross-section for *°Li
production to be 3.41 mb and 4.25 mb respectively [4].

The first target prototype used for the preliminary test
at SPIRAL in Ganil and at LNS during March 2006 is
shown in [5].

It consists of two parts: the upper tablet and the lower
part which acts also as mechanical support. The transfer
tube to the ionizer is located in between these two parts.
Sizes were chosen to maximize the Li collection.

At the operating temperature of 2600 K, many diffusion
mechanisms are active inside the target: Li particles will
mainly diffuse through interstices in graphite. Once the
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particle reaches the grain boundary it can diffuse in a
neighbour grain or effuse in the target porosity.

Moreover at this temperature, after the effusion process
through the porosity, the probability of re-diffusion inside
a grain is quite high. For this reason we performed some
computer simulations using a very simple, mono-
dimensional modified form of Fick's law to reproduce the
¥Li production efficiency measured at LNS. It turned out
a large value of the diffusion coefficient, thus confirming
the good features of this target.

In particular the simulations suggest that only the °Li
particles produced within the first hundreds of microns
are able to reach the target surface before their decay, *Li
atoms produced deeper will decay during their path inside
the target and will never be collected.

These considerations led the decision to modify the
target design by employing ten, uniformly spaced, 1 mm
thick, graphite disks (see Fig. 4). An increase of a factor 6
on the *Li production yield was then expected.

An increment of a factor 3.6 has been found, which is
not far from the foreseen factor 6, this reduction being
probably due to a different temperature distribution in the
new target design. These values are very promising for
the future when the beam power will be increased up to
500 W. Further investigations are planned to better
understand the Li release mechanism from the target.
Other target candidate materials such as fibres, felts and
nano-structured materials are taken into consideration.

Charge Exchange Cell

The charge exchange cell (CEC) is a vacuum chamber
containing cesium vapours at a variable temperature, in
which Li+ ions, extracted from the ion source, are
transformed into negative ones by interaction with the
Cesium atoms.

The CEC device and the efficiency measurement
procedure have already been described [6]. The charge
exchange consists of a two step process, the first of which
is energetically supported (exothermic) while the second
is not (endothermic). Cesium was chosen because of its
low ionization energy. Other alkaline elements exhibit
bigger values reducing the CEC efficiency. The CEC
efficiency strongly depends on the energy of the Lit+
extracted from the TIS: the lower the Li energy the higher
the CEC efficiency. The maximum efficiency in this case
lies at about 5 keV [6].

The beam optics elements have been originally
designed to operate at a typical extraction energy of 15-20
keV. Strong efforts were dedicated to improve the beam
transmission at the lowest suitable RNB extraction
energy. This value was fixed at 8-10 keV as a good
compromise between a good transmission and CEC
efficiency. On-line  measurements confirm the
expectations: the CEC efficiency for °Li at 10 keV is
3.4%, very close to the expected value of 3.6%.

Diagnostics

The facility is equipped with beam diagnostics,
allowing to acquire in real time all necessary beam
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Figure 4: New target geometry.

parameters (the beam position, the shape and the
intensity) for the tuning, and also to identify the
transported radionuclides. Along the beam pipe before the
Tandem, we have installed the LEBI (Low Energy Beam
Imager/Identifier) devices, that allow to visualize the 2D
profile of radioactive and stable beams, to measure the
beam intensity and to perform the nuclear identification.
The sensitivity is high enough, in order to work with very
low intensity beams (down to 10° pps). The high
sensitivity scintillating screen for the beam monitoring is
made of Cesium lodide doped with tallium, CsI(T1). Such
a screen is covered for a half of its surface, by a very thin
(6 um) aluminized mylar tape, that can be wound in front
of it. In case of stable beam monitoring, the beam hits the
screen directly, while the radioactive beam hits the tape,
in order to avoid the contamination of the screen. In such
a case the light spot is produced by the radioactive decay
of the radionuclides implanted inside the tape. In order to
measure the beam intensity and to perform the
identification, LEBI also lodges a plastic scintillator
BC408 coupled with a photomultiplier (Hamamatsu
R1924A), in order to detect the beta particles emitted by
the radionuclides decay. The detection efficiency has been
calculated by the Montecarlo code Penelope, and for the
*Li nuclei it is 0.45. A couple of germanium detectors,
positioned at a relative angle of 90°, can detect gamma
rays emitted in the decays, thus allowing a more accurate
identification of the particles. In Fig. 5 two profiles for a
stable (left) and unstable ®Li beam (right) are shown.

For the accelerated beams, the diagnostic devices that
we have used up to now to measure the beam intensity
consist of 3 x 3 cm” silicon detectors.
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Figure 5: Beam profiles acquired with LEBI for a stable
(left) and a radioactive beam (right). The intensities are
below 1 pA.

However, such devices are not suitable to work over
10* pps, because of radiation damage, therefore we have
decided to install plastic scintillators BC408 coupled with
pmt for such purpose. A position sensitive (PSD) silicon
detector (50 x 50 mm?) has been adopted as a beam
profile monitor. This is able to reconstruct the impact
position of each particle, by reading the signals produced
at the four vertex of the detector. In the telescope
configuration, it also allows to identify the Z and A of
each particle. In Fig. 6, the reconstructed coordinates of
alpha and beam particles, crossing a mask with several
holes, are shown.

uorgisod T

L RAAS Qiigliﬁim

25, P S S S R B R R L |
25 2 15 4 05 0 05 1 15 2 25 A 075 05 025 o 025 05 075 l
-
}&posmon

Figure 6: Mask profiles acquired with alpha particles
(left) and *Li beam (right), using the silicon PSD. The
scale axes are different.

In order to manage all the installed devices (10 LEBI’s,
15 PMT and 15 PSD) a suitable software platform based
on LAB VIEW have been designed. An easy user
interface allows the operators to control the main
functions of the devices and to acquire all the data useful
for the beam transport.

PRESENT CAPABILITIES AND
PROSPECTS OF THE EXCYT FACILITY

With the successful production and post-acceleration of
¥Li, the commissioning of the EXCYT facility has been
completed and the beam delivered to the first experiments
approved by the LNS Scientific Committee. The RNB
production is sufficient to deliver to the users a good

Radioactive Ion Beam Facilities
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beam quality in terms of stability, purity and intensity for
the experimental program already approved by the LNS
PAC. This is an important achievement, considering that
the facility is installed in the accelerator area, most of the
time not accessible during the routine operation of the
LNS accelerators with stable beams.

Using a primary beam of 100 W, 5.4'10° pps of *Li+ are
produced. After the CEC, 1.510° pps of °Li- are
transported through the mass separator until the Tandem
entrance. The transport efficiency through the two stages
of the isobaric mass separation is close to 100% as
expected. The acceleration transmission at the Tandem is
of the order of 50%, lower than with Li stable beams,
therefore some improvements are planned in the injection
line of the Tandem, possibly the installation of a new
quadruplet. The final intensity of *Li on target is
510* pps.

Further improvements are needed to make the facility
more reliable and performing. Different activities are
under way to achieve this goal: a factor three is requested
from the Superconducting Cyclotron and a lot of efforts
are focused on the optimisation of the TIS assembly.
Actually the CEC efficiency is the major bottleneck to
overcome. The TIS extraction voltage reduction has given
a successful improvement on the RNB yield, however
several alternative solutions are taken into account to
directly produce negative Li ions.

This overall optimisation process involves several key
points of the facility (CS, TIS, CEC, Tandem), but it will
permit a significant increase of the beam intensity on
target. In particular a *Li intensity up to 5-10° pps can be
expected at the experimental point in the future.

Finally, the installation of a different source type is
planned in the near future: the aim is to start developing a
new radioactive beam, different from °Li, that can be of
?Scientiﬁc interest for users. A possible choice might be

0.

REFERENCES

[1] G.Cuttone et al., Nucl. Instrum. Methods,
(2007) 1040.

[2] R. Kirchner, Nucl. Instrum. Methods, A292,(1990)
203.

[3] D. Rifuggiato, L. Calabretta, G. Cuttone, Proc. of the
XVII International Conference on Cyclotrons and
their Applications, Tokyo, Japan, (2004) 118.

[4] M. Re, D. Garufi, M. Menna, G. Raia, G. Cuttone,
LNS activity report 2003, (2004) 170.

[5] M. Re, M. Menna, F. Chines, G. Cuttone, E.
Messina, D.W. Stracener, Proc. of the Particle
Accelerator Conference 2005, Knoxville,(2005) 898.

[6] G. Cuttone et al., LNS activity report 2004, (2005)
175.

