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Abstract. The ISOLDE facility at CERN offers the largest selection of ISOL beams today. The overall aim
of the HIE-ISOLDE project is to enlarge the physics domains achievable with these beams, in particular by
raising the maximum energy of post-accelerated beams to more than 10MeV/u. An outline of the history
of the project is followed by a succinct description of the superconducting linac chosen for acceleration
and an overview of the parts of the project aiming to the improvement of the beam quality and intensity.
Concrete examples are given of experiments that will be performed at HIE-ISOLDE.

1 Introduction

Now that HIE-ISOLDE is delivering its first results, it is
the appropriate time for summarising the whole project.
It is part of the world-wide effort during the last decades
to improve upon radioactive beams, a branch of nuclear
structure physics that during the last decades has moved
from being a speciality subject to being the mainstream.
This dramatic move has been triggered by the observa-
tion of significant changes in nuclear structure [1] as one
goes away from the stable nuclei towards the neutron (and
proton) driplines, but it is of course also driven by sub-
stantial technical progress that has provided experiments
with radioactive beams of sufficient quality.

One is still far from having an ideal facility where one
could “dial an isotope” of arbitrary neutron and proton
numbers N and Z and have a beam delivered with intensi-
ties and properties approaching that obtainable for stable
isotopes. There are two major processes for the produc-
tion of radioactive beams: the in-flight and the ISOL (Iso-
tope separator on-line) methods. In the former process the
primary beam is fragmented passing through a thin tar-
get and the secondary products are produced in-flight, in
the latter the primary beam interacts with a thick tar-
get and the secondary products stopped into the target
are ionised and extracted. Due to decreasing production
cross-sections in both cases there is a rapid decrease in sec-
ondary beam intensity as we approach more exotic nuclei.
Also the limited target thickness necessary for transmit-
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ting the secondary products is a limiting factor for the in-
flight method. In the ISOL method the stopped fragments
are thermally extracted, a process which introduces an ex-
tra delay strongly limiting the intensity of shortly living
nuclei. See, e.g. [2], for a recent review. The two methods
naturally lead to high and low energies of the radioactive
ion beam, RIB, respectively, but many beam manipulation
procedures have been developed and are used extensively
to cover as large an energy range as possible. Still, the
region of RIB of a few MeV/u up to a few tens of MeV/u
has been the last to be explored. A major aim for HIE-
ISOLDE has been to increase the energies of the existing
reaccelerated beams from the ISOLDE facility at CERN
to cover better this range.

This paper focuses on the HIE-ISOLDE project,
mainly on the energy and intensity upgrades but addresses
also additional requirements important for experimental-
ist. The purity of the beam (the level of contaminants) is
often a crucial factor, but depending on the experiments,
the beam optical properties, its time structure, its energy
definition or the flexibility of changing the energy can also
be important.

The HIE-ISOLDE initiative therefore included inten-
sity upgrades as well as improvements of the beam quality,
the latter to be understood in a quite general sense. As we
shall discuss the different parts of the project take place
on different timescales, the beam quality improvements
are implemented continuously, the energy upgrade is now
giving the first physics results, whereas a major part of
the intensity upgrade is still to come.

We start in sect. 2 giving an overview of the history
of HIE-ISOLDE from the first ideas to the completion
of stage I, defined as boosting the energy of radioactive
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beams up to 5.5MeV/u for A/q = 4.5. Section 3 gives
more details on the different components of the project.
The foreseen physics program is outlined in sect. 4 and
some future prospects are given in sect. 5.

2 From idea to reality

ISOLDE celebrated the 50th anniversary of its approval
in 2014 [3]. The capabilities of this ISOL facility have im-
proved dramatically during the years, and its status has
changed gradually, growing from an experiment into a fa-
cility fully integrated in the CERN infrastructure. The
first incarnation of ISOLDE was placed at the SC acceler-
ator and first radioactive beam was delivered in 1967. A
major upgrade (ISOLDE 2) led in 1974 to a large inten-
sity increase and a very productive period, which finally
triggered the construction of a second separator with high
resolution (ISOLDE 3) in 1987. When the SC accelerator
was closed at the end of 1990 ISOLDE was integrated in
the CERN accelerator complex through a move to the PS
Booster where it is still situated and gradually has trans-
formed into the current facility. We refer to [4–6] for a
detailed overview of the evolution of ISOLDE and to [7]
for a recent status report. A key ingredient to the long life-
time of the facility is the wide range of isotopes that can
be produced by CERN high-energy high-intensity proton
beams and the accumulated experience in construction of
target-ion source units that provide purified beams of in-
dividual isotopes.

The proposal to reaccelerate ISOLDE beams to several
MeV/u was put forward in 1994 [8] and was approved
as experiment IS347. The first such reaccelerated beam
had been delivered only a few years earlier in Louvain-
la-Neuve, see [9] for a review of the first two decades of
reaccelerated radioactive beams including that of REX-
ISOLDE [10]. A special feature of REX-ISOLDE com-
pared to other similar installations —but typical for the
large installations at ISOLDE— is that it started up as
an experiment being mainly funded from sources outside
CERN. The current layout of the facility is shown in fig. 1.

A conceptual novelty of the REX-ISOLDE accelera-
tion scheme was the decoupling of the production of ra-
dioactive ions from the single ionised to highly charged
ions, the latter needed for efficient acceleration. The two
steps can be optimised independently, and one can in par-
ticular benefit from the availability of many low-energy
radioactive beams from ISOLDE. The low-energy beam is
bunched in a Penning trap, ionised in an electron beam ion
source (EBIS), mass separated, and accelerated in a linac,
which for REX-ISOLDE is a conventional room temper-
ature machine with several output energies initially be-
tween 0.8MeV/u and 2.2MeV/u [11]. All major compo-
nents were funded by the REX-ISOLDE Collaboration,
CERN contributed with an extension of the ISOLDE ex-
perimental hall that took place in the nineties.

REX-ISOLDE delivered its first radioactive beam in
October 2001. Although it was originally motivated [8]
by Coulomb excitation and neutron transfer on light ions

Fig. 1. Layout of the enlarged ISOLDE facility. The differ-
ent parts of the facility and experiments are indicated: the two
target stations are connected to the mass separators of low res-
olution, GPS and higher resolution, HRS. The location of the
low-energy experiments COLLAPS, CRIS, IDS, ISOLTRAP,
NICOLE, TAS, VITO and WITCH are indicated. The super-
conducting accelerator coupled to REX with the 6 cryomodules
is shown. The ancillary buildings finished in 2012 to host the
helium compressor station and the refrigerator cold box for the
HIE-linac are shown. The site for the new CERN-MEDICIS
facility starting in 2017 is also illustrated. The new robots in
operation since 2014 are shown.

(A < 52), a much richer physics program was envisaged
from the start. Already during the first year of running,
proposals to upgrade the energy were put forward. A first
step to 3.1MeV/u could be accommodated in the exist-
ing buildings and was initiated immediately, but further
steps (4.3MeV/u and 5.5MeV/u) were considered. They
needed more space for the accelerator, motivating a fur-
ther extension of the ISOLDE hall.

The science output from REX-ISOLDE has indeed
gone much beyond the initial motivation, in particular
after the upgrade to 3.1MeV/u that was completed in
2004. The decoupling of the production and accelera-
tion has allowed isotopes of many elements to be used in
physics experiments (already 20 different elements were
post-accelerated in 2008 [12]), for a selection of the many
physics results see [10]. To give just one example, REX-
ISOLDE has succeeded in accelerating very heavy nuclei
such as 220Rn and 224Ra for measurements of their electric
octupole moments [13].

The second extension of the ISOLDE experimental hall
provided by CERN took place in 2004-5 and the experi-
ments employing accelerated beams were moved into the
hall late 2006/early 2007. However, the German funds that
had provided for the linac up to 3.1MeV/u could not be
extended and a new framework was needed to ensure the
continuation. Furthermore, superconducting technologies
were being implemented in linear accelerators at TRI-
UMF and at Legnaro and seemed promising also for use
at ISOLDE. To investigate the optimal scenario for the
energy upgrade and to coordinate all other upgrade activ-
ities a steering group was set up at ISOLDE and the HIE-
ISOLDE project launched [14]. An agreement to provide
funding for the upgrade was made in 2004 by ISOLDE,
Belgium, Denmark, Finland, Germany, Sweden and UK.
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While the partners outside CERN started securing
funding, the internal evaluation at CERN commenced
with a scientific evaluation of its nuclear physics and as-
trophysics programmes including their future plans. The
NuPAC workshop [15] in October 2005 led to a strong
recommendation for the core of the HIE-ISOLDE plans,
and work towards a project therefore started. As part of
the project proposal preparation, an international advi-
sory board recommended in 2006 to use the supercon-
ducting technology for the upgrade of the linac due to its
higher flexibility, and R&D on this solution started soon
afterwards. However, CERN was at this moment finishing
the construction of the LHC and new projects could only
be supported with substantial external contribution. As
the preparations continued two reports collected the tech-
nical [16] and scientific [17] basis for the project. In May
2009 a new CERN management organised a special work-
shop on New Opportunities in the Physics Landscape at
CERN [18] that also included a review of ISOLDE and its
future. This led to the final approval of the HIE-ISOLDE
project in 2009 by the Research Board and inclusion in
2010 of parts of its cost in the CERN budget.

A major part of the external contribution to HIE-
ISOLDE has been covered by the ISOLDE Collaboration
as well as by the EU-funded Marie-Curie initial train-
ing network within the FP7 program CATHI (Cryogen-
ics, Accelerators and Targets for HIE-ISOLDE), but there
have also been substantial contributions from Belgium and
Sweden as well as other members of the ISOLDE Collab-
oration. The external contributions were essential for the
initial R&D on the linac and for a large part of the beam
quality improvement program. They provided full fund-
ing for the high-capacity ion-beam cooler ISCOOL that
could be commissioned in the autumn of 2007 and for the
substantial upgrade and renovation of the laser ion source
RILIS taking place 2007–2011 [19,20].

