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Summary. The interactions of high-energy protons with mat-
ter produce a large variety of radionuclides due to the diversity
of the induced nuclear reactions. Some of those isotopes are very
rare, exotic, and, in many cases, difficult to produce by com-
plementary methods. Valuable isotopes, interesting for scientific
and technological applications, can be extracted from samples
stemming from the surroundings or components of a proton ac-
celerator, in particular if the load of the initial particle current is
relatively high (esp. in the Megawatt range).

Since PSI operates one of the most powerful high-energy
proton accelerators world-wide, this facility is best-suited
for an R&D program aimed at “harvesting” such isotopes.
An initiative called ERAWAST (Exotic Radionuclides from
Accelerator Waste for Science and Technology) was started in
2006 in order to identify and motivate potential users. After
six years, first achievements as well as realistic future plans
for front-end experiments are available.

The present contribution describes radiochemical separa-
tion techniques for selected examples, summarizes the most
prominent results and gives an outlook on the upcoming
experiments within the scope of the ERAWAST program.

1. Introduction

Isotope production is nowadays mainly based on neutron
capture using high flux reactors and/or nuclear reactions
using particle accelerators of a limited energy (< 100 MeV).
In accelerator-based production facilities, compound nu-
cleus reactions dominate, providing the production of the
desired radionuclides and suppressing the formation of by-
products. However, not for every isotope such direct pro-
duction routes are possible, or the achievable yields are
very low. Those “exotic” radionuclides are therefore very
rare, and their production is time-consuming and expensive.
An alternative type of nuclear reaction is spallation, where,
due to the high energy of the incoming particles (above
200 MeV), in principle all isotopes with masses below the
sum of the target and projectile mass (Mtarget + Mprojectile) are
formed. This approach requires highly sophisticated chem-
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ical separation techniques (in some cases also including
mass separation), but gives access to isotopes which are dif-
ficult to produce by other means. Unfortunately, nuclear data
on these very complex reactions are still lacking in many
cases, although they are becoming more and more important
in several scientific and technical application fields, covering
partitioning and transmutation of nuclear waste by accelera-
tor driven systems (ADS) like MYRRHA [1], the design and
construction of spallation neutron facilities like SNS [2] or
ESS [3], the characterization of standard materials for Ac-
celerator Mass Spectrometry (AMS), as well as for basic
research in nuclear physics and nuclear astrophysics.

Experiments aimed at improving our knowledge on nu-
clear data typically require highly sophisticated measure-
ment systems, in many cases large-scale facilities providing
the necessary beams with high intensity and high quality and
– last but not least – suitable sample material in the required
amount and quality. Unfortunately, in many cases these ma-
terials are very rare and difficult to obtain. Therefore, some
years ago, an initiative was launched at the Paul Scher-
rer Institute (PSI) to look for suitable sources for exotic
radioactive isotopes from accelerator waste for several pur-
poses (ERAWAST – Exotic Radionuclides from Accelerator
WAste for Science and Technology). The first ERAWAST
workshop was held in 2006 at PSI to identify requirements
and attract potential users [4]. 30 participants from 12 coun-
tries participated and a first working program with short-
and long-term objectives was established. In 2011, the sec-
ond ERAWAST workshop took place at PSI, where the first
results of this collaboration were presented as well as new
ideas for experiments were developed [5]. The present pa-
per gives an overview on the background, the achievements
and future plans of ERAWAST. We report on the possibil-
ities of isotope production at PSI and our capabilities for
radiochemical separations. We shortly describe successful
experiments which are published elsewhere and give an out-
look on upcoming experiments.

2. Sources for exotic radionuclides at PSI

For more than 10 years, PSI has been running one of the
most powerful cyclotrons world-wide with a proton energy
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of 590 MeV and a beam current of up to 2.4 mA. Among
others, it feeds the neutron spallation source SINQ, where
the remaining beam is fully stopped in a solid lead target.
All accelerator components which interact with the intense
proton beam like targets, collimators, construction materi-
als, beam dumps, shielding and others are highly activated
during use. Consequently, careful analytics in the case of
dismantling is required from Swiss authorities in order to get
reliable information on the radionuclide inventory for an in-
termediate or final disposal. After several of such analysis
campaigns we have found that exotic isotopes, hardly to be
produced by other nuclear reactions, are detectable in these
components in distinct quantities, making it worth to per-
form a dedicated separation.

First attempts were successful, and now we own a world-
wide unique repository of several valuable and rare iso-
topes [6].

In the following, we give an overview on the sources
of rare radionuclides at PSI and show the possibilities for
chemical separations as well as first successful applications
of some selected isotopes.

2.1 Targets and beam dumps

A copper beam dump, installed at the 590 MeV proton beam
station at PSI, had been dismounted about 20 years ago.
After an extended radiochemical analysis [7], the inner part
of 2 cm, where the highest activity concentration of 26Al,
44Ti, 53Mn, 60Fe, 59Ni and others was found, had been drilled
out and is stored for further use.

The PSI operates a rotating graphite wheel as target for
muon production where up to 20% of the intensity of the
proton beam is consumed. These targets are highly enriched
in 10Be, and can be chemically processed without any addi-
tional radioprotection after a cooling time of about 2 yr.

2.2 Material from the SINQ facility

The PSI spallation source SINQ contains solid lead as target
material for neutron production. These activated lead targets
contain besides the above mentioned isotopes also radionu-
clides with a higher atomic number like 207Bi, 182Hf , rare
earth elements (e.g. 148Gd, 146Sm and several Dy isotopes).