B 261,



Proceedings of HIAT(09, Venice, Italy

MO-07

THE SPES PROJECT: AN ISOL FACILITY FOR EXOTIC BEAMS

G. Prete, A. Andrighetto, L. Biasetto, F. Gramegna, A. Lombardi, M. Manzolaro,
INFN Laboratori Nazionali di Legnaro, viale dell’Universita, 2-35020 Legnaro, Italy
L. Calabretta, INFN Laboratori Nazionali del Sud, via Santa Sofia, 62 — 95125 Catania, Italy
and SPES collaboration, www.Inl.infn.it/~spes

Abstract

SPES (Selective Production of Exotic Species) is an
INFN project to develop a Radioactive Ion Beam (RIB)
facility as an intermediate step toward EURISOL. The
SPES project is part of the INFN Road Map for the
Nuclear Physics development in Italy and is supported by
LNL and LNS the INFN National Laboratories of Nuclear
Physics in Legnaro and Catania.

The Laboratori Nazionali di Legnaro (LNL) was
chosen as the facility site due to the presence of the
PIAVE-ALPI accelerator complex, which will be used as
re-accelerator for the RIBs. The SPES project is based on
the ISOL method with an UCx Direct Target and makes
use of a proton driver of at least 40 MeV energy and 200
PHA current. Neutron-rich radioactive beams will be
produced by Uranium fission at an expected fission rate in
the target in the order of 10" fissions per second. The key
feature of SPES is to provide high intensity and high-
quality beams of neutron rich nuclei to perform forefront
research in nuclear structure, reaction dynamics and
interdisciplinary fields like medical, biological and
material sciences.

The exotic isotopes will be re-accelerated by the ALPI
superconducting linac at energies up to 10AMeV for
masses in the region of A=130 amu with an expected rate
on target of 10° pps.

PHYSICS CASE

Starting from a nucleus on the stability line and adding
successively neutrons one observes that the binding
energy of the last neutron decreases steadily until it
vanishes and the nucleus decays by neutron emission. The
position in the nuclear chart where this happens defines
the neutron drip line. It lies much farther away from the
valley of stability than the corresponding drip line
associated with protons, owing to the absence of electrical
repulsion between neutrons. The location of the neutron
drip line is largely unknown as we have experimental data
only for nuclei with mass up to around 30.

The interest in the study of nuclei with large neutron
excess is not only focused on the location of the drip line
but also on the investigation of the density dependence of
the effective interaction between the nucleons for exotic
N/Z ratios. In fact, changes of the nuclear density and size
in nuclei with increasing N/Z ratios are expected to lead
to different nuclear symmetries and new excitation
modes. While in the case of some very light nuclei a halo
structure has been identified, for heavier nuclei the
formation of a neutron skin has been predicted.

Radioactive Ion Beam Facilities

The evolution of nuclear properties towards the neutron
drip line depends on how the shell structure changes as a
function of neutron excess. This evolution has
consequences on the ground state properties (spin, parity,
and electromagnetic moments) and on the single-particle
and collective excitations. In particular, studies of
neutron-rich nuclei beyond doubly magic '**Sn are of key
importance to investigate the single-particle structure
above the N=82 shell closure and find out how the
effective interaction between valence nucleons behaves
far from stability.

New modes of collective motion are also expected in
connection with the formation of a neutron skin, namely
oscillations of the skin against the core, similar to the soft
dipole mode already identified in the case of very light
halo nuclei. Presently, neither the thickness nor the
detailed properties of the neutron skin of exotic nuclei are
known. This information is needed to enable a
quantitative description of compact systems like neutron
stars, where exotic nuclei forming a Coulomb lattice are
immersed in a sea of free neutrons, a system which is
expected to display the properties of both finite and
infinite (nuclear matter) objects.

Despite the large number of experimental studies, so far
it is not yet possible to predict reliably the limits of
nuclear stability or the behaviour of the Nuclear Equation
of State (NEOS) at low and high baryon densities.

In particular, the asymmetry term in the NEOS is
largely unknown but in the region close to saturation.
However, it is just this energy which plays an important
role in setting the stability limits. For this reason, it is
quite challenging to investigate the behaviour of nuclear
matter far from stability. Although the SPES energy range
is somewhat limited for studies of this kind, the neutron-
rich ion beams of SPES will allow one to further extend
the investigation of the NEOS along the isospin
coordinate, in a region where it is largely unknown at low
as well as high excitation energy.

FACILITY DESCRIPTION

The basic elements of the ISOL facilities are: the
primary accelerator, the production target coupled to the
ion source (TIS), the charge booster, the beam transport
system and the re-accelerator. According to the
requirements of the experimental needs a High Resolution
Mass Spectrometer (HRMS) can be part of the transport
system.

The SPES design is based on a cyclotron as primary
accelerator able to supply at least 40 MeV 0.2 mA proton
beam onto a UCx direct target to produce a fission rate of
about 10" fission/s. Thus, a total beam power of 8 kW
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Figure 1: Expected on-target intensities calculated
considering emission, ionization and acceleration

efficiencies (see text) for different isotopes.

has to be managed. A surface ionization source will be
used with the possibility to add a laser device to improve
the purity of the ionized exotic species. For this purpose a
HRMS with a mass resolution 1/20000 is also planned. To
reach the charge state and ion velocity that fit the
requirement for injection into the PIAVE-ALPI
acceleration system a charge breeder and 2 high voltage
platforms (HV~250kV) will be used. The first platform
will host the TIS and first stage mass separator, the
second the charge breeder. The description of the facility
is reported in the Technical Design Report on the LNL
web site [1].

As the facility will handle radioactive species, special
care is devoted to the radiation protection safety and
several systems are added to prevent radiation hazards. A
control system will integrate in a homogeneous
architecture the many subsystems necessary for the
operation of the facility: from the accelerator control to
the radiation and safety survey.

Several factors have to be considered to determine the
intensities and the ion species available for experiment in
an ISOL facility. The production of isotopes inside the
primary target is the first ingredient but a crucial point, as
we are dealing with radioactive species, is the target
release time, i.e. the time needed by the reaction products
to reach the ionization source from inside the target
grains, where they are produced. The in-target beam
intensity at SPES has been determined starting from the
fission fragment production yield calculated with the
MCNPX [2] transportation Monte Carlo code in which
the target geometry is included. The following diffusion
and effusion of the exotic species inside the target was
evaluated with both GEANT4 [3] and RIBO [4] Monte
Carlo codes. The calculations have been tuned using the
available experimental data from ISOLDE, ORNL and
PNPI and the complete geometry of our target has been
included. Finally, source ionization and extraction, charge
breeding, beam transport and reacceleration efficiencies
have to be considered. Following the literature, we
assumed 1+ and N+ (charge breeder) ionization
efficiencies equal to 90% (1+) and 12% (N+) for Kr and
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Xe, 30% (1+) and 4% (N+) for Zn, Sr, Sn, I and Cd. The
typical Linac ALPI transmission efficiency is 50%.

The final estimated beam currents for the SPES facility
are shown in Figure 1 for some interesting species.

Proton Driver

A proton driver based on a cyclotron with energy 40-50
MeV and current 0.2 mA fulfils the requirements for the
SPES project as the direct target is actually designed for 8
kW power.

A commercial cyclotron, with characteristics which
fulfils the needs for the SPES project, was recently
developed by IBA: the Cyclone® 70 (C70). It is in
operation at the ARRONAX (Accélérateur Recherche
Radiochimie Oncologie Nantes) project [5]. C70 delivers
750 pA current of protons at 70 MeV.

Another commercial solution is the T40 from ACSI
which is able to supply up to 1.2mA at 40 MeV energy.

The use of a cyclotron as proton driver is very

interesting from the point of view of a multi-user proton
facility as, accelerating H-, they are normally equipped
with two exit ports with stripper extraction, allowing for
dual proton beam operation which can supply two end-
users at the same time.
The SPES project is designed with two target stations for
RIB production. Alternatively the second beam will be
used for the development of applied physics based on 70
(40) MeV proton beam and current as high as 0.5 (1) mA
according to the adopted cyclotron.

Target System

The UCx target is made by 7 disks (each ~1 mm thick
and 4 cm diameter) to optimize power dissipation and
release time of the fission products. The gaps between the
disks allow an efficient cooling of the system by thermal
radiation. The total amount of the U fissile material is
only 28 g.

A detailed study has been performed to evaluate the
thermo-mechanical behaviour with two codes: ANSYS
[6] and a code provided by ENEA [7] used for nuclear
power design. Experimental tests of the target principle
were performed at the HRIBF facility (ORNL-USA). The
main result is that, in the adopted configuration, the target
does not melt and to reach the operating temperature it is
necessary to supply external power.

A strong R&D program is under development on the
Direct Target subjects for material, characterization
techniques and prototyping. The possibility to produce
disks of carbides with the right dimensions has been
proved developing and characterizing LaC and UCx
pellets.

Collaborations with ISOLDE (CERN) and HRIBF
(ORNL) have been established as well as participation to
the EURISOL-DS Task3. A detailed discussion of the
target status in [8].