3 The ISOLDE post-accelerator

3.1 REX-accelerator elements

The REX-ISOLDE post-accelerator [21] provides RIB at
energies ranging from 0.3 to 3MeV/u for A/q ≤ 4.5.
The ISOLDE beams are charge bred with a combina-
tion of Penning trap and electron beam ion source pro-
viding low-emittance highly charged ion beams that can
be post-accelerated in a compact normal conducting linac
operating at a base frequency of 101.28MHz, see fig. 2.
Charge breeding is a key element of the concept of post-
acceleration of RIB at REX-ISOLDE. ISOLDE delivers
a quasi-continuous beam with a time structure dictated
by the half-life of the nucleus of interest and its effu-
sion and diffusion times in the primary target. The low-
energy beam typically consists of singly charged ions of
an energy between 30–60 keV. The transversal emittance
of the ISOLDE beam is approximately three times larger
than that of the charge breeder. To avoid transmission
losses ISOLDE developed a unique system consisting in
a Penning trap for accumulation, bunching and cooling

Fig. 2. REX layout: the singly charged ions from ISOLDE
are captured and bunched in a large-acceptance Penning trap
(REXTRAP) and charge bred in the REXEBIS ion source to
an A/q ratio between 2 and 4.5. The ions are injected into a
compact linear accelerator via a mass separator. The normal
conducting linear accelerator consists of a Radio Frequency
Quadrupole (RFQ), a rebuncher section, an Interdigital H-type
(IH) structure, three seven-gap spiral resonators and a 9-gap IH
resonator. The accelerator energy steps are shown and detailed
in the text.

of the ion beam, REXTRAP, prior to an electron beam
ion source (EBIS) for charge-state breeding in order to
optimise transmission and functionality.

The design and construction of the REXTRAP was
done at Mainz University and it is based on the design and
experience of the ISOLTRAP mass spectrometer. REX-
TRAP [22] is a large cylindrical gas-filled Penning trap
surrounded by a 3T superconducting solenoid. The ions
are electrostatically decelerated when they pass the poten-
tial barrier of the trap. At a certain gas pressure the ions
that loose energy in the collision will not be able to leave
the trap. The overall effect is a longitudinal cooling of the
beam. After accumulation and additional radial cooling
the barrier of the trap is lowered and the ions are released
in a short pulse. To fulfil the transverse emmittance condi-
tion of the REXEBIS transversal cooling is needed. This is
achieved using the so-called side-band cooling method de-
veloped at ISOLDE [23]. The main advantage of the REX-
TRAP is that ions can be cooled very quickly. In fact the
heavier the beam the faster the cooling. The buffer gas is
typically Ne or Ar. The cooling time for 10−4 mbar pres-
sure of Ne is of the order of a few milliseconds. As this
trap is designed to study rare exotic species the trapping
volume is limited in size as is the number of stored and
cooled ions. The REXTRAP efficiency is of the order of
50–60%. The energy spread of the beam depends on the
size of the ion cloud and it can be up to 10 eV. A differ-
ential pumping system achieves good separation between
the buffer gas-filled trap and the EBIS that operates at
ultra high vacuum.

The REXEBIS is located in a platform above REX-
TRAP due to space restrictions. The beam transport sys-
tem between the REXTRAP and the EBIS is designed
to be achromatic and inject the pulsed beam with mini-
mum losses. The transport line consists of two 90◦ bends
and an intermediate straight section. The electron beam
ion source achieves charge multiplication by electron bom-
bardment. An electron gun at one end of the device pro-
duces an electron beam that is confined in a cylindri-
cal volume over a distance of one meter by a magnetic
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Fig. 3. Upper panel: total low-energy efficiency of REXTRAP
and REXEBIS for some of the beams measured at ISOLDE.
The continuous line is for visualization. Lower panel: the typi-
cal breeding times in REXEBIS. Courtesy of D. Voulot and F.
Wenander.

solenoidal field with the axis of the field parallel to the di-
rection of propagation of the electron beam. The REXE-
BIS potential is switched between ion injection and extrac-
tion. The quality factor of an EBIS is the electron beam
density or the breeding time. The operational current den-
sity is around 120A/cm2, translating to a breeding time
of 140ms for 140Ba for example. The design and construc-
tion of the REXEBIS was done in Sweden at the Manne-
Siegbahn Laboratory in Stockholm in collaboration with
Chalmers University of Technology in Gothenburg.

The REXEBIS efficiency varies from a few percent to
forty percent. Reference [24] gives more details on its per-
formance. The efficiency, ratio of ejected ions to injected
ones for a certain charge state, depends strongly on the
injected current increasing for lower current. This par-
tially compensates the decrease in yield when going to
exotic species. The combined REXTRAP and REXEBIS
efficiency measured for a selection of beams is shown in
the upper panel of fig. 3. The breeding time in the EBIS
depends of the A/q requested and the mass, reaching up
to a few hundreds of milliseconds for the heavier species as
shown in the bottom panel of fig. 3. The pulse extracted
by the REXEBIS is a few tens of microsecond long. The
pulse length can be extended from a few tens of μs to sev-
eral hundreds of μs as discussed in [12]. Studies to go be-
yond this pulse length to a few milliseconds are already on
going. The extraction potential is adjusted to give the cor-
rect injection energy for the Radio Frequency Quadrupole
(RFQ).

One should note that it is necessary to mass separate
the beam after the REXEBIS due to the presence of resid-
ual gas, mainly C, N, O, Ne and Ar. As the energy spread
of the ion beam from EBIS is ΔE/E ≈ 5 × 10−3 a Nier-
type spectrometer was needed [25].

The REX-linac [26] consists of a low-energy Radio Fre-
quency Quadrupole (RFQ) accelerator [27], a 20-gap in-
terdigital H-type (IH) structure [28], and three 7-gap res-
onators [29] with a resonance frequency of 101.28MHz.
The energy acceleration of these three structures allow
to increase the energy from the injection in the RFQ of
5 keV/u to 0.3MeV/u and to 1.1–1.2MeV/u in the IH
structure.

The beam dynamics concept of the 20-gap IH struc-
ture requires a convergent beam in the transverse and
longitudinal directions with small phase spread. Thus a
split-ring rebuncher [30] is located between the RFQ and
the IH. The IH accelerator design was based in the expe-
rience gained from the development of IH structures for
GSI HLI [31] and CERN LINAC3 [32]. The resonator ac-
celerates heavy ions with a maximum of A/q of 4.5 from
0.3MeV/u to a final energy which can be continuously
varied from 1.1 to 1.2MeV/u. This feature of continuous
final energy was a novelty with respect to its progenitors
in the GSI or CERN linacs. The emittance growth in the
IH structure is small, up to 10%.

The high-energy section of the REX-ISOLDE linac
consists of three 7-gap resonators similar to those devel-
oped for the High Current Injector at the Max Planck
Institute for Nuclear Physics in Heidelberg [33]. It was
introduced to provide variable ion beam energies. It ac-
celerates the ion beam from 1.2MeV/u to final energies
of 1.55, 1.88 and 2.2MeV/u. The energy can be varied
continuously from the injection value by increasing the
voltage and switching on the next resonator. The beam
spot after the 7-gap resonator is less than 10mm.

In order to extend the nuclear reaction studies to heav-
ier masses an upgrade to 3MeV/u was proposed imme-
diately after the successful start and realised soon after
in 2004. The simplest solution was to include a 9-gap
IH structure operating at 202.56MHz. This structure was
constructed at Munich as a modification of the 7-gap IH
structure developed for the Munich Accelerator for Fission
Fragments, MAFF [34].

The duty cycle of the machine is determined by the
width of the REXEBIS pulse close to 1ms and its repeti-
tion rate of 10Hz for heavy ions, and up to 50Hz for light
ions. The largest mass-to-charge ratio of the ions is 4.5 lim-
ited by the IH structure. The measured energy accuracy of
the IH structure and 7-gap resonators is 1%. The first RF
amplifier of 9-gap resonators was limited in power reduc-
ing the duty cycle of the 9-gap for the maximum A/q. An
upgrade of the 9-gap RF amplifier has been implemented
in 2016 to remove the previous limitation. The high power
should be controlled to avoid problems with the vacuum
seals. The transmission of the linac is as good as 90%.

3.2 A boost for ISOLDE beams: HIE-ISOLDE
superconducting linac

The HIE-ISOLDE project intends to upgrade the ISOLDE
capabilities over a wide front. The impact of the increase
of energy and intensity of the injectors together with
improvements in several aspects of the secondary beam
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Fig. 4. 3D view of the post-accelerator at ISOLDE as it looks
in 2016. It combines the exiting REX-linac with two supercon-
ducting cryomodules with a total of 10 quarter wave resonators
cavities to boost the energy to 5.5 MeV/u for A/q = 4.5.

properties such as purity, ionisation efficiency and op-
tical quality are addressed in the HIE-ISOLDE Design
Study [35] that will be briefly discussed in sect. 3.3. Its
implementation will be done gradually along the next
decade. The reach of new physics comes from the increase
of energy of the post-accelerated beam. The plan is to
boost the maximum energy of the beams, going in stages
from the previous energy of 3MeV via 5.5MeV to finally
10MeV per nucleon for RIB, of A/q up to 4.5, by first
extending and later replacing the 7-gap and 9-gap with
superconducting cavities. The aim is to achieve full en-
ergy variability and operational flexibility while maintain-
ing beam quality and keeping a very compact linac design
compatible with the existing ISOLDE building.

The major component is the addition of a new super-
conducting (SC) linear accelerator (HIE-linac) based on
quarter wave resonators. The HIE-linac upgrade is staged
to deliver higher beam energies to the experiments as soon
as possible. The first stage involves the design, construc-
tion, installation and commissioning of the first two cry-
omodules downstream of REX. Each cryomodule houses
five high-β (βg = 10.3%) SC cavities and one SC solenoid.
The geometrical β, βg, of 10.3% of the speed of light cor-
responds to the designed speed value of the beam for
which the accelerating efficiency of the cavity is maxi-
mum. The first cryomodule was ready at the beginning
of 2015 and the first radioactive beams were accelerated
up to 4MeV/u in the autumn of 2015. Two cryomodules
are already at the ISOLDE hall while writing these lines
in the spring of 2016. Figure 4 shows a 3D drawing of the
HIE-ISOLDE stage I linac where the first two crymodules
are coupled to the previously existing REX-linac. One ex-
tra cryomodule will be added in 2017 prior to the experi-
mental campaign and the fourth one, completing stage II,
at the beginning of 2018 in order to reach the expected
10MeV/u for A/q = 4 as shown in fig. 5. For more details
see [36–38].