The material research program STIP (SINQ Target Ir-
radiation Program) [8] deals with the study of materials
properties evolution under high proton and neutron fluxes.
Samples of different construction materials and different
shapes were mounted into the SINQ target and irradiated for
a period of two years. After mechanical testing, the samples
are available for isotope extraction. All of them have very
high specific activity. Stainless steel samples can be used for
the preparation of 44Ti, 26Al and 53Mn (see for a review [9]).

2.3 SINQ cooling water

Ultrapure D2O is used as neutron moderator and for cool-
ing of the SINQ facility. The three installed cooling loops
for different parts of the SINQ facility are unique sources
for the separation of 7Be as well as other long-lived isotopes
from irradiated structure material (e.g. 22Na, 88Y). Details of
the separation technique as well as the application in nuclear
astrophysics are described elsewhere [10].

2.4 Special irradiations

Additionally, the SINQ facility offers the possibility to irra-
diate materials with up to 570 MeV protons at special pos-
itions inside the SINQ target (like in the STIP). Due to the
modular structure of the SINQ target, samples can be placed
at positions corresponding to the energy of their excitation
function maximum, and thus, guaranteeing optimized pro-
duction rates of the desired isotope. Currently, for two kinds
of materials the irradiations are already finished: V and Ti
for 44Ti production and Bi for 205Pb production.

2.5 Irradiation with 71 MeV protons (injector 2) and
with up to 570 MeV neutrons (PNA, NAA)

Common isotope production facilities are also available at
PSI. A dedicated beam line providing about 10% of the
71 MeV proton beam, delivered by the injector 2 cyclotron
was installed for proton induced isotope production. This
facility is currently used mainly for production of short-
lived isotopes for radio-pharmaceutical purposes. In add-
ition to the neutron imaging and diffractometry setups at
the SINQ neutron irradiation facilities were installed for
preparative neutron activation (PNA) providing specific neu-
tron fluxes relative to the delivered proton beam intensity
of about 2.0×1013 n/cm2/s/mA and for neutron activa-
tion analysis (NAA) with specific neutron fluxes of about
0.4×1013 n/cm2 s mA [11]. Due to the different proximity
of the irradiation tube noses to the spallation target the neu-
tron spectra varied slightly, whereas in both cases predom-
inantly thermal neutrons were delivered, but also neutrons
with energy up to 570 MeV are present to a minor part.
This allows exploiting nuclear reactions others than the pure
neutron capture. Both setups can operate in parallel using in-
dependent irradiation tubes into the volume of the moderator
vessel and each is equipped with two pneumatic transport
systems for samples up to 20 g in the case of the PNA and
up to 8 g for the NAA. Therefore, best conditions in terms
of the neutron flux and the exposition time can be chosen for
irradiation of sample materials.

2.6 Chemical isolation from other irradiated material

The key prerequisite to investigate nuclear properties of
exotic isotopes is not only the availability of a sufficient
amount of them but also the preparation of samples or tar-
gets with a high chemical purity and mechanical stability.
Manufacturing of such targets can be also performed with
materials originating not from the ERAWAST program, but
from other sources, esp. from outside the PSI. One example
is the chemical purification of a 63Ni sample from its decay
product 63Cu. This target was recently successfully used in
an experiment of astrophysical interest with the aim to deter-
mine neutron-capture cross sections of 63Ni using the n_TOF
facility [12].

3. Results

3.1 60Fe samples for nuclear astrophysics

The description of the galactic evolution and the under-
standing of the history of the universe require experiments
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to study the production and destruction rates of the elem-
ents under galactic conditions. Isotopes with relative long
half-lives play an essential role in the s-process as so-called
“waiting points” [13], where the usual neutron capture and
beta decay cycle is competing with the possibility of addi-
tional neutron capture processes. One of these “Hotspots” in
this research field is for instance 60Fe. To gain more know-
ledge in this field, the half-lives and neutron capture cross
sections of these isotopes have to be measured with much
higher accuracy than today [14].

60Fe is one of the isotopes which can be hardly produced
by means other than spallation reactions. Only in high-flux
reactors double neutron capture of stable 58Fe allows to
overcome the short-lived radionuclide 59Fe (T1/2 = 44.5 d)
to produce significant amounts of 60Fe. Unfortunately, sam-
ples produced this way contain the stable isotopes of iron in
abundances several orders of magnitude higher. Therefore,
such material will not contain macroscopic amounts of 60Fe
and is not suitable for the determination of capture cross sec-
tions, because its signal is strongly diluted and dominated by
that from the other iron isotopes. The total activities, which
are reachable by neutron activation, are comparable to the
here discussed method, but require large sample masses and
long irradiation periods and are, therefore, time-consuming
and expensive.

For these reasons, the more appropriate source for pro-
ducing large quantities of 60Fe are materials exposed to high-
power, highly-energetic particles. We used pieces of the
proton-irradiated copper beam dump for these experiments.
Several grams of Cu were dissolved in nitric acid and under-
went several separation steps, like co-precipitation, liquid–
liquid extraction and ion exchange to obtain finally a product
nearly free from all disturbing contaminants. Especially its
60Co contamination had to be reduced strongly as 60Co dom-
inates the dose rate. Moreover, as 60Co is also the decay
product of 60Fe, the in-growth of 60Co from 60Fe decay can
be used to determine the total 60Fe activity. High levels of
intrinsic background 60Co will hamper such measurements.
We were able to produce two samples with 60Fe amounts
of around 1016 atoms and activities less than 0.25 Bq 60Co.
They were successfully used for the two experiments de-
scribed below.

3.2 The re-determination of the half-life of 60Fe [15]

Prior to 2009, only one reliable value for the 60Fe half-life
existed [16], which had been obtained by determining the
total 60Fe activity with γ -spectrometry and the total number
of 60Fe atoms by accelerator mass spectrometry. The uncer-
tainty of the half-life value given in [16] of 1.5×106 yr was