Beam Transport and Reacceleration

The secondary beam line transport system will handle
the radioactive beam from the output of the ionization
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Figure 2: Scheme of the transport line for the SPES
exotic beams. For details see the text.

source to the low-energy experimental area and to the re-
accelerator complex. One of the main problems to operate
an ISOL facility is the beam purification since the
extracted species are transported according to their A/q
value. Due to the low rigidity of the beam, electrostatic
quadrupoles can be used to focus and transport the beam.
This guarantees a reliable beam handling and a very
simple procedure to set the beam transport line.

The beam, extracted from the source with 60 kV
extraction potential, will go through a first stage of A/Z
purification, which allows trapping the largest amount of
radioactive contaminant. According to other facilities, and
to satisfy the previous constraint, we plan to use a small
Wien filter, placed on the first HV platform just beyond
the source. Furthermore a small magnetic dipole, like in
the EXCYT design, can be also used. A mass resolving
power (M/AM) of 300 for this “analytical” magnet is
acceptable. It will be followed by a 1/20000 High
Resolution Mass Spectrometer (HRMS) which allows the
isobar selection. To improve selection capability the
HRMS shall operate at an input energy in the order of 200
keV. To fulfil this requirement the HV platform, where
both target and first mass separator are mounted, is
operated at 200 kV supplying 1+ beam at total energy of
250 keV.

To optimize the reacceleration, a charge breeder will be
developed to increase the charge state to N+ before the
injection of the exotic beam in the PIAVE
Superconducting RFQ’s, which represent the first re-
acceleration stage before the final injection in ALPI.

The charge breeder acts as a trap where the 1+ ions are
stopped and re-extracted with increased charge state. To
fulfil these requirements the charge breeder is mounted on
a second HV platform operated at 250 kV; this allows to
stop the incoming ions and to give the right energy to the
out-coming ones. The scheme of the transport line is
shown in Figure 2.

The reacceleration of the exotic species will be
performed by the acceleration complex PIAVE-ALPI. The
PIAVE injector is in regular operation at LNL since fall
2006. It is based on an ECR Ion Source (placed on a 350
kV platform), and on super-conducting RFQ’s able to
accelerate ions with A/q < 8.5 up to 1.2 AMeV. For the
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SPES beams a transfer line from the charge breeder will
be added. No main difficulties are expected as the ions
coming from the charge breeder have similar
characteristics as that ones produced in the present ECR.

The ALPI acceleration capability allows to push the
RIBs energy up to 10AMeV for masses in the region of
A=130 amu. Refer to the FR-03 and FR-04 papers in this
conference for a detailed description of ALPI
characteristics.

Summary and Conclusions

The SPES project is one of the main Nuclear Physics
developments in Italy for the next years. It is organized as
a wide collaboration among the INFN Divisions, Italian
Universities and international Laboratories. The SPES
collaboration allows covering all the specific aspects of
the project, also those outside the main competences
available inside INFN. A strong link and support was
established with ISOLDE (CERN, CH) and HRIBF
(ORNL, USA). With SPIRAL2 (GANIL, F) there is a
collaboration in the frame of LEA (Laboratorio Europeo
Associato) which aims to share the technical
developments and the scientific goals in the field of
Nuclear Physics with exotic beams. Specific collaboration
for target and charge breeder was opened with KEK
(IPNS, Japan)

SPES is an up-to-date project in this field with a very
competitive throughout representing a step forward to the
European project EURISOL. The relevance of the project
is not only related to nuclear physics research but also to
Astrophysics and Applied Physics: mainly for Nuclear
Medicine, material research and nuclear power energy.

The first exotic beam at SPES is expected in 2014.
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Abstract

SPES is a facility to be built at National Institute of
Nuclear Physics (INFN-LNL, Legnaro, Italy) intended to
provide intense neutron-rich Radioactive Ion Beams
(RIBs) [1] directly hitting a UCx target with a proton
beam of 40 MeV and 0.2 mA; RIBs will be produced
according to the ISOL technique and the new idea that
characterize the SPES project is the design of the
production target: we propose a target configuration
capable to keep the number of fissions high, the power
deposition low and the release of the produced isotopes
fast. In this work we will present the recent results on the
R&D activities regarding the multi-foil direct UCx target.

INTRODUCTION

The SPES project is focused on the production of
neutron-rich radioactive nuclei by ISOL technique,
employing the proton induced fission on a direct target of
UCx; the fission rate expected with a proton beam of 40
MeV and 0.2 mA is 10" fissions/s. The main goal of the
SPES facility [1] is to provide an accelerator system to
perform forefront research in nuclear physics by studying
nuclei far from stability, in particular neutron-rich
radioactive nuclei with masses in the range of 80-160.
The final RIB energy on the experimental target will be
up to 11 MeV for A = 130, with an intensity in the range
10"-10° pps, depending on the extracted ion species. The
bombarding energy achieved allows to overcome the
Coulomb barrier in most systems and opens up new
possibilities for experimental studies of neutron-rich
nuclei, employing different reaction mechanisms such as
Coulomb excitation, inelastic scattering, single and
multiple nucleon transfer, fusion reactions, etc.

In an ISOL facility the working core is constituted by
the production target and the ion source [2]: they have to
be designed and optimized carefully in order to obtain the
desired RIB production rate (see Fig. 1). In the SPES
project, the RIBs extracted from the ion source (coupled
to the production target by means of the transfer line) will
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go through a first stage of A/Z purification, which allows
to trap the largest amount of radioactive contaminant.

.
productiontarget

299

ion source

Figure 1: The SPES production target and the ion source.

A small Wien filter will be placed in the platform just
beyond the source; it will be followed by a 1/20000 isobar
mass separator. To optimize the reacceleration, a charge
breeder will be developed to increase the charge state to
N+ before the injection of the exotic beam in the PIAVE
Superconducting RFQ, which represents the first re-
acceleration stage; the second and final reacceleration
step will take place in the ALPI superconducting linear
accelerator: as reported above, the final RIBs energy on
experiments will be up to 11 MeV.

THE TARGET SYSTEM

In the production target - ion source complex for ISOL
based facilities, many physical phenomena occur: power
deposition, fission, atomic diffusion-effusion, ionization,
extraction. In the SPES project, the primary proton beam
is stopped in the target, dissipating its power and
generating by fission exotic nuclei in the intermediate
mass range (80< A< 160) [1]. The desired exotic species
must be extracted from the target, ionized and accelerated
to make a RIB. This process is time demanding and
usually unsuitable for atoms having half lives lower than
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a few tens of ms. Dealing with a target - ion source
system, the intensity of the radioactive beam available at
the source output, is usually described by the following
equation:

I:G'Q'N'81'82'83 (1)

where ¢ stands for the production cross section, @ the
proton beam intensity, N the target thickness, €&, the
release efficiency from the target up to the source, €, the
ion source efficiency and ¢; the delay transfer efficiency
due to the radioactive decay losses. The SPES target
design has been optimized in order to maximize the
release efficiency and to exploit, at the same time, devices
(basically the ion sources) developed in other laboratories
(mainly at CERN, Switzerland). The energy deposited in
the target material by the electromagnetic and nuclear
interactions has to be removed, and because of the low
pressure of the environment, the target can be only cooled
by thermal radiation towards the container box
surrounding it. In order to optimize the heat dissipation
along with the fission fragments evaporation, the SPES
target consists of multiple thin disks housed in a
cylindrical graphite box [1]. In this way the cooling of the
target is strongly simplified: in fact, due to the vacuum
environment, the heat dissipation is fully entrusted to
thermal radiation: radiative heat transfer is directly
proportional to the body surface and in our case the use of
7 thin UCx disks, 40 mm in diameter and 1.3 mm thick
each, increases the total surface and allows for a better
cooling. It is fundamental to underline that the radiative
cooling is supported also by the high temperature level of
the target during the working conditions, approximately
equal to 2000°C. In this configuration only the protons
with higher fission cross-section are exploited in the UCx
target discs, while the outgoing lower energy, less than
about 15 MeV, is driven towards a passive graphite dump;
as a consequence, the power deposited in the UCx is
lowered considerably and at the same time the number of
fission reactions is maintained high. In the selection of the
beam profile, a uniform distribution of the beam has been
chosen in order to flatten the power deposition inside the
disks as much as possible and consequently to reduce
temperature gradients and thermal stresses.

The architecture proposed for the SPES target
represents an innovative solution in terms of capability to
sustain the primary beam power; the design is carefully
oriented to cool the target by thermal radiation, taking
advantage of the high operating temperature. The thermal
analyses performed [1] show the capability of thermal
radiation to cool the disks with a reasonable margin below
the material limiting temperature. The release from the
target has been carefully studied by means of dedicated
computational codes: simulations show that the SPES
multi-foil direct target presents a good isotope extraction
behavior up to intermediate masses.