In a third stage it is planned to substitute the 7-gap
resonator and 9-gap structure of REX with two cryomod-
ules housing six low-β (βg = 6.3%) SC cavities and two
SC solenoids. The advantage of the use of superconduct-
ing cavities is the capacity of decelerating the beam. This
capacity will open a new range of energies not previously
accessible with REX due to the fixed velocity profile of
the 20-gap IH-structure. The tunable low accelerating en-

Fig. 5. The output energy for the beam is given versus the
number of cavities for different values of A/q from 2 to 4.5.

ergies open many possibilities for reaction studies of as-
trophysical interest and for solid-state physics. It is also
foreseen to insert a pre-buncher to the RFQ accelerator
at a sub-harmonic frequency allowing the bunch spacing
to be increased without significant loss in transmission.
The addition of a beam chopper between the RFQ and
the IH has been considered to clean the background of
satellite bunches. The timeline for the third stage is not
yet defined.

Considering that the present technology allows an ac-
celerating field per cavity of 6MV/m, the beam dynamics
studies [39,40] confirmed that this field per cavity fulfil the
requirements of limited space in the experimental hall and
maximum dynamical acceptance and optical performance
of the machine. This requirement influences the specifica-
tion of the SC solenoid, the alignment and beam diagnos-
tic systems, the steering magnets and the cryomodule. The
final energies of the ion beam, depending on the number
of cavities and A/q, are shown in fig. 5.

The high-β cavities used at HIE-ISOLDE adopted a
technology based on copper cavities sputter-coated with
niobium. The technique was invented at CERN for the
cavities of LEP [41] using magnetron sputtered Nb films
on elliptical cavities. The HIE-ISOLDE cavity design is
inspired by those developed at INFN-Legnaro to acceler-
ate heavy ions at the ALPI-linac [42]. The HIE-ISOLDE
cavities are machined from bulk Cu to reduce the number
of electron beam weldings. The shape of the helium reser-
voir was modified to reduce sensitivity to helium pressure
fluctuations. The work at CERN to establish the complete
coating and production method for Nb sputtering cavities
started in 2008. By the end of 2009 the chemistry, coat-
ing and RF infrastructures were operational. Much effort
was put in the optimisation of the coating process, reach-
ing in the prototypes 30% better performance than the
design goal [43]. This optimum performance could not be
reproduced in the series production of the cavities due to
defects in the copper substrate produced in industry. Fig-
ure 6 shows the design of the cavities used as well as that
of the power coupler.
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Fig. 6. On the left the 3D drawing of the QWR cavities with a
length of 75 cm and a width of 30 cm. The ions are accelerated
by the resonating field of the cavity. The power coupler on
the right allows the field in the cavity to resonate. The table
lists the main parameters of the cavities: frequency, maximum
accelerating field, quality factor, β value and the expected heat
dissipation.

The power coupler and tuning system of the cavi-
ties were designed at CERN. The coupler is based on an
stainless-steel external body to minimise the thermal load
on the cavity and a displacement system and guidance
rails of stainless steel to ensure positioning of the antenna
in the cryogenic environment. Experience has shown that
the antenna has to be able to dissipate the heat much
faster. The coupler has been revisited and a new design
implemented including a new antenna made of copper and
welded to the inner conductor of the connector. For more
details on the mechanical design see fig. 6.

The low-level RF system excites and keeps the cavity
field stable at the requested operating point. The accel-
erating voltage and phase can be changed in seconds to
adapt the linac for a new ion species. Transverse beam
focusing at the HIE-ISOLDE linac is provided by super-
conducting solenoids integrated in the common vacuum
cryostat. The presence of neighbouring superconducting
cavities imposes tight specifications on the remanent mag-
netisation to avoid flux trapping and on the stray field at
nominal current.

A stainless-steel vacuum vessel houses the five cavities
and the solenoid surrounded by a thermal screen which is
actively cooled with helium at 50K. In order to minimise
the drift length between cavities and the overall length of
the machine a common vacuum was chosen for the beam
and cryogenic insulation. A photo of the inner elements
of the cryomodule including the five cavities, the helium
vessel on the top and the solenoid hidden behind the sup-
port frame is shown in fig. 7. To run the linac in optimum
conditions the active components, cavities and solenoid,
must be aligned within a precision of 0.3mm on the REX
beam line and possible changes monitored within a tenth

Fig. 7. The picture, taken in April 2015, shows the complete
assembly of the first cryomodule. One can see the 5 cavities,
the helium vessel on the top and the support frame hiding the
solenoid placed between the third and fourth cavity.

Fig. 8. 3D drawing of the internal elements of the cryomodule.
The alignment specifications require that every cavity beam
port must be contained in a cylinder of 0.6 mm and 0.3 mm for
the solenoid centred in the beamline.

of a millimetre. The elements and tolerances for the align-
ment of the HIE-ISOLDE cryomodule are shown in fig. 8.
The machine relies on the controls infrastructure already
deployed in the CERN accelerator complex. The cryogenic
system includes one cryogenic transfer line, which links the
cold box and the different interconnecting boxes feeding
from above all cryomodules of the HIE-linac.

Although the major challenge was to produce cavities
achieving the required performance, the assembly of the
cryomodule also presented great difficulties as all the el-
ements are located in the same vacuum vessel. Materials
have been specially chosen to ensure that the components
can be properly cleaned and that the quality of the perfor-
mance of the cavities is stable over time. After a delicate
assembly phase, the first cryomodule was transported to
the ISOLDE hall on May 2nd, 2015 and coupled to the
existing REX-ISOLDE. Since April 2016 the first two cry-
omodules completing stage I of the HIE-ISOLDE project
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Fig. 9. The ISOLDE post-accelerator with two cryomodules is
shown in the photo taken inside the linac tunnel. Radioactive
beams up to 5.5 MeV/u are expected for the end of August
2016.

are in the ISOLDE hall cooled and ready to start the com-
missioning, see fig. 9.

The full accelerating voltage of a superconducting linac
is available for all A/q as the phases can be indepen-
dently adjusted for each cavity. This implies that the max-
imum energy (in MeV/u) is dependent on the A/q value.
The design energy of HIE-ISOLDE with 4 cryomodules is
10MeV/u for A/q = 4. The maximum energy will increase
to 14.3MeV/u for A/q = 2.5, see fig. 5.

3.2.1 High-energy beam transfer and experimental
beam lines

A new high-energy beam transfer line, HEBT, brings the
beam into the extension of the ISOLDE experimental hall
built in 2006. The HEBT has been designed to preserve
the beam emmittances. This requires the minimisation of
the drift space between accelerating cavities reducing the
longitudinal distance in the interconnection regions. The
space between two cryomodules is only 370mm of which
90mm are available for specially designed very short di-
agnostic boxes. The HEBT transport system can manage
beams with rigidities up to 2Tm and is based on a peri-
odic doublet lattice with a period length of 2.62m equal
to the period length of a single high-β cryomodule. The
choice of the period length minimises the disruption of the
transfer line every time a new cryomodule is added to the
accelerator.

The drift sections outside the accelerator tunnel in-
clude two dipole magnets to produce a 90◦ bend to steer
the beam to the different experimental stations. Three
identical beamlines are planned, two of them are already
operative since 2015 and the third one will be mounted
in the winter of 2017 together with the third cryomodule.
Further steering magnets will be fitted in this confined
space in order to correct the trajectory of the particles.
Horizontal and vertical corrector magnets are installed ad-
jacent to every diagnostic box, see fig. 10.

New beam diagnostic elements have been developed
for HIE-ISOLDE to provide measurements of intensity,
energy and transverse profiles. The magnetic fields of the

Fig. 10. The post-accelerator and beamlines as expected in
2017-2018. The four cryomodules will be mounted and the
three beamlines operative with the planned instrumentation.

HEBT will scale with the beam energy. The measurement
of the beam current is essential in order to determine and
optimise the transmission. The stable beam will have cur-
rents in the order of 1–100 pA while radioactive beams can
be as low as a few ions/s. The HEBT design is made to
achieve an absolute transport efficiency close to 100%.

All required beam diagnostic instruments are inte-
grated in octogonal-shaped vacuum chambers with five
radially distributed ports available for the installation of
instruments or collimating devices plus a port for vacuum
pumping. All diagnostic boxes have Faraday cups, colli-
mators of different diameters and V-shaped slits. Both
collimators and slits are mounted on a blade. All ele-
ments are movable using a stepping motor. Depending on
the Faraday cup size, one has short and long diagnos-
tic boxes. The former are placed between cryomodules,
the latter before the first cryomodule and in the beam-
lines after the SC linac. The diagnostic boxes before and
after the dipoles are furnished with variable large slots
with the purpose of limiting and even measuring the en-
ergy spread, for that they are equipped with a commercial
passivated implanted planar Si (PIPS) detector. Carbon
stripping foils with different thicknesses are used for beam
purification. The foils are presently installed in the diag-
nostic boxes before each dipole in the second beamline,
XT02. Installation of the stripper foils in equivalent posi-
tions are foreseen for the other beamlines. The placement
of Si-telescope in the last diagnostic box before each of
the experimental device is planned to determine the com-
position of the post-accelerated beam.

Intensity values down to 0.1 nA are measured with the
Faraday cups. The beam transverse profile is measured by
V-shaped slits moved in front of the Faraday cup. that
here can achieve a resolution of tenths of mm. The di-
ameter of the Faraday cup is 30mm so the slits are able
to scan the beam width and height. The position of the
beam is determined with an accuracy of 0.2–0.3mm for
stable beams. The beam energy has to be measured from
0.3MeV/u to 10MeV/u. Beam energy and longitudinal
profiles are determined by the use of Si detectors. As ex-
plained in sect. 3.2.2 the most precise measurement of the
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radioactive beams will be obtained using the time of flight
between different Si detectors.

A layout of the HEBT and the already commissioned
beamlines is shown in fig. 10. In the first beamline, XT01,
the MINIBALL detector is assemblied with the CD and al-
ternative use of T-REX and SPEDE are foreseen, for more
details of these devices see sect. 3.4 dedicated to instru-
mentation. In the second beamline, XT02, general pur-
pose scattering chamber is installed to do reaction stud-
ies, other movable devices are also planned for this beam-
line. The future layout will include the fully functioning
three beamlines incorporating the ISOL solenoidal spec-
trometer, ISS, for transfer reaction studies in XT02. The
scattering chamber mentioned above and other travelling
experiments will be allocated to the third beamline, XT03
as shown pictorially in fig. 10.

3.2.2 Beam commissioning and operation of
REX/HIE-ISOLDE

The beam commissioning of the post-accelerator started
in June 2015 after the refurbishment of the REX normal
conducting linac was completed.

Different pilot beams produced in the EBIS with dif-
ferent A/q were used to phase the cavities. The beam com-
missioning was done in different steps. The beam coming
from the RFQ was used to re-commission the REX di-
agnostic box. Then it was transported to the first HIE-
ISOLDE diagnostics box and used to commission the
Faraday cup, the silicon detector and the scanning slits.
Further the beam from REX was drifted through the cry-
omodule while the superconducting cavities were off. This
beam was used to commission the diagnostics and the op-
tical elements of the linac and the first beamline, XT01.
Afterwards the silicon detector was used to determine the
needed RF power out of the amplifiers and to phase each
of the accelerating structures. Finally the beam was trans-
ported along XT02 and the different elements of the line
were tested.

Operations started in mid-October 2015 using first the
stable 87Rb28+

beam from the target coupled to the gen-
eral purpose separator (GPS Target) and it was acceler-
ated up to 2.85MeV/u in the REX normal conducting
linac. In addition, stable 12C4+

produced in the EBIS,
was used as a pilot beam to phase the superconducting
cavities and to set up the beamlines as described previ-
ously. On October 19th, the first experiment of the cam-
paign started with the delivery of stable 22Ne7+

with an
energy of 2.85MeV/u to the MINIBALL experimental sta-
tion. The first 4MeV/u radioactive beam was delivered a
few days later on October 22nd. The 4MeV/u beam time
was limited to 6–8 hours per day due to an overheating
problem in the couplers of the superconducting cavities.
A beam with the REX-linac final energy was used for the
remaining hours of the day. Over the following weeks, dif-
ferent charge states of two zinc isotopes 74Zn and 76Zn
with energies of 2.85 and 4MeV/u were sent to the exper-
imental station.

Characterising the energy of the beam accurately and
precisely as well as its stability is critical for most of
the experiments. Three different instruments were used
to measure the beam energy during 2015: silicon detec-
tors, the RF calibration of the accelerating structures and
the first dipole of the HEBT line. The three measurements
produced results consistent within 2–3%. Silicon detectors
implemented in the diagnostic boxes were used throughout
the physics campaign and proved to be the most versatile
of all the three detector systems. However, measurements
in their current configuration are time consuming. The
counting rate of the detector is limited by the repetition
rate of the linac since a few hundred microseconds in be-
tween events are needed for the detector to distinguish
them apart. Since the repetition rate of the machine in
2015 was limited to 10Hz, a typical measurement took
≈ 15mins. Absolute energy calibration of the detectors is
difficult, for more details, see [44]. Additionally in 2016
silicon detectors (a ring-shaped one and disk-shaped one)
separated by 7.8 meters will be used to measure the Time
of Flight (TOF) of the ions [45]. This method should al-
low to achieve an uncertainty of 0.5 ns. This translates for
a beam of 5MeV/u into a 0.4% uncertainty in the total
energy of the beam.

Residual gas in the REXEBIS will unavoidably be
ionised and transported to the REX separator together
with the beam of interest. These contaminants will be
transported to the linac if their A/q are identical or very
close to that of the RIB of interest. Any other impurities
coming from the target with the same mass number, close
atomic number and long enough half-lives may also reach
to the experimental station. The silicon detectors cannot
be used to distinguish these contaminants since they have
very similar total energy. Therefore a Si-telescope will be
implemented in the movable arm of the last diagnostic box
before the experimental devices.

The post-accelerated beam will have a 9.87 ns (i.e.,
1/101.28MHz) time microstructure produced by the
bunching in the first few cells of the RFQ. This is within a
macrostructure produced by the necessary charge breed-
ing time. With the upgrade of the 9-gap RF amplifier in-
stalled in 2016 the post-accelerator will be able to deliver
beams with A/q up to 4.5, maximum repetition rate 50Hz
and the longest pulse length 2ms. However, it should be
noted that it will not be possible to push the three pa-
rameters to the limit at the same time.

3.3 Intensity, purity and beam quality upgrades

In the period since 2010 much progress has also been
achieved in the design study to further improve the beam
intensity and quality. Progress done on different fronts will
be described.

Beam intensities can be increased by research in new
target materials and by improvement of the efficiency of
the targets and ion source systems. This has been the way
pursued by the ISOLDE technical team along the years.
An alternative way and sort of “brute force” method for
increasing the beam intensity is to raise the intensity of the
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Fig. 11. The expected ratio across the nuclear chart for 2GeV
versus 1.4 GeV protons on a 62 g/cm2 thick uranium target.
The regions where the fragmentation, fission and spallation
processes dominate are indicated. Courtesy of A. Gottberg.

primary proton beam to ISOLDE. There has been much
activity on high-intensity high-energy proton accelerators
during the last decades since they are required for many
projects: intense neutron sources such as the ESS [46],
driver accelerator for neutrino physics, transmutation of
nuclear waste, and EURISOL [47], the ambitious plans for
a future high-intensity ISOL facility.

CERN has been active in this field in order to upgrade
the existing injector accelerator chain. The very first step
in the chain, a proton linac, will be replaced by the newly
built LINAC4 in 2019 [48,49]. This will allow the proton
beam intensity for ISOLDE to increase by a factor of 3.
This increase of intensity by the proton injector requires
an upgrade of the different accelerators at CERN to as-
sure an increase of brilliance of the Large Hadron Collider,
LHC. As a result of this study it was found and presented
in the 2010 Chamonix workshop that an increase of beam
energy of the Proton Synchrotron Booster, PSB, from
1.4GeV to 2GeV will ease the injection of high-intensity
and brilliance beam in the Proton Synchrotron [50]. The
energy upgrade of the PSB [51,52] is planned for the sec-
ond CERN long shutdown, 2019-2020.

The production yield (number of ions/s or ions/μC) of
a certain nucleus (Z,N) is proportional to the target thick-
ness, proton beam intensity, production cross-section and
several efficiency factors such as release time, ionisation
potential, mass separation and transport. The production
cross-section depends on the energy of the incoming beam
and the cross-section of the dominant nuclear reaction.
Three main nuclear reaction channels can be triggered
upon interaction of the high-energy high-intensity protons
from the CERN injector PSB with the target nuclei: spal-
lation, fission and fragmentation. Simulations have been
done using the ABRABLA code [53] for direct reactions
and FLUKA [54] for inclusion of secondary process rele-
vant in thick targets. It is found that an increase of a factor
of two to five is expected for the fragmentation process,
up to a factor of ten for the spallation process and simi-
lar production for fission products. The expected increase
in production for 2GeV compared with 1.4GeV protons
for a UCx target is shown in fig. 11. In the former case

Fig. 12. Comparison of the expected production for the fission
products Zn and Rb from a UCx target with a neutron con-
verter for proton bombarding energies of 2GeV and 1.4 GeV.
An increase of a factor of 1.4 is expected.

Table 1. Expected power increase on ISOLDE targets due to
the increase of energy and intensity of the incoming proton
beam from the PS-Booster injector. Values taken from [55].

Protons Intensity Energy cycle (s) Power

/pulse (μA) (GeV) (s) (kW)

3.3 × 1013 2.2 1.4 1.2 3.1

1 × 1014 6.7 1.4 1.2 9.3

1 × 1014 6.7 2.0 1.2 13.3

the use of a neutron-converter can give an increase of up
to a factor of 1.4, see fig. 12. Based on these encouraging
results a proposal to extend the 2GeV proton energy to
ISOLDE was presented to the ISOLDE Neutron Time-of-
Flight Committee, INTC, in November 2012. The inte-
gration study required by the CERN research board was
done in the spring of 2015. It was concluded that the im-
plementation will be done most likely in the third long
shutdown.

Table 1 shows the expected increase in intensity and
power considered in the HIE-ISOLDE Design study and
published in [35,55]. At the begining the proton/pulse in-
tensity for ISOLDE will be limited due to aperture restric-
tions in the PSB ejection line to 4.3μA. This corresponds
to 2GeV energy of the proton pulse to an average power
on target of 8.6KW.