The ideal target material for RIBs production should
combine different properties which sometimes cannot be
fully maximized in a single material: low density, good
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release properties, good mechanical stability, high thermal
conductivity and emissivity, and limited ageing at high
temperature under intense irradiation. Such materials
must operate for extended periods of time with constant
performance and efficiently dissipate the incoming beam
power.

The preparation of the SPES UCx disks is based on the
carbon-thermal reduction of UO, powders in excess of
graphite. The powders are mixed and grinded in order to
obtain a homogeneous mixture (2 wt.% of phenolic resin
is added as binder); these powders are uniaxially cold
pressed at 75 MPa for 1 h. Finally the heat treatment is
performed in a dedicated vacuum furnace, built at LNL-
INFN. The bulk density of the disks turns out to be about
3 g/em’, while the atomic ratio of the uranium compared
to the carbon is assumed to be U:C=1:4. In Fig.2 a
picture of the first 13 mm UCx pellet is reported.

Figure 2: The first UCx pellet for the SPES project.

THE ION SOURCE SYSTEM

The hot-cavity ion source chosen for the SPES project
was designed at CERN (ISOLDE) [3]. The source has the
basic structure of the standard high temperature RIB ion
sources employed for on-line operation. The ionizer
cavity is a W tube (34 mm length, 3 mm inner diameter
and 1 mm wall thickness) resistively heated to near
2000°C. The isotopes produced in the target diffuse in the
target material and after that will effuse through the
transfer tube (its length is approximately equal to 100
mm) into the ionizer cavity where they undergo surface or
laser ionization. The Surface ionization process can occur
when an atom comes into contact with a hot metal
surface. In the positive surface ionization, the transfer of a
valence electron from the atom to the metal surface is
energetically favorable for elements with an ionization
potential lower than the work function of the metal.
Ideally that atoms should be ionized +1, then extracted
and accelerated to 60 keV and after that injected into the
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transport system. For alkalis and some rare earth elements
high ionization efficiencies can be achieved using the
surface ionization technique. For most part of the others
elements, the laser resonant photo-ionization, using the
same hot cavity cell, is the powerful method to achieve a
sufficient selective exotic beams. This technique will be
implemented in collaboration with the INFN section of
Pavia. The aim is to produce a beam as pure as possible
(chemical selectivity) also for metal isotopes, as shown in
Fig. 3.

Tight Metalr Nommens
GRour) Ia | Iia Iia| Iva| Va | Via | ViIa |VIlla
Atomic Symbol | HC
rersgn oo Nar | e
1008 or ovzzignt (-} | dem
1 Atomic Number | 3
L | De B|C[NJ]O][T |Ne
SURFAGE IONIZATION B EA R
B oo | o 0w | |ues| B | ® |
s | e - LASER IONIZATION s | sl 2] als |
Na A S|P S |Qala
= [l Heavy Metals i | Stcor provencal e | coim | s
& - . %% | B0 | Bnew | 205 | Aes | B
VIIh b |m 1| 14| 15| 15| 17| 18
K 3 i | Qu[Zn Ga [ Ge | As [ Se | Br | K&
. covt | nga | coopor | zme oaum |coraun, aeio | swaur | zrari | kepion
4] o1 wm | wo | A | m | @
2 | 27 3 | | 3|
Ru|[Rh | Pd [ Ag [ G0 In | Su | Sb | Te I Xe
= S e [ wobo fostumnl et Ranein | | e i | s oo e L s | e | e | sew
s LIRE ] e | 3
“ |45 s | s
5 Os I PU | Au [ Ee PO [ Bi [ Po [ AC[ Rn
o | rier | prainen | o [ sy votien |t | ors | Fosn | ot
w0 | w2 | a5 | W |2me xem e | s | 20 | 26 | o2
% |77 | || w0 m | e|m|m|as|as
3 o | M | 0 ‘ - | ,—I e B
f v ot [Smpurta Duvhn | s [t

Figure 3: The main isotopes that will be ionized and
extracted in the SPES project.

The laser ion source has been investigated in the past at
Pavia University, as a spin-off of the atomic vapor laser
isotope separation. As first step for the R&D of the photo-
ionization process for SPES, dye laser will be used to
generate resonant light source. These lasers are in turn
pumped by the second harmonic of Nd-Yag laser. All
these devices are already present in the Pavia laboratory.
The main work in the last months has been to bring back
into use either the Nd-Yag, a Quanta System model, and a
dye laser, manufactured by Lambda Physik. The spectral
characterization of the laser beam is underway. The final
goal is the set-up a system composed of three tunable
lasers, an atomic beam and a time of flight mass
spectrometer. This system is intended for a full diagnostic
of LIS applied to the chemical elements belonging to the
fission fragments selected by the SPES group.

THE SPES TARGET PROTOTYPE

Recently a full scale target prototype, based on a series
of SiC thin disks, was developed and tested off-line
(without the presence of the proton beam) at INFN-LNL
(see Fig 4). In this prototype seven SiC disks are
contained in a cylindrical graphite box, and closed inside
the heating system. The present SPES heating system (see
Fig. 4) is composed of a thin Tantalum tube, with an
average length of 200 mm, an external diameter and a
thickness of 50 and 0.35 mm, respectively; it is welded at
its edges to two Tantalum wings; they are directly
connected to Copper clamps (see Fig. 4) and thanks to
them a 10 kW power supply (Iyax = 1000 A / AVyax =
10 V) is able to provide the electric current necessary to
dissipate by Joule Effect the “proton beam — independent”
heating power.
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A coupled electrical-thermal Finite Element model of
the target and its heating system was defined using the FE
code ANSYS™; it is able to reproduce the electrical and
thermal behavior of the target and its heating system. The
model was validated by temperature and potential
difference measurements; it will be used to optimize the
target in a virtual environment, with a great profit in terms
of time and money.

i 2 S
Figure 5: The target chamber handling.

THE TARGET CHAMBER HANDLING

Another important aspect of the R&D for the SPES
project is the remote handling of the target vacuum
chamber. The chamber used to contain the SPES target
and the ion source in vacuum is designed for easy
connection and removal from the beam extraction and
transport system; it is coupled to the RIB line and to the
proton beam channel by means of two quick connectors
and two pumping ports which can be sealed off with high
vacuum valves moved by pneumatic actuators. Standard
industrial components were used to design the chamber
handling system, in order to have high reliability, rapid
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maintenance and limited costs. An image of the designed
handling system is reported in Fig. 5.

CONCLUSIONS

The SPES project is one of the main Nuclear Physics
development in Italy for the next years. It is organized as
a wide collaboration among the INFN Divisions, Italian
Universities and international laboratories. SPES is an up
to date project in the field of Nuclear Physics and in
particular in the field of RIBs, with a very competitive
know how and representing an important step in the
direction of the European project EURISOL.

Before starting the construction, the R&D program will
continue mainly focusing in the target and in the ion
source development and optimization.
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Abstract

The Radioactive Isotope Beam Factory at RIKEN
Nishina Center is a next generation facility which is ca-
pable of providing the world’s most intense Rl beams
over the whole range of atomic masses. Three new ring
cyclotrons have been constructed as post-accelerators for
the existing facility in order to provide the intense heavy-
ion beam for the RI beam production by using a in-flight
separation method. The beam commissioning of RIBF
was started in July 2006 and we succeeded in the first
beam extraction from the final booster cyclotron, SRC,
by using 345 MeV/A aluminum beam on December 28"
2006. The first uranium beam with energy of 345 MeV/A
was extracted from the SRC on March 237¢ 2007. Vari-
ous modifications for equipments and many beam studies
were performed in order to improve the transmission effi-
ciency and to gain up the beam intensity. Consequently,
the world’s most intense 0.4 pnA 238U beam with energy
of 345 MeV/A and 170 pnA “8Ca beam with energy of
345 MeV/A have been provided for experiments.

OVERVIEW OF RI BEAM FACTORY

The Radioactive Isotope Beam Factory (RIBF) [1] at
RIKEN Nishina Center was proposed in order to produce
the world’s most intense radioactive isotope (RI) beams
over the whole range of atomic masses. The powerful
RI beams allows us to expand our nuclear world on the
nuclear chart into presently unreachable region and opens
up new possibilities for the unified understanding of nu-
clear structure, for the elucidation of elemental synthesis,
and for new scientific discoveries and applications. Fig-
ure 1 shows the entire layout of RIBF accelerator com-
plex. The existing facility has a K540-MeV separate-sector
cyclotron (RIKEN ring cyclotron, RRC) [2] and a cou-
ple of different types of the injectors: one is a linear ac-
celerator complex that consists of a folded-coaxial radio-
frequency quadrupole [3], a variable-frequency heavy-ion
linac (RILAC) [4], and a energy-booster linac [5]; and the
other is a K70-MeV AVF cyclotron (AVF) [6]. Three new
ring cyclotrons with K=570 MeV (fixed-frequency ring cy-
clotron, fRC [7]), 980 MeV (intermediate-stage ring cy-
clotron, IRC [8]), and 2600 MeV (the world’s first su-
perconducting ring cyclotron, SRC [9]), respectively, have
been constructed for the RIBF as post-accelerators, which

* nari-yamada@riken.jp
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can boost energies of beams up to 440 MeV/A for light ions
and 345 MeV/A for very heavy ions extending to uranium.
These energetic heavy-ion beams are converted into intense
RI beams via the projectile fragmentation of stable ions or
the in-flight fission of uranium ions by a superconducting
in-flight fragment separator, BigRIPS [10]. The goal of the
available beam intensity is set to be 1 puA.