Such upgrades will have immediate effect on the
ISOLDE target area. A considerable effort has gone into
studying the impact on the operation and maintenance
of the facility. Issues such as resistance of the target ma-
terials, target overheating, target lifetime as well as ef-
fects on the target stations, the beam-dumps, shielding,
. . . , etc. have been addressed in the HIE-ISOLDE design
study [55]. As a conclusion it was found that some ele-
ments require modifications to accommodate an increase
in energy and/or intensity of the proton beam on target.
The expected yields across the nuclear chart for 2GeV
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Fig. 13. The FLUKA [54] expected yields in μC−1 across
the nuclear chart assuming HIE-ISOLDE conditions, i.e. an
energy of 2.0 GeV on a 62 g/cm2 UCx target thickness in a
cylinder of 1.8 cm diameter and 18 cm length surrounded by
the conventional ISOLDE graphite sleeve and tantalum target
container. Courtesy of A. Gottberg.

protons on a 62 g/cm2 thick (corresponding to 52 g/cm2

depleted uranium target) UCx target in a cylinder of
1.8 cm diameter and 18 cm length surrounded by the con-
ventional ISOLDE graphite sleeve and tantalum target
container are shown in fig. 13. One of the key issues as-
sociated with a proton intensity and energy upgrade is
the evaluation of the required shielding. Two actions have
been done at ISOLDE in this respect: separate the ven-
tilation of the target zone from that of the class A lab-
oratory and improve the air tightness of the target area
to reduce the current extraction rate of 7200m3/h [55].
Furthermore the ISOLDE beam dumps were revised as
they were designed for taking up to 1.5 kW proton power.
The existing beam dumps are steel blocks with dimen-
sions of 1.6m × 1.6m × 2.4m in the target coupled to
the GPS and 0.4m × 0.4m × 1m in the one coupled to
the high-resolution separator, HRS, surrounded by con-
crete shielding, see fig. 1. In addition investigations done
during the CERN long shutdown showed that the GPS
beam dump is largely misaligned with respect to the pro-
ton beam. Although the exact heat transfer coefficient
around the dumps is not known, simulations using the
ANSYS code indicate that the situation will be critical
if the HIE-ISOLDE parameters are adopted. New beam
dumps, possibly with forced water cooling should be in-
stalled at ISOLDE prior to any substantial increase in
intensity or energy of the proton beam can be considered.
The replacement of the beam dumps is not a trivial matter
due to their location underground.

The bottleneck of any ISOL facility is the fact that
the ionisation process depends on the chemical proper-
ties of the desired element. At the level of improvement of
ionisation the largest boost has come with the arrival of
the high-power lasers to promote the ionisation of a cer-
tain isotope. The Resonance Ionisation Laser Ion source
(RILIS) is an efficient and selective way of ionising the
reaction products to produce a beam of a chosen isotope.
Several developments have been done recently such as the
use of a remote controlled narrow line-width mode of op-

eration for the recently installed Ti:sapphire laser, pro-
duction of isobar free ionisation using the laser Ion Source
Trap (LIST), or isobar selective particle identification us-
ing the multi-reflection time-of-flight mass spectrometer
(MR-ToF) [56,57]. The latter combination is so sensitive
that it has allowed to observe surface ionised iron in suffi-
cient amounts to allow for the validation of the ionisation
scheme.

Building upon the ISOLDE Cooler and buncher expe-
rience, a redesigned high-resolution separator incorporat-
ing a new RFQ cooler has been studied. The design of
a new Radio Frequency Quadrupole Cooler and Buncher
(RFQCB) will address issues, gas pressure stability, vac-
uum pressure variation through the system and the ion
optics to facilitate compatibility with other beamline com-
ponents. A prototype design is currently under fabrication
and it will be integrated in the layout of the off-line sep-
arator. The prototype will address the problem of space
charge limit of 108 ion/s of the present device as well as
ion beam transmission and bunch width as a function of
the cooling time.

Improved mass resolution is a major goal of the beam
quality upgrade. The existing high-resolution separator
(HRS) can provide M/ΔM between 3000 and 6000, much
lower than the design value of 10.000 units. Studies have
been done and two scenarios have been investigated: one
with both a 120◦ and 90◦ dipole C-magnet and the other
with two 90◦ magnets and a 60◦ pre-separator. The final
decision will depends on the performance and position of
the RFQCB, the optics of the beam and by the available
space at the present facility. At present the one includ-
ing the 120◦ dipole magnet is contemplated as the most
favourable one. There are also plans to study the instal-
lation of a general purpose multi-reflection time-of-flight
mass spectrometer based in the experience gained with
the existing MR-ToF of ISOLTRAP [58].

As part of the HIE-ISOLDE design study an upgrade
of the EBIS has also been addressed. A new EBIS has
been designed with higher electron beam energy and den-
sity that will give faster charge breeding, preliminary tests
are going on in collaboration with Brookhaven National
Laboratory. The REXEBIS new design will focus on im-
provement of the repetition rate from the present 10Hz
to 100Hz [59,60]. This will be achieved by addressing the
ultra high vacuum, the electron current and density, the
high voltage and the magnetic field. Presently a proto-
type of the electron gun exists and it has been tested at
Brookhaven.

3.4 Instrumentation

The physics instrumentation that existed at REX-
ISOLDE will continue to be available at HIE-ISOLDE and
more instruments will be added to take full advantage of
the increased experimental possibilities.

For much of the currently planned experimental pro-
gramme the high-resolution gamma-ray detector array
MINIBALL [61] is a key instrument, see fig. 14. It con-
sists of 24 six-fold segmented high-purity germanium crys-
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Fig. 14. The MINIBALL high-resolution gamma-ray detector
array is shown here in the configuration surrounding the T-
REX Si strip detector array. The beam is entering from the
right through a CD detector and react in the target situated
in the middle of the barrel detectors.

tals which in close configuration, as employed for Coulomb
excitation experiments, cover about 60% of the full solid
angle and give a photo-peak efficiency at 1.3MeV of about
8%. The design of the array was made with a focus on ef-
ficiency rather than multiplicity capability, since the typ-
ical gamma-ray multiplicities in radioactive-beam exper-
iments is low compared to what is met in high-spin ex-
periments. There is still a need for high granularity, so
that Doppler corrections can be made. This is achieved
partially through the segmentation, which has in prac-
tice given sufficient accuracy with the beam obtainable
at REX-ISOLDE. Pulse-shape analysis will allow to im-
prove the granularity even further. Two target chambers
have been used so far. The first and smallest is used for
Coulomb excitation and contains apart from the target
a Double-Sided Si Strip Detector (DSSSD) of CD design
for detection of the outgoing charged fragments. Further
downstream a Parallel-Plate Avalanche Counter (PPAC)
or a Bragg ionisation chamber can be placed. Active colli-
mation with Si PIN diodes or diamond detectors have also
been used. The second and larger target chamber contains
the T-REX [62] Si detector array. As shown in fig. 14 it
consists of eight barrel detectors immediately before and
after the target plus two circular CD detectors at the en-
trance and exit of the chamber, all detectors subdivided
in strips to give a high granularity. The total solid angle is
about 66% of 4π. This set-up is optimised for transfer ex-
periments in inverse kinematics. The Ge detectors will in
this configuration have an absolute photo-peak efficiency
of about 5%.

There is a strong wish from a large part of the commu-
nity to supplement MINIBALL with a zero-degree spec-
trometer to enable detection of heavy beam-like frag-
ments. Among the possibilities the integration of part of
the TRIμP spectrometer [63] from KVI is the favourable
choice. Simulations of the integration in the hall and of the
beam optics has been started, but the final implementa-

Fig. 15. 3D drawing of the possible integration of a zero-degree
spectrometer after the MINIBALL array for the identification
of the ejectiles in transfer reactions of high energy.

Fig. 16. Sketch of the active target principle. The beam goes
through a gaseous target and will along with all charged reac-
tion products cause ionization in the gas. The electrons drift in
an electric field and are amplified and recorded, enabling the
reconstruction of the tracks. Courtesy of G.F. Grinyer.

tion has not been decided. One scenario is shown in fig. 15.
For the reaction studies, where gamma detection is of less
importance, other set-ups may be more optimal. A large
scattering chamber has already been constructed by the
Lund group and used for proton elastic resonance scatter-
ing of a 30Mg beam [64] at REX. It is presently sitting at
the second beamline, XT02.

In many situations, such as the elastic resonance scat-
tering just mentioned, one may gain in sensitivity by hav-
ing an active target [65]. This is very useful for low-
intensity radioactive beams since one effectively has a
thick target, but there are obvious limits to what detec-
tor materials can be used. Gaseous detectors may allow
the reaction vertex to be determined with good position
resolution and much of the technology can be taken over
from high-energy experiments. A pioneer among detec-
tors used at a few MeV per nucleon is MAYA [66] that
has been employed already at several radioactive-beam
laboratories. A second-generation detector, ACTAR [67]
shown in fig. 16, is currently under development, but sev-
eral other projects exist as reviewed in [65]. One of them
is the optical time projection chamber (OTPC) that has
so far mainly been used for decay studies [68]. It benefits
from having a strongly reduced sensitivity to beta parti-
cles, only heavy emitted charged particles (among them
nuclear recoils) leave a track. The decaying nuclei must
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Fig. 17. The principle behind the ISOL Solenoidal Spectrom-
eter, ISS, is illustrated. The beam enters from the left through
a detector box and reacts in the target placed in the middle of
the magnetic field. Charged reaction products are bent in the
strong magnetic field (field lines parallel to the beam axis) and
focused unto the detector array. The position, energy and time
of flight of the particle allow to entangle the reaction kinemat-
ics.

be implanted into the detector and must therefore have
beam energies of at least a few MeV per nucleon.

There are advanced plans to install the so-called ISOL
Solenoidal Spectrometer, ISS, similar to HELIOS, existing
at Argonne [69], fig. 17. It addresses the “kinematic com-
pression” problem that transfer reactions such as (d,p)
have at backward angles in inverse kinematics, namely
that the excitation energy scale for a given angle is com-
pressed relatively to the one in the centre-of-mass system.
A large superconducting solenoid bends the (low-energy)
light particles emitted at backward angles unto a Si detec-
tor array placed around the beam axis. Position, energy
and time measurement gives sufficient information to ex-
tract particle type, outgoing angle as well as an improved
energy determination. The confinement of charged parti-
cles in a large magnetic field will also be attractive for
active targets. An interesting current development is the
scintillator detector array SpecMAT [70] that will allow
detection also of accompanying gamma rays.

Tilted-foils polarization has been implemented at
REX-ISOLDE and can be taken over at HIE-ISOLDE.
The results attained so far are a nuclear spin polarization
of 3.6 ± 0.3% as measured with a β-NMR set-up [71].

The SPEDE conversion electron spectrometer [72] will
be combined with the MINIBALL array for combined elec-
tron and gamma-ray spectroscopy. It is currently being in-
stalled at HIE-ISOLDE. The experience from the SAGE
spectrometer [73] installed at the RITU gas-filled recoil
separator at JYFL is very encouraging, in particular for
studies of heavy nuclei.

4 Physics programme

A facility upgrade of the magnitude of the HIE-ISOLDE
project implies that the physics programme enables users
to address most aspects of modern nuclear structure. This
is also reflected in the overview [17] of the scientific op-
portunities generated by HIE-ISOLDE. Rather than re-
peating this general point, we choose here to illustrate it

Fig. 18. Chart of the nuclides. Nuclei marked in red are
the object of approved HIE-ISOLDE proposals. In the bot-
tom part two commonly employed reaction types are sketched:
Coulomb excitation (dotted lines) that favours collective exci-
tations within a nucleus and transfer reactions (full lines, here
one-neutron transfer) that favour single-particle transitions be-
tween neighbouring nuclei. The two reactions give complemen-
tary structure information.

by examples from the proposals already approved by the
CERN scientific committees to run at the new facility. The
emphasis will be on reaction experiments, but it should
be noted that essentially all experiments at ISOLDE will
benefit from the intensity increase and the improvements
in beam purity and quality.

Figure 18 shows the approved beams for studies at
HIE-ISOLDE up to February 2016 and table 2 lists all
the proposals for experiments with accelerated radioac-
tive beams at HIE-ISOLDE that have been accepted so
far. A few of the letters of intents (LoIs) are included as
well. Other ideas were put forward at the initial call for
LoIs in the summer of 2010. The majority of the accepted
proposals make use of Coulomb excitation of the beam,
but there are also a substantial number of transfer reac-
tions proposed. We shall refer to the experiment numbers
as given in table 2 in the discussion below of individual
proposals.

4.1 Nuclear reactions

There are some immediate experimental consequences of
the increased beam energy at HIE-ISOLDE: the energy
loss, dE/dx, of the beam in a target decreases slightly and
the kinematics of the outgoing fragments change, e.g. in-
creasing the Doppler shift of outgoing gamma rays. Much
more important for the following discussion is that the
reaction mechanisms evolve significantly from 3MeV/u
to above 5MeV/u. The inelastic reactions are enhanced
compared to elastic ones, there is a clearer separation be-
tween compound and direct type reactions, and there is
more structure in the particle angular distributions that
can contain higher angular momenta.

As illustrated schematically in the bottom part of
fig. 18 different types of reaction address different nuclear
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Table 2. Accepted proposals until February 2016 for accelerated radioactive-beam experiments at HIE-ISOLDE. The detailed
proposals can be found via the website http://isolde.web.cern.ch/active-experiments.

Exp. Title Spokesperson(s)

IS546 Study of the effect of shell stabilization of the collective isovector C. Bauer, N. Pietralla,

valence-shell excitations along the N = 80 isotonic chain G. Rainovski

IS547 Coulomb excitation of the two proton-hole nucleus 206Hg Z. Podolyák

IS548 Evolution of quadrupole and octupole collectivity north-east of 132Sn: Th. Kröll, G. Simpson

the even Te and Xe isotopes

IS549 Coulomb Excitation of Neutron-rich 134,136Sn isotopes Th. Kröll, G. Simpson

IS550 Study of the Dinuclear System ARb + 209Bi (Z1 + Z2 = 120) S. Heinz, E. Kozulin

IS551 Coulomb excitation of doubly magic 132Sn with MINIBALL at HIE-ISOLDE P. Reiter

IS552 Measurements of octupole collectivity in Rn and Ra nuclei using Coulomb P.A. Butler, D.T. Joss,

excitation M. Scheck

IS553 Determination of the B(E3, 0+ → 3−) strength in the octupole correlated M. Scheck, D.T. Joss

nuclei 142,144Ba using Coulomb excitation

IS554 Search for higher excited states of 8Be∗ to study the cosmological 7Li problem D. Gupta

IS555 Study of shell evolution in the Ni isotopes via one-neutron transfer reaction J.J. Valiente Dobon,

in 70Ni R. Orlandi, D. Mengoni

IS556 Spectroscopy of low-lying single-particle states in 81Zn populated in R. Orlandi, R. Raabe

the 80Zn(d, p) reaction

IS557 Coulomb excitation 74Zn-80Zn (N = 50): probing the validity of shell-model E. Rapisarda, P. Van Duppen,

descriptions around 78Ni M. Zielinska

IS558 Shape Transition and Coexistence in Neutron-Deficient Rare Earth Isotopes A. Görgen

IS559 Statistical properties of warm nuclei: Investigating the low-energy S. Siem, M. Wiedeking

enhancement in the gamma strength function of neutron-rich nuclei

IS560 Nuclear-moment studies in the odd-mass In isotopes up to N = 82 using G. Georgiev

the Tilted Foils technique

IS561 Transfer reactions at the neutron dripline with triton target K. Riisager, D. Mücher

IS562 Transfer Reactions and Multiple Coulomb Excitation in the 100Sn Region J. Cederkäll

IS563 Coulomb excitation of 182–184Hg: Shape coexistence in the neutron-deficient K. Wrzosek-Lipska, D.T. Joss,

lead region D. Jenkins, J. Pakarinen

IS564 Study of the unbound proton-rich nucleus 21Al with resonance elastic and B. Fernández-Dominguez,

inelastic scattering using an active target O. Tengblad, M. Caamano

IS566 Probing intruder configurations in 186,188Pb using Coulomb excitation J. Pakarinen

IS569 Solving the shape conundrum in 70Se N. Orce, D. Jenkins

IS572 Study of shell evolution around the doubly magic 208Pb via a multinucleon J.J. Valiente Dobon,

transfer reaction with an unstable beam S. Szilner

IS581 Determination of the fission barrier height in fission of heavy radioactive M. Veselsky, R. Raabe

beams induced by the (d, p)-transfer

IS587 Characterising excited states in and around the semi-magic nucleus 68Ni L. Gaffney, F. Flavigny,

using Coulomb excitation and one-neutron transfer M. Zielinska, K. Kolos

IS591 18N: a challenge to the shell model and a part of the flow path to r-process W. Catford, A. Matta

element production in Type II supernovae

IS595 Spectroscopy of particle-phonon coupled states in 133Sb by the cluster S. Leoni, B. Fornal

transfer reaction of 132Sn on 7Li: an advanced test of nuclear interactions

IS596 2+ Anomaly and Configurational Isospin Polarization of 136Te V. Werner, N. Pietralla,

G. Rainovski

IS597 Probing Shape Coexistence in neutron-deficient 72Se via Low-Energy D.T. Doherty, J. Ljungvall

Coulomb Excitation

IS606 Studies of unbound states in isotopes at the N = 8 shell closure J.G. Johansen

IS607 The 59Cu(p, α) cross section and its implications for nucleosynthesis in core C. Lederer

collapse supernovae

IS616 Reaction mechanisms in collisions induced by 8B beam close to the barrier A. Di Pietro, P.-P. Figuera

I150 Shape coexistence in 68Ni and 70Ni F. Recchia, S. Lenzi

I151 Implementing the recoil distance Doppler-shift technique at HIE-ISOLDE: C. Fransen

Investigation of neutron-rich 86Se

I152 Shape co-existence and higher order deformations B.S. Nara Singh, D. Jenkins
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degrees of freedom. We therefore divide the discussion be-
low according to the main type of reaction the experiments
look for. One of the challenges, and charms, of nuclear
physics is that nuclei exhibit many different degrees of
freedom. The most important distinction is between single
particle and collective degrees of freedom, but the fact that
nuclei are composed of two different types of fermions (al-
ternatively: carry also the isospin degree of freedom) adds
considerably to the richness of the phenomena observed.

Having access to radioactive beams means we can ex-
perimentally vary the neutron and proton numbers N and
Z. One may distinguish two aspects of how this influ-
ences the reactions. First, as N (or Z) is varied neutron
(or proton) orbits are filled or emptied, thereby chang-
ing the nuclear structure. (Incidentally, we may in some
cases —where isomers are present— have several beams
with different structures for the same N , Z; already at
REX-ISOLDE experiments have taken place with isomeric
beams [74].) The evolution of shell structure [75,76] or of
nuclear shapes [77] are but two of the phenomena that can
be studied in this way. Secondly, when the nucleon num-
bers vary the Fermi levels of neutrons and protons also
change. An increased difference between the two Fermi
levels clearly influences the reaction dynamics by chang-
ing the Q-values, but structural changes are also well es-
tablished when the neutron Fermi level reaches the bind-
ing threshold, e.g. the emergence of halo structures [78–
82]. There are predictions that general structure changes
may appear also earlier for very neutron-rich systems [83]
where the neutron surface could become very diffuse, but
the relevant experimental information is still lacking.

4.1.1 Coulomb excitation

Even with state-of-the-art detector arrays and at the
radioactive-beam facilities with highest yields one is often
only sensitive experimentally to the processes with high-
est cross-section. For beam energies in the MeV/u range
an obvious first choice is Coulomb excitation that can give
interesting physics with beam intensities of 104 ions/s, or
even lower. When performed at “safe” energies below the
Coulomb barrier one can extract not only excitation en-
ergies and suggested spin-assignments from the observed
gamma rays, but also information on the matrix elements
for transitions among these lowest observed states. Col-
lective degrees of freedom, in particular deformation, are
therefore seen very clearly, but the evolution, e.g., along
an isotopic chain can also give very direct information on
the underlying shell structure. The low-lying spectrum of
even-even nuclei is typically easier to interpret, the main
feature being a 0+ → 2+ transition from the ground state.
The access to the population of the 4+ states will allow
for a theory independent verification of the degree of de-
formation through the E4+/E2+ ratio.

Close to the driplines even low-lying excited states will
be situated in the continuum and Coulomb excitation will
then instead lead to the break-up of the nucleus. The effect
this has on the elastic scattering will be discussed below.
Coulomb-induced break-up has been employed at higher

beam energy during the last decades as a tool to study the
most exotic nuclei [84], in particular the electric dipole
response, but the potential for such reactions at a few
MeV/u has only been probed sporadically.