FIRST BEAM AND INITIAL
EXPERIMENT

The beam commissioning of RIBF was started in July
2006 in parallel with constructing the rest of equipments
for latter-stage accelerator. At first, the beam acceleration
test of fRC, which is the first booster among the new cy-
clotrons, was performed with uranium beam in the inter-
vals of experiment at the existing facility. For the uranium
beam acceleration, the beam from linac complex is fed to
the cascade of RRC, fRC, IRC, and SRC, where the accel-
erators are used at fixed-energy mode with the rf frequency
of 18.25 MHz and its harmonics. The first uranium beam
with energy of 50 MeV/A was successfully extracted from
the fRC on September 29" 2006. The beam study of fRC
was performed at total seven times until November in or-
der to improve the beam emittance and the transmission
efficiency. After the completion of the beam line to IRC,
beam commissioning of IRC began on November 21 %t by
using 84Kr3'+ beam. For the ions not heavier than kryp-
ton can be accelerated by a variable-energy mode up to at
least 345 MeV/A without using the fRC. The first beam
was extracted from IRC on November 25", only 110 min-
utes were required from the injection to the extraction of
IRC.

Because of the serious trouble on the heat insulating vac-
uum of helium cooling system, four acceleration resonators
and one flat-top resonator were installed on the SRC at
June 24t 2006 at last, which was five-months behind to
initial plan. Installation of the power amplifiers and low-
level controls was made from July to October 2006. After
the resonators were carefully aligned, they were connected
with the sector magnets to make a vacuum chamber for ion
beams. The two vacuum chambers, which enclose the elec-
trostatic channel or phase pickups, were installed in the two
valley regions where no resonators fill the space. Evacua-
tion pumps and beam diagnostics were also installed. Ini-
tial pumping of the beam chamber started from September
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New facility

Figure 1: Bird’s-eye view of RIBF at RIKEN Nishina Center.

29" After the leak hunt, cryopumps were turned on and
the vacuum pressure reached to 5.0x 10 ~¢ Pa at the end of
October, which is the designed value. The power test of RF
system was started on 13** November. On 27t* Novem-
ber, the first resonator became operational in cw mode with
a magnetic field of the sector magnets. The beam diagnos-
tics were also installed to the SRC during this period. The
superconducting coils were fully excited several times to
check whether the installed components could work prop-
erly under stray fields from the sector magnets. Many local
magnetic shields made of iron were put to the parts which
did not work properly under the stray fields.

The beam commissioning of SRC started on December
17th 2006 with using 27AI'°" beam from the IRC. The
beam tuning of SRC was hard work as compared with
fRC and IRC. The first beam extraction was finally accom-
plished at 16:00 on December 28" 2006. After the various
modification of hardware and the conditioning of rf res-
onator, the first Rl beam production at RIBF was achieved
by the fragmentation of 345 MeV/A 86Kr31" beam on
March 15t 2007. Following the delightful event, the ura-
nium beam acceleration of SRC was performed immedi-
ately because the uranium beam was the top priority for
RIBF. The first 228U86" beam with energy of 345 MeV/A
was successfully extracted from the SRC on March 23"
2007. After passing the facility inspection, the beam be-
came possible to utilize the experiment on April 2007. The
initial experiment at the RIBF was carried out from mid-
May to early in June by using the uranium beam, and a new
isotopes 12°Pd and 126Pd was successfully discovered [11].
A beam current of up to 30 pnA for 345 MeV/A 86Kr34+
was attained on November 10" 2007 at the exit of SRC.

IMPROVEMENT OF PERFORMANCE

The total transmission efficiency of the accelerator com-
plex for uranium beam was only 2 % in July 2007, where
the charge stripping efficiency is not taken into account.
The poor transmission efficiency was mainly caused by in-
sufficient beam tuning due to the inappropriate beam di-
agnostics for uranium beam. For the uranium beam, huge
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number of secondary electrons disturbed the radial beam
pattern on main differential probe (MDP) and boosted the
apparent beam current on Faraday cups. In addition that,
the stray field from the flat-top (FT) acceleration resonator
overrode on the differential probe and the radial beam pat-
tern was collapsed. The instability of rf voltage on four
resonators in the RILAC, these resonators were controlled
by old low-level gain controllers, complicated the adequate
beam tuning during the commissioning. Another reason
of low transmission for uranium beam was the emittance
growth caused by the rough uniformity of the charge strip-
per carbon foils, which are required at the downstream of
RRC and fRC for the uranium beam acceleration.

Modification of Beam Monitors

In order to improve the transmission efficiency of cy-
clotrons, an accurate adjustment of rf voltage and phase is
required, especially for the FT resonator. If the phase of
FT resonator is shifted at only one degree, turn separation
deteriorates drastically as shown in Fig. 2. It is desired to
observe the proper information of radial beam pattern by
using the MDP because the information gives a criterion for
the adjustment of rf. The radial beam pattern is measured
by a differential electrode mounted on behind an integral
electrode with 0.5 mm overhang. Only the beam reached
to the “0.5 mm” is counted at each radius. However, a lot
of secondary electrons emitted from the sidewall of integral
electrode due to hitting the uranium beam had a great influ-
ence on the detection of differential signal and the radial
beam pattern could not be constructed properly. In order
to overcome the problem, the differential electrodes were
modified for fRC, IRC, and SRC to shift away from the in-
tegral electrode. In the case of SRC, new differential elec-
trode of 0.3 mmx3 mm tungsten ribbon was attached in
front of the integral electrode at intervals of 10 mm. An-
other problem we had in the MDP was that the beam signal
was disturbed by the electromagnetic radiation from the FT
resonator: the rf frequency is high enough for the electro-
magnetic wave to travel through the vacuum chamber. A
schematic drawing of the MDP in the chamber is shown in
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Fig. 3. The driving shaft of the MDP is grounded by the
metallic wheel on the chamber in the original configura-
tion. Since the electromagnetic wave is TEO1 mode, this
asymmetric configuration allows the electric field to pene-
trate into the narrow gap between the shaft and the cham-
ber, which induces the electric charge in the head of the
probe. Therefore, we put an electric contact on the upper
side of the shaft, as shown in Fig. 3, in order to suppress
the electric field around the probe head. For the SRC, a
pantograph structure was adopted for the contact because
the chamber face was not seamless. An adjustment for bal-
ance of the vertically located movable shorts in the FT is
required simultaneously in order to reduce the leakage of
microwaves. These modifications enabled us to measure
the radial beam pattern for entire region of the MDP with
using the FT resonator as shown in Fig. 2.
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Figure 2: Radial beam pattern of “8Ca beam measured by
MDP on IRC. FT resonator was activated. The rf phase
of FT is matching in the upper panel, whereas the phase is
shifted at only one degree in the lower panel.

Accurate measurement of beam current is essential for
the elaborate tuning to reduce the beam loss in the in-
jection and extraction channels of cyclotrons and in the
beam transport lines. Newly designed Faraday cups and
separated-type electron suppressor with 70 mm thickness
were adopted to overcome the problem that the beam in-
tensity was overestimated by a factor of two or three due
to the insufficient suppression of secondary electrons. This
new Faraday cup replaced the one mounted at the key point
of accelerator complex. Faraday cup located at the exit of
SRC is based on a special design, that consists of a fixed
main-suppressor electrode, a fixed long-cylindrical elec-
trode, and a cup bottom movable with respect to the beam
axis. The beam stops on the cup bottom and the emitted
secondary electrons are captured by the cylindrical elec-
trode. Residual electrons are returned by the electrostatic
field provided by the main-suppressor electrode. The sub-
suppressor electrode is used to trap the electrons escaping
from the aperture between the cup bottom and the cylindri-
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cal electrode. The cup bottom is made of oxygen-free cop-
per with 62 mm inner diameter, and the bottom is 23 mm
thick and cooled by water. This thickness is designed to fit
beams from argon to uranium accelerated by the SRC.

1]

Sliding contact

\/

Vacuum chamber TEO1 wave
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Coaxial line Metallic pipe Metallic wheel Probe
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Coaxial line \setalic pipe  Metallic wheel

Figure 3: Effect to disturb the propagation of TE01 mi-
crowave.

Problem of Helium Cryogenic System

Helium cryogenic system of SRC met the serious prob-
lem that the flow rate in the system had decreased gradu-
ally, the temperature of 80 K stage adsorbers had increased,
and the inlet pressure of the first turbine had fallen. We
had to stop the helium refrigerator every two months to
warm it up to room temperature and transpire the impu-
rity. By the long term investigation, the source of the prob-
lem was found that the lubricant oil of screw compressors
had passed through the cascade of four-stage oil separators
and polluted the first heat exchanger, 80 K adsorbers, first
and second turbine, and their inlet filters in the refrigerator.
This oil had frozen and degraded the flow rate of helium gas
in the refrigerator. To rinse out the impurity, heat exchang-
ers were taken out from the refrigerator and were washed
away by using HCFC solvent. The charcoal in the adsorber
was also replaced with the new one. Additional 1.5th and
5th oil separators were installed in parallel with the recon-
struction of helium refrigerator to enhance the ability of oil
elimination. This trouble delayed the steady operation of
SRC from December 2007 until September 2008. The re-
cooldown of SRC started at once and the superconducting
coils were ready to operate in October 2008.

Present Performance

A series of studies were performed without the SRC by
using “8Ca and 23®U beam during the reconditioning of
helium cryogenic system. In this period, the monitoring
system for the RF pick-up and beam phase pickup signal
using lock-in amplifiers (SR844) was developed [12] and
the long-term stabilities were clarified as described above.
After solving the problem of helium cryogenic system, the
acceleration of 233U was performed for the commissioning
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the beam if the maximum heat-up exceeded the criterion,
which was set to 5 degrees in December 2008. The tem-
perature clearly responded to the beam loss and that was
available to improve the extraction efficiency via tuning as
decreasing the temperature.

Beam intensity (nA)

2006 2007 2007 2007 2007 2008 2008 2008 2008 2009
10/01 01/01 04/01 07/01 10/01 01/01 04/01 07/01 10/01 01/01
Date

Figure 4: Evolution of maximum intensity for uranium
beam during the commissioning.

of the Zero-Degree Spectrometer and following new iso-
tope search experiment at BigRIPS in November 2008. The
beam intensity from the SRC grew up to 0.4 pnA, which
was ten times higher than the one in 2007. More than
twenty candidates of new isotopes were discovered within
a week.

Table 1: Transmission efficiencies from the ion source to
the exit of each accelerator. Note that the observed currents
include 20-30 % errors.

15

LO% R — e ®xr (2007/11)
P S 20 deg. 1 o 2@y (2008/11)
3 1 x *ca (2008/12)
00ferPu el Aty
B =
R =
IRC SRC

Beam Phase Excursion (nsec)
L
d

13 deg. ¥

86 Kr 238U 48Ca
RILAC 47 % 40 % 54 %
RRC 28 % 30 % 50 %
fRC Notused 35% Not used
IRC 20 % 23% 48 %
SRC 9% 16 % 35 %

Following that, the first acceleration of “8Ca on the SRC
was carried out in December 2008 for a series of day-one
experiment. The modifications performed in past two years
and elaborate tuning of accelerators realized the world’s
most intense “8Ca beam that reached up to 170 pnA at the
exit of SRC. Figure 4 indicates the evolution of the max-
imum intensity for uranium beam during the commission-
ing. The degradation of intensity on fRC in July 2007 cor-
responds to the adoption of new Faraday cups. The trans-
mission efficiencies from the ion source to the exit of each
accelerator are summarized in Table 1. The efficiency of
82 % for the SRC corresponds to about 500 W loss for
170 pnA “8Ca beam. In most cases, the major beam loss in
cyclotron take place on the septum of electrostatic deflector
(EDC). For the acceleration of kilowatt beams such as the
48Ca, large beam loss causes the serious thermal damage on
the hardware and that restricts the maximum beam intensity
effectively. For the protection during the “8Ca beam ac-
celeration, type-E thermocouple gauges were mounted on
the EDC septum to measure the temperature and switch off
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Figure 5: Isochronous condition of new cyclotrons. Data
point of SRC phase probe no.6, 11, 13 in the case of “8Ca
is not plotted because the probe was troubled by FT stray
field.

The accurate isochronism is the significant condition for
the cyclotron to make capable for providing the intense
beam with high transmission efficiency. Figure 5 describes
the excursion of periodic arrival time for revolving beam
in each cyclotron as a function of phase pickups located
along the radius vector. Signals were detected by the pairs
of phase pickups which are radially mounted on the orbital
region of cyclotron, and analyzed by the lock-in amplifier.
The result of krypton beam indicates that the isochronous
condition of the magnetic field is attained to the acceptable
level for each cyclotron as the booster in the RIBF acceler-
ator complex. The isochronous condition of uranium beam
for the SRC is not as good as the others since the intensity
of uranium beam in the SRC is not enough to obtain the
data set with high signal to noise ratio.

In the case of %®Ca, the transverse emittance of
beam at the entrance of SRC was evaluated to be
1.77-mm-mrad [13] in both the horizontal and vertical di-
rections. This indicates no distinct emittance growth. How-
ever, it was found that the emittance grew by a factor of
three from the RRC to the fRC for the uranium beam. That
is caused by a emittance mismatch during the injection to
fRC and by a dispersion mismatch at a rebuncher placed
between the RRC and fRC.

LIGHT ION ACCELERATION

The new acceleration mode using AVF-RRC-SRC
combination can provide the extremely light ions such
as deuteron and nitrogen with the energies of 250-
440 MeV/A. For the acceleration mode, a new beam trans-
port line bypassing the IRC was constructed in the fiscal
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Figure 6: Schematic layout of IRC-bypass beam line used
for relatively light-particle acceleration.
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Figure 7: Longitudinal beam structure of polarized
deuteron beam at the downstream of SRC. The down ar-
rows indicate the mixture of different turn.

year 2008 [14]. The schematic layout of the beam line is
described in Fig. 6. This acceleration mode was tested with
a 250 MeV/A nitrogen beam in February 2009. New high-
resolution spectrometer SHARAQ [15] was successfully
commissioned by using the 250 MeV/A nitrogen beam in
March 2009. This beam was also used for additional test
experiment of SHARAQ and another experiment at Bi-
gRIPS in May 2009.

A 250 MeV/A polarized deuteron beam was accelerated
to study the nuclear three-body force in April 2009. For
the deuteron beam acceleration, special beam diagnostic
devices were mounted on the SRC because the existing
devices could not stop the deuteron beam in themselves.
The elaborate beam tuning was performed because the sin-
gle turn extraction was required for the polarized deuteron
beam experiment. Figure 7 shows the longitudinal beam
structure of the polarized deuteron beam downstream of
SRC measured by a plastic scintillator. The time-of-flight
spectrum indicates that the single turn extraction of SRC
was remarkably actualized.
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OUTLOOK

Several modifications are organized in order to increase
the beam intensity further more. New injector linac sys-
tem [16] will be constructed in the fiscal year 2009. Com-
bining with a new superconducting ECR ion source [17],
we expect the uranium beam intensity to increase up to 100
times. The injector enables the independent and simultane-
ous operation between the RILAC and the RIBF accelera-
tor complex. The old low-level circuits for RILAC will be
replaced to the new stable ones. In order to reduce the dis-
advantage to the beam quality, thinner carbon foils will be
employed for the stripper between the RRC and fRC. The
power supplies of fRC magnet have to be modified since
the charge state of uranium beam will be shifted from 71+
to 69T, The most difficult problem is regarding to the life-
time of stripper foil. Although various types of stripper are
tested, excellent answer has not been obtained yet.
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Abstract

In 2008, the RIKEN RI-Beam Factory (RIBF) succeeded
in providing heavy ion beams of “®Ca and 233U with 170
pnA and 0.4 pnA, respectively, at an energy of 345 MeV/u.
The transmission efficiency through the accelerator chain
has been significantly improved owing to the continuous
efforts paid since the first beam in 2006. From the opera-
tional point of view, however, the intensity of the uranium
beam should be much increased. We have, therefore, con-
structed a superconducting ECR ion source which is capa-
ble of the microwave power of 28 GHz. In order to re-
duce the space-charge effects, the ion source was installed
on the high-voltage terminal of the Cockcroft-Walton pre-
injector, where the beam from the source will be directly
injected into the heavy-ion linac by skipping the RFQ pre-
injector. The test of the ion source on the platform has
started recently with an existing microwave source of 18
GHz. This pre-injector will be available in October 2009.
We will show further upgrade plan of constructing an al-
ternative injector for the RIBF, consisting of the supercon-
ducting ECR ion source, an RFQ, and three DTL tanks.
An RFQ linac, which has been originally developed for the
ion-implantation application will be reused for the new in-
jector. Modification of the RFQ as well as the design study
of the DTL are under progress. The new injector, which
will beready in FY 2010, aims at independent operation of
the RIBF experiments and super-heavy element synthesis.