Coulomb excitation of the heavy Mg isotopes close to
N = 20 was the original motivation when REX-ISOLDE
was put forward and several experiments in that region
have been carried out. Coulomb excitation of 30Mg con-
firmed [85] its spherical shape, whereas for 31Mg [86] not
only the ground state but also excited states were shown
to be deformed. Other experiments at ISOLDE have also
contributed to unravelling the extent of the island of in-
version. The interest in the Mg chain has recently been
renewed since it has been shown that the N = 20 and
N = 28 islands of inversion are merged [87,88].

Among the many other examples of results from REX
one could mention the studies of evolution of shell struc-
ture in the chain of isotopes out to 80Zn [89] and in the
light 106,108,110Sn nuclei [90]. Two prominent examples of
studies of shape evolution (both in heavy nuclei) are that
of the shape coexistence in 182–188Hg [91] and the octupole
deformations in Rn and Ra nuclei [13]. More complete
overviews of results from REX-ISOLDE and Miniball can
be found in [10,61,92].

The higher beam energies at HIE-ISOLDE will im-
prove conditions for Coulomb excitation significantly, al-
though one will not be able to employ the highest beam
energies if one wants to remain safely below the Coulomb
barrier. One-step excitation can take place to higher ex-
citation energies, and multi-step processes become more
important and expand the number of transition matrix
elements that can be extracted. The detailed analysis of-
ten takes place with the GOSIA code [93] and includes
the possibility of re-orientation in excited states whereby
quadrupole moments may be extracted for excited states.
One such case is 70Se that is the subject of IS569, aiming
to settle the shape of the nucleus by combining the Coulex
measurement with recent half-life data of the excited state;
this is a refinement of an earlier experiment [94] employ-
ing the same technique that took place at REX. The im-
provements of conditions and of the range of the Coulomb
excitation method is so that quite a few approved exper-
iments are extensions of the earlier program mentioned
above, including IS552, IS557, IS562 and IS563.

Among the many other experiments in this group one
can mention a series of attempts to unravel the structure
around 132Sn. The doubly magic nucleus itself with its sig-
nificantly higher energy for the 2+ state would be studied
in IS551 and the evolution beyond N = 82 in 134,136Sn will
be followed in IS549. Adding also a pair of protons, as in
136Te, gives the possibility of having 2+ states based on
both protons and neutrons, and the exact configurations of
the lowest two 2+ states (full symmetry, mixed symmetry,
proton or neutron dominance, see [95]) will be determined
in IS596. Going further up in mass to 142,144Ba sizeable
octupole correlations are expected [96]. Experiment IS553
aims to determine the E3 matrix element for the transi-
tion between the ground state and the lowest 3− state,
but needs to employ several targets in order to get suffi-
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cient information on the possible Coulomb excitation one-
step and multi-step paths. Crossing the N = 82 shell to
the region around the neutron-deficient rare-earth nuclei
140Sm and 142Gd oblate shapes are expected to lie at low
excitation energy. This can be tested directly in Coulomb
excitation via the re-orientation effect and is the aim of
experiment IS558.

Another region of the nuclear chart where HIE-
ISOLDE may be expected to have a high impact is the
heavier nuclei where radioactive beams are currently only
available at few facilities. One of the highlighted regions
for shape coexistence [77] is the neutron-deficient Hg
and Pb nuclei where experiments IS563 and IS566 will
probe the structure around the mid-shell neutron num-
ber N = 104. The recently installed electron spectrome-
ter SPEDE mentioned in sect. 3.4 will be crucial in both
cases and allow to look for the important E0 transition
between the two lowest 0+ in the even-even nuclei. At the
magic number N = 126 the experiment IS547 will study
206Hg through single-step and multi-step Coulomb excita-
tion and test the theoretical understanding of this nucleus
where rather little is known on the level scheme.

An important addition to the experimental capabilities
would be the installation of a plunger, as already imple-
mented at several other laboratories, in particular by the
Cologne group. This would allow to measure lifetimes of
excited nuclear states in the picosecond range. Letter of
intent I151 intends to perform this development and test
the method on 86Se situated just above N = 50.

4.1.2 One-nucleon transfer reactions

One-nucleon transfer favours transitions corresponding to
single-particle degrees of freedom and are very useful
for unravelling evolution of shell structure. One typically
needs beam intensities around 105 ions/s to obtain good
results with set-ups that include detection of outgoing
charged light particles as well as gamma rays from deexi-
tation of the outgoing nuclei. From the energy and angular
distribution of the light particles one can deduce excita-
tion energies of populated levels and restrict their spins
and parities. The strength of the transition can be related
to the overlap between initial and final state, expressed
as a spectroscopic factor (SF) or an asymptotic normal-
isation constant (ANC). Recent reviews give details on
the general theoretical treatment of (d,p) reactions [97]
and a selection of results obtained so far with radioactive
beams [98,99].

The relative merits of SFs and ANCs have been dis-
cussed repeatedly during the last decade, also in connec-
tion with nucleon knockout reactions at higher beam en-
ergy [100]. An important point has been whether there
is a general quenching of SFs similar to what is known
to happen in (e, e′p) reactions [101] due to short-range
correlations between nucleons, some authors finding that
the cross-section in (d,p) reactions for stable nuclei is
quenched by a factor 0.55 [102]. A recent overview of this
field and on how the overlap functions can be used is pro-

vided in [103] and a compilation of SFs and ANCs for
0p-shell nuclei is given in [104].

The restriction of the energy range at REX-ISOLDE
to at most 3.1MeV/u has so far confined transfer exper-
iments to the lighter isotopes. A series of experiments
have been carried out with 8,9Li and 11Be beams inves-
tigating the structure changes in light nuclei close to the
neutron dripline [105–107], the 30Mg beam has been used
for (d,p) as well as (t,p) reactions [108], and a 66Ni(d,p)
experiment [109] has started to investigate how the single-
particle strength in the neutron orbitals evolves through
the neutron-rich Ni-isotopes.

For nuclei close to stability the optimum reaction en-
ergy is closer to 10MeV/u, the angular distributions are
easier interpreted here, see [110,111] for a more detailed
discussion. The maximum cross-section is likely to be at
lower beam energy for very unstable nuclei [112], but an-
gular distributions may not be that easy to unravel. How-
ever, this is partly due to the fact that transitions often
involve transfer to continuum that is more difficult to treat
theoretically, see e.g. [113].

There were HIE-ISOLDE letters of intent put forward
for transfer experiments in several regions of the nuclear
chart, but the proposals have so far focussed on a few
regions, the main one being the neutron-rich Ni isotopes.
The mapping of the single-particle strength in these nuclei
will be improved, making use of the higher reaction energy,
in IS587 for 68Ni(d,p) and continued in IS555 with the
70Ni(d,p) reaction. Related to these efforts is experiment
IS556 that will study the neutron single-particle orbits
above N = 50 through the 80Zn(d,p) reaction. In a sepa-
rate line of investigation the (d,p) reaction will be used to
induce fission in heavy radioactive beams and thereby de-
termine the fission barrier height, this experiment (IS581)
would make use of the active target ACTAR.

The proposed spectrometers mentioned in sect. 3.4
would enhance the possibilities for future transfer experi-
ments.

4.1.3 Other reactions

The next step after one-nucleon transfer is to consider
two-nucleon transfer, e.g. the (t,p) reaction as already
employed successfully at REX-ISOLDE to identify the ex-
cited 0+ level in 32Mg [108]. Taking advantage of the in-
crease in beam energy and employing the same tritium
target technique, two HIE-ISOLDE experiments (IS561
and IS606) plan to use 9Li and 11Be beams to investigate
unbound states at the neutron dripline, namely excited
states just above the two-neutron threshold in 11Li and
the levels in the unbound nucleus 13Be.

Continuing to even heavier targets multi-nucleon
transfer becomes important and allows to access other
phenomena [114]. An exploratory experiment with a
98Rb/98Sr beam on a 7Li target has already been per-
formed at REX [115]. The triton-transfer reaction pop-
ulates levels at such high excitation energy that several
neutrons can be emitted. This mechanism will be used
in experiment IS595 with a 132Sn beam. In this way it
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should be able to populate states in 133Sb that are so far
unobserved.

It has proven difficult to produce nuclei “south-east”
of 208Pb with conventional reactions. According to calcu-
lations multi-nucleon transfer from a heavy neutron-rich
projectile may succeed, as it will be attempted by exper-
iment IS572, with an accelerated 94Rb beam on a 208Pb
target. This method should populate nuclei such as 210Hg
where the current experimental data present puzzles for
shell-model calculations.

Elastic scattering reactions may also give interesting
information on exotic nuclei [116]. In particular halo nu-
clei can give a different response from the standard one,
as has been elucidated in several experiments carried out
at several laboratories including a comprehensive compar-
ison [117] from REX-ISOLDE of elastic scattering of 11Be
on a Zn target with that of 9,10Be at the same c.m. en-
ergy. Due to the coupling to continuum states the low-
energy elastic scattering is strongly affected, see e.g. [118].
Proceeding further to unbound states, one elegant way of
probing them is elastic resonance scattering. The exper-
iment IS564 aims to employ this technique to study the
proton-unbound nucleus 21Al making use of the active tar-
get MAYA.

A special group of reactions are the ones motivated
in nuclear astrophysics [119]. Although often making use
of techniques mentioned earlier they typically need to ex-
tract detailed information on specific reactions that can be
accessed directly or indirectly. This is illustrated by the ex-
periments IS554 and IS591 that both employ (d,p) trans-
fer reactions. The former is motivated in the 7Li abun-
dance anomaly in cosmology where better knowledge on
the 7Be reaction rates is needed. The latter uses the (d,p)
reaction to characterise the levels just above the neutron
threshold in 18N, the properties of which are needed in
order to deduce the 17N(n, γ) rate that could be relevant
for the r-process in neutrino-driven winds. A different case
is provided by the 59Cu(p, α) reaction that will be studied
from 3.6MeV/u to 5MeV/u by IS607. This reaction plays
a key role in the νp-process in core collapse supernovae
and its rate is crucial in determining whether the process
may produce sufficient amounts of the lighter p-nuclei such
as 92,94Mo whose abundance remains a problem. The reac-
tion is furthermore one of the few cases where the reaction
rate is needed at high temperatures so that a direct mea-
surement is possible at the energies of interest.