INTRODUCTION

The accelerator complex of the RIKEN RI-Beam Fac-
tory (RIBF)[1] is schematically shownin Fig. 1. It consists
of a heavy-ion linac (RILAC) [2], which is used as an in-
jector, and four booster cyclotrons (RRC [3], fRC [4], IRC
[5] and SRC [6]) in acascade. The fRC isexclusively used
for very heavy ions such as uranium and xenon, where the
rf frequency of the RILAC is fixed to 18.25 MHz and the
beam energy at the exit of the SRC is 345 MeV/u. For
medium-mass ions such as calcium and krypton, the fRC
is skipped; it is possible to tune the final energy in this
variable-frequency mode. There is another acceleration
mode in the RIBF, where the light ions such as deuteron
and carbon are injected through the AVF cyclotron (K70
MeV) [7] and boosted by the RRC and SRC.

The RILAC plays another important role of providing
intense beams for the synthesis of super-heavy elements

*kamigait@riken.jp
Radioactive Ion Beam Facilities

(SHE) using the GARI'S spectrometer [8]. Combined with
the energy booster [9], medium-mass nuclei such as iron
and zinc are accelerated to the maximum energy of 5.8
MeV/u.

RRC fRC IRC SRC
velocity gain =4.0 2.0 1.5 1.5 to

-4
18GHz " STI
ECRIS H

= Booster — Fix. freq. mode

RFQ RILAC “{_J-»_ ° | L » Var. freq. mode

Figure 1: Conceptua layout of the accelerator chain of
the RI-Beam Factory (RIBF). A linac injector (RILAC) is
followed by the booster cyclotrons: RRC (RIKEN Ring
Cyclotron, K540 MeV), fRC (fixed-frequency Ring Cy-
clotron, K570 MeV), IRC (Intermediate-stage Ring Cy-
clotron, K980 MeV), and SRC (Superconducting Ring Cy-
clotron, K2600 MeV). The charge strippers are indicated
by ST1- ST3.

As dready reported [10], the intensities of the extracted
beams from the SRC reached 170 particle-nano-ampere
(pnA) and 0.4 pnA for *8Ca and 238U, respectively, at an
energy of 345 MeV/u. The transmission efficiency through
the accelerator chain has been significantly improved so
far: the efficiency from the exit of the RILAC to the exit
of of the SRC has exceeded 60 % in the calcium accelera-
tion. Using the uranium beam in the BigRI PS spectrometer
[11], more than twenty candidates of new radioactive iso-
topes were discovered within a week in November 2008.
Thusthe exploration into the nuclear extremes was started.
The intensity of the calcium beam is coming closer to our
final goa of 1000 pnA, as mentioned above. It is clear
that, however, we need more beams from the ion source for
the very heavy ions such as uranium. In order to meet the
demand, a new superconducting ECR ion source has been
constructed, which is capable of the microwave power of
28 GHz. We are planning to upgrade the intensity in two
steps with different injection schemes as shown below.
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NEW PRE-INJECTOR FOR RILAC
Superconducting ECR ion source[12, 13]

The main features of theion source are as follows. First,
the size of ECR surface is large. It has as large plasma
volume as 1100 cm3. Second, thefield gradient and surface
size at ECR zone can be changed independently to study
these effects on the ECR plasma.

Six sets of solenoid coils and hexapole coil are used for
making the magnetic field. The inner solenoid coils are
used for introducing a flat magnetic field region between
the mirrors. The maximum magnetic field of RF injection
side, that of beam extraction side, and radial magnetic field
at the surface of the plasma chamber are 3.8, 2.4 and 2.1T,
respectively.

A photograph of the coil systemisshownin Fig. 2. The
coils use a NbTi-copper conductor and are bath-cooled in
liquid helium. The hexapole field in the central region is
increased by using iron poles, which is same structure as
the VENUS ion source at LBNL [14]. The excitation test
of the coil system was successfully performed in October
2008. After assembling the cryostat, the ion source was
brought to RIKEN in December 2008. The source has been
installed on the high-voltage platform as illustrated bel ow.

Figure 2: Superconducting coil of the ECR ion source.

Beam Line

In the fixed-frequency operation of the RIBF shown in
Fig. 1, the uranium beam starts with 35+ from the ion
source. Low frequency operation of the RFQ pre-injector
[15] at 18.25 MHz requires, however, such low extraction
voltage as 5.7 kV for the uranium beam. High power beams
of 5.7 kV surely grow up dueto their space chargeforcesin
the low-energy beam-transport (LEBT) line. On the other
hand, the RILAC requires such low injection energy as 127
kV for this beam. Therefore, we decided to put the super-
conducting ECR ion source on the high-voltage terminal
of the original Cockcroft-Walton pre-injector so that ex-
tracted beam from the source can be directly injected to the
RILAC, skipping the RFQ, as shown in Fig. 3. We expect
that the emittance growth can be suppressed in the beam
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transport system. In addition, the extraction voltage of the
ion source can be set as high as 27 kV, which will help us
to obtain higher beam currents.

C ’—‘ ][ 'l
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Figure 3: Configuration of the new pre-injector for the RI-
LAC. B1 and B2 denote the bunchers operated at the fun-
damental frequency.

On the platform, an LEBT system including an analyz-
ing magnet and beam monitors are settled. The analyzing
magnet has been constructed according to the design of the
LBNL [16]. The large pole gap of 180 mm leads to beam
aberration dueto fringing fields. Corrective measures have
been taken by shaping the pole faces in such a manner as
to introduce aberration countering sextupole moments to
the beam. The original power generator of 50 kVA will be
used for the devices on the platform aswell as an additional
power transformer of 50 kVA. At the end of the platform,
an accelerating tube with ten gaps is placed, which was
confirmed to withstand the high DC voltage of 120 kV.

The beam from the high-voltageterminal goesthrough a
medium-energy beam-transport (MEBT) line consisting of
two bending magnets of 60°, one quadrupole triplet, four
quadrupole doublets, and a buncher system before join-
ing the beam line from the RFQ. Existing devices will be
reused for al these components. for example, the bending
magnets used here are the ones that were once removed
from the beam line from the Cockcroft-Walton in 2003.
The base plate of the second bending magnet was designed
so that dipole can be quickly replaced by aquadrupole dou-
blet for the variable-frequency operation and the GARIS
experiments where the RFQ pre-injector is used.

The MEBT line, which hasafeature of achromatic trans-
port, was designed mainly based on the TRANSPORT code
[17]. Detailed simulations have a so been performed using
the TRACK code [18] including the space charge effects
[19].

Thevacuumisanother key issue for the transport system.
In order to keep thebeam lossinthe MEBT line below 5 %,
it was estimated that the vacuum level should be lower than
2x107% Pa[20]. Wewill usefour TMPsof 2201/sand two
cryogenic pumpsof 7501/sinthe MEBT lineto realizethis
vacuum level. In addition, surface trestment was applied to
almost all the vacuum components: the beam pipes made
of aluminum alloy and the vacuum chamber in the second
dipole have been chemically polished, and the chamber in
the first dipole adopted electric polishing.
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Current Satus

The ion source and the LEBT system have been fully
assembl ed on the platform. Excitation test of the supercon-
ducting coils and vacuum test were successfully performed
so far. We aso confirmed that the devices on the terminal
work perfectly with the high voltage being applied. The
first plasma was ignited on May 11 with an existing mi-
crowave power source of 18 GHz. Since a small problem
was found in the cooling channel of the plasma chamber,
the rf power is limited to 50 W at present. A new plasma
chamber will be ready in June and the generation of ura-
nium ionswill be started in this summer.

Theinstallation and alignment of the MEBT linewill be
completed in June. The evacuation of the beam line will be
started in June, and the beam will be acceptablein July. In
October, the accelerator complex of the RIBF will have a
configuration shown in Fig. 4: the expected beam current
of uraniumis5 pnA after the SRC. The medium-massions
are still to be delivered from the original 18-GHz ECR ion
source. This injection scheme with two ion sources will
make it possible to reduce the switching time of the beam
which is necessary for changing the ion species.

SC-ECRIS |

RRC fRC IRC SRC to

on !
H.V. Terminal

18GHz

ECRIS
.
RFQ RILAC

— Fix. freq. mode

» Var. freq. mode

="' Booster
to

-
GARIS

Figure 4: Expected configuration of RIBF at the middle of
FY2009. Heavy ions such as uranium and xenon will be
supplied from the superconducting ECR ion source on the
high-voltage terminal of the Cockcroft-Walton generator.

NEW LINAC INJECTOR FOR RIBF

Outline

The recent success in the synthesis of SHE [8] using the
GARIS spectrometer in the RILAC facility strongly en-
courages us to pursue the search for the heavier elements
and to study the physical and chemical properties of SHES
more extensively. This compels us to provide a longer
beam time for these experiments. However, the SHE re-
search and RIBF conflict with each other, because both of
them use the RILAC. Therefore, a new additiona injec-
tor linac to the RRC has been proposed and designed [21],
which will make it possible to conduct the SHE research
and RIBF independently, as shown in Fig. 5. The new in-
jector, which will be placed in the AVF-cyclotron room,
will be used exclusively in the fixed-frequency operation
of the RIBF.

The injector is designed to accelerate ions with a mass-
to-chargeratio of 7, aiming at heavy ions such as 136X 20+
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Figure 5: Expected configuration at the end of FY2010.
Heavy ions such as uranium and xenon will be supplied by
the new injector. Independent operation of RIBF and SHE
research will be realized.

and 23%U3%t, up to an energy of 680 keV/u in the cw
mode. The output beam will be injected to the RRC with-
out charge stripping. The injector consists of an ECR ion
source, an LEBT system including a pre-buncher, an RFQ
linac based on the four-rod structure, and three DTL tanks
based on the quarter-wavelength resonator (QWR). There
is arebuncher resonator between the RFQ and thefirst tank
of the DTL. Therf resonatorsexcluding the pre-buncher are
operated at a fixed rf frequency of 36.5 MHz, whereas the
pre-buncher is operated at 18.25 MHz. Strong quadrupole
magnets will be placed in the beam line between the rf res-
onators.

Rebuncher

to RRC
680 keV/u
M/q=7

Prebuncher  RFQ

DTLI ~3
1825 MHz  (4-rod) (QWR)
SC-ECR 36.5 MHz 36.5 MHz

Figure 6: Schematic drawing of the new injector.

Construction of the new injector has started since the
budget was fortunately approved at the end of FY2008.
In order to save the cost, we decided to use the supercon-
ducting ECR ion source mentioned above for the injector:
they will be moved to the AVF-cyclotron room in sum-
mer 2010. Moreover, we will reuse an RFQ linac which
was constructed fifteen years ago, as shown below, and
modify adecel erator resonator devel oped for Charge-State-
Multiplier system[22] for the last tank of the DTL.

RFQ Linac

In November 2007, an RFQ system including two post
accelerators and their rf amplifiers was transferred to
RIKEN through the courtesy of Kyoto University. This
RFQ system was originally developed by Nissin Electric
Co., Ltd. in1993[23]. Since the termination of its acceler-
ation tests in the company, the system has been maintained
in the Advanced Research Center for Beam Science, Kyoto
University for several years.
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The RFQ linac, based on a four-rod structure, acceler-
ated heavy ions of m/q = 16 up to an energy of 84 keV/u
in the cw mode with an rf frequency of 33.3 MHz. When
the RFQ resonator is modified so asto have aresonant fre-
guency of 36.5MHz, it becomes possibleto accelerateions
of m/q = 7 to 100 keV/u without changing the vane elec-
trodes.

The main parameters of the RFQ after the modification
islisted in Table 1, that were obtained by scaling the orig-
inal parameters. The required rf power for the intervane
voltage of 42.0kV is 11 kW according to the original shunt
impedance of 77.9k2[24]. The RFQ has been reassembled
in the RIBF building and high power tests was successfully
performed in October 2008 using the original amplifier at
33.3 MHz. No significant problem was detected even at the
input power of 14 kW.

Table 1. Main Parameters of RFQ

Frequency (MHz) 36.5
Duty 100 %
Mass-to-chargeratio (m/q) 7
Input energy (keV/u) 3.28
Output energy (keV/u) 100
Input emittance (mm-mrad) 200«
Vane length (cm) 222
Intervane voltage (kV) 42.0
Mean aperture (ro : mm) 8.0
Max. modulation (m) 2.35
Focusing strength (B) 6.785
Final synchronous phase —29.6°

In order to modify the resonant frequency, we are plan-
ning to put a block tuner into every gap between the posts
supporting the vane electrodes. The size of the tuner was
optimized by Microwave Studio, and the rf measurement us-
ing test pieces made of aluminum was started as shown in
Fig. 7. High power tests at 36.5 MHz will be donein Octo-
ber.

8

¢ ‘Posts

-

— Vane
Aluminuam Bleek

Figure 7: RFQ electrodesin preparation for the rf measure-
ments with block tuners made of auminum.
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Drift Tube Linac

Initial parameters of the DTL were determined by op-
timizing the beam dynamics and rf characteristics of the
resonators. A computer program, developed for the design
of the RILAC booster [9], was used for the beam tracking
simulation, whereas Microwave Studio was used to estimate
of the rf-power consumption. The beam calculations have
also been checked by the TRACK code.

CST

o i

Figure 8: Schematic drawing of the DTL resonator.

The structure of the DTL tanksis designed based on the
quarter-wavelength resonator, which is similar to that of
the RILAC booster. The inner diameter of the resonators
ranges from 0.8 to 1.3 m, depending on the beam energy.
The maximum electric field on the drift tubesis kept below
1.2 Kilpatrick. Table 2 shows the main parameters of the
DTL.

Table 2: Design parametersof DTL

Resonator DTL1 DTL2 DTL3
Frequency (MHz) 36.5 36.5 36.5
Duty 100% 100% 100 %
Mass-to-chargeratio (m/q) 7 7 7
Input energy (keV/u) 100 220 450
Output energy (keV/u) 220 450 680
Length (= Diameter: m) 0.8 1.1 1.3
Height (m) 1.3 1.4 1.9
Gap number 10 10 8
Gap voltage (kV) 110 210 260
Gap length (mm) 20 50 65
Drift tube aperture (a: mm)  17.5 17.5 17.5

Peak surfacefield (MV/m) 8.2 9.4 9.7
Synchronous phase —25°  —=25°  —25°
Power (for 100% @: kW) 5.1 13.4 15.4

The power losses estimated with Microwave Studio range
from 5 to 15 kW. In order to save the construction cost and
space for the equipments, direct coupling scheme has been
adopted for the rf amplifier. Detailed design of the ampli-
fier is under progress.
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Beam Line

Design study of the LEBT section from the analyz-
ing magnet to the RFQ is almost completed, as shown in
Fig. 6, using TRANSPORT and TRACK. A quadrupole quar-
tet has been introduced to help the beam matching with the
solenoid coil placed before the RFQ. The position of the
pre-buncher was optimized so that enough bunching effect
could be obtained for the expected beam current of 200
euA of 238U35+,

The DTL requires compact quadrupole magnets with
very high magnetic-field gradients (0.4 T/cm), to ob-
tain sufficient transverse focusing as well as to prevent
the phase width of the accelerated beam from spreading
widely. Two types of quadrupole magnets have been de-
signed: short quadrupoles(Qs) with an effectivelength of 6
cm and long quadrupoles(Q,) with an effectivelength of 10
cm. These quadrupole magnets will be used as quadrupole
doublets (Qs + Qs) and quadrupoletriplets (Qs + Q| + Qs).
The maximum beam width estimated with the optical cal-
culationsis 45 mm, as shown in Fig. 9, and the bore diam-
eter was chosen to be 50mm. Therefore, the pole-tip field
should be approximately 1 T, which is close to the limit of
the conventional normal-conducting magnets. Another dif-
ficulty inthe designisthat the space allowed for the coilsis
as small as 4 cm on each sidein the beam direction. It was
finally confirmed using the TOSCA code that afield gradi-
ent of 0.41 T/cmis excited by 11900 ampereturns per pole
for the long quadrupole magnet, which corresponds to an
overal current density of 6 A/mm?2.

Beam size (mm)

T T T T T T T T T
0 1 3 4
L—RFQ exit Length (m)

Figure 9: Calculated beam envelopesinthe DTL. Theemit-
tance ellipses were assumed to be 0.6 = mm-mrad (normal-
ized) in both of the transverse planes.

One of the post accelerators of the ion implantation sys-
tem [24] will be reused for the rebuncher between the RFQ
and the DTL. It is based on a spiral loaded resonator with
three gaps. The drift tubes and the beam chamber are now
under fabrication. Another post accelerator will also be
modified and used for arebuncher in the high-energy beam-
transport (HEBT) section between the DTL and RRC.

Radioactive Ion Beam Facilities
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Outlook

The RFQ and DTL including the MEBT line will bein-
stalled in the AV F-cyclotron room in March 2010. The su-
perconducting ECR ion source will be moved to the new
injector in summer 2010, and we hope to deliver the ura-
nium beam of 50 - 100 pnA from the SRC by using this
injector.
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