Astrophysics is also part of the motivation for IS559
where inelastic excitations of a pure 66Ni beam will be
detected and analysed within two different frameworks in
order to extract the gamma-ray strength function. There
are indications that this is enhanced at low energy for
stable nearby nuclei, see [120] and references therein, and
if a similar enhancement also is present for the neutron-
rich nuclei it will obviously affect neutron capture cross-
sections.

There are of course more possibilities appearing as the
beam energy is increased further, most of these are still un-
explored for HIE-ISOLDE. Other laboratories have looked
at the peculiarities of fusion reactions including weakly

bound nuclei, a recent review is given in [121]. More com-
plex reactions will occur for heavier radioactive beams on
heavy targets above the Coulomb barrier, such as deep
inelastic scattering. The proposal that so far goes furthest
in this direction is IS550 that aims to explore the physics
of super-heavy nuclei through quasi-fission, bombarding a
Bi target with the neutron-rich 95Rb. The cross-sections
for quasi-fission are many orders of magnitude above those
for fusion and analysis of the reaction products, measured
with the CORSET spectrometer, may allow to pinpoint
the location of the next magic numbers in the very heavy
systems.

4.2 Other accelerated beam experiments

Nuclear decays —beta decays, particle decays or the com-
bination beta-delayed particle decays— are sensitive to
the nuclear structure and can be very powerful tools
to study nuclei far from stability [122–124]. The most
spectacular physics is often found in transitions of small
branching ratio so that detectors with considerable dis-
crimination ability are needed, one example being the
OTPC [68] mentioned in sect. 3.4. Here the radioactive nu-
clei are implanted deeply into the detector, which requires
acceleration to several MeV/u. This technique was used
initially at in-flight facilities, but has already been used
successfully at REX-ISOLDE for the decay of 6He [125].
Implantation into Si-detectors is also an option and have
been used to study the beta-delayed α-decay of 11Be [126].
The energy increase will allow to extend these method to
heavier nuclei where the energy loss in the entrance win-
dow is larger.

We note in passing that deep implantations of radioac-
tive ions will be an interesting technique for several solid-
state applications.

There are also several techniques that can be applied
for measuring the magnetic moments of excited states.
One of them is the transient field technique that has al-
ready been employed at REX-ISOLDE for the 2+ level
of 72Zn [127] and is proposed in a letter of intent to be
used further in the region above 132Sn. Among the other
methods discussed in [17] one makes use of the nuclear
alignment that is induced in (multi-nucleon) transfer re-
actions in order to measure the moments of short-lived
isomeric states. Multinucleon transfer gives rise to larger
alignment that one-nucleon transfer so HIE-ISOLDE en-
ergies are clearly favoured.

The tilted foils polarization technique mentioned in
sect. 3.4 is the basis for experiment IS560 where the
method will be developed for In beams in order to measure
the magnetic moment of the ground states of 129,131In.
This will indicate how robust the N = 82 shell closure is.

4.3 Low-energy beams

As discussed in sect. 3.3 the low-energy radioactive-beam
experiments at ISOLDE (employing ion beams with en-
ergy up to 60 keV or stopped samples) already have bene-
fited from the improvements in beam purity and intensity
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Fig. 19. Gamma-ray spectrum of 74Zn, Coulomb excited at
two beam energies: 4MeV/A beam on 208Pb target (blue line)
and 2.85 MeV/A beam on 196Pt target (red line). Only a small
part of the data has been taken into account. Population of
higher-lying states is clearly enhanced at increased beam en-
ergy. Courtesy of A. Illana.

that resulted from the major upgrade of the RILIS facility
and the installation of the ion beam cooler and buncher
ISCOOL.

Very direct examples of the benefits can be found
among the many laser experiments that are an impor-
tant part of the experimental programme at ISOLDE as
well as many other radioactive-beam facilities [128–130].
The RILIS improvements have resulted in many new ion-
ization schemes being developed, one spectacular example
being the element astatine where the first ionization po-
tential was measured [131]. The use of ISCOOL allows a
very significant reduction of background in collinear beam
laser spectroscopy experiments as was already apparent
from the first tests [132]. It is now an integral and es-
sential part of the experiment CRIS (collinear resonance
ionization spectroscopy) [133].

4.4 The first physics output

The first physics experiment to run after installation of
the first cryomodule at HIE-ISOLDE was IS557, perform-
ing Coulomb excitation of the neutron-rich Zn isotopes.
The subtle shell closure at N = 40 mainly observed in the
spherical nucleus 68Ni is presently understood as due to
the interplay between the intruder 1g9/2 and 2d5/2 neutron
orbital that induces collectivity by pair excitations from
the fp shell into the g9/2 orbital, and the change in parity
that hinders quadrupole excitations. Adding valence nu-
cleons to the N = 40 open shell leads to a rapid increase
of collectivity. To learn about the interplay between sin-
gle particle and collective degrees of freedom one should
study in detail this region as these rapid changes indicate
underlying complex effects. These phenomena make this
region ideal for testing theoretical calculations. In this con-
text the Coulomb excitation study of 74,76Zn at 4MeV/u,
ideal energy for safe coulex, were chosen as the first HIE-
ISOLDE radioactive-beam experiment. The aim was to
study the properties of the excited states beyond the 2+

1
state. Of particular interest was the determination of the

Fig. 20. The TSR storage ring from MPI, Heidelberg would
add unique experimental possibilities to HIE-ISOLDE. The ac-
celerated beams will be injected into the ring and cooled. Ex-
periments can take place on the circulating beam or by extract-
ing the beam after cooling. Note the possibility of accelerating
or decelerating the beam in the ring.

lifetime of the first 4+ state, for which the results of earlier
measurements [134,135] were contradictory. Physics runs
on 74Zn and 76Zn took place in October/November 2015
both at the original REX-ISOLDE energy of 2.85MeV/u
and after acceleration in the superconducting linac to
4MeV/u, details were given in sect. 3.2.2. The intensi-
ties of laser ionised 74,76Zn beams at the target position
were 106 and 5×105 pps, respectively. At the latter energy
the 4+ → 2+ transition in 74Zn was clearly enhanced com-
pared to the REX-ISOLDE energy, so a good determina-
tion of the lifetime of the 4+ state will be achieved [136].
Figure 19 presents a comparison of γ-ray spectrum for
74Zn at two beam energies. A clear enhancement of multi-
step Coulomb excitation at increased beam energy is ob-
served, demonstrating the new experimental opportunities
that open thanks to HIE-ISOLDE.

5 Outlook

REX-ISOLDE has since the turn of the century enlarged
the physics reach of ISOLDE greatly by adding the pos-
sibility of performing nuclear reactions with the large
number of radioactive isotopes that can be produced.
The main type of reaction studies performed so far are
Coulomb excitation due to the upper limit on the reaction
energy of 3MeV/u. By increasing this upper limit to now
5.5MeV/u and in the near future up to 10MeV/u, HIE-
ISOLDE will drastically increase the possible number of
studies that can be performed. This timely increase allows
precision nuclear structure studies to be extended to large
regions of the nuclear chart that are so far insufficiently
explored. This is perfectly aligned with the requirements
for future progress in nuclear structure physics as outlined,
e.g., in the latest overviews of the field by NSAC [137] and
NuPECC [138]. Furthermore, the simultaneous improve-
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ments in beam quality and intensity are significant and
will benefit much of the physics programme at ISOLDE.

Even though HIE-ISOLDE has only just started to de-
liver the first of its long awaited physics results, projects to
enlarge the capabilities of the facility even further are al-
ready quite advanced. The most far-reaching is the instal-
lation of a storage-ring by moving the existing TSR from
the Max-Planck Institute for Nuclear Physics in Heidel-
berg to CERN, see fig. 20. A technical design report [139]
has identified all requirements for the project and fund-
ing for most parts is identified, the main unresolved issue
being the construction of a building to house the storage-
ring. The new physics possibilities cover a wide range
within atomic physics, nuclear physics and nuclear astro-
physics [139–141] and involve experiments taking place in-
side the ring as well as experiments with extracted beams
that benefit from the improved beam properties.

ISOLDE has for more than a decade, along with sev-
eral other European facilities including GANIL, GSI, LNL
and Jyväskylä, been involved in the work towards EU-
RISOL. There is still much work to be done before this
ambitious high-intensity ISOL facility will be realised,
but many of the technical challenges are being addressed
through the steady progress accumulated in the existing
facilities. The results obtained in the HIE-ISOLDE project
will also be an important step towards EURISOL. This
synergy is of course clear for the people working on the
many aspects of ISOL technology, but it is also being ac-
knowledged on a more official level through the EURISOL-
DF (Distributed Facility) collaboration [142].

There are no indications yet that the experimental ex-
ploration of nuclei away from beta-stability will be su-
perseded by sufficiently detailed and reliable theoretical
calculations. Theory is of course essential for obtaining
a full understanding of how nucleons organise themselves
in nuclei, but experimental data coming from an increas-
ing number of radioactive beams are clearly needed in the
foreseeable future. The ISOLDE facility, as now strength-
ened through the HIE-ISOLDE project, can contribute in
a significant way to this exploration. The facility has a
bright and busy future ahead.

A successful project such as HIE-ISOLDE has many proud par-
ents, we would like to thank them all for their efforts during
the last decade. We would like to give special thanks to M. Lin-
droos and P. Butler who started the dream of HIE-ISOLDE,
and to Fonds Wetenschappelijk Onderzoek, FWO, Big Sci-
ence 1 (BE) that on the initiative of M. Huyse, believed in
the project and provided the first investments. Special thanks
to CERN and the ISOLDE Collaboration, without their sup-
port this project will have not been realised. Particular thanks
are due to the project leader Y. Kadi and his deputy W. Ven-
turini Delsolaro. We would like also to thank R. Catherall, J.
A. Rodriguez and F. Wenander for their comments.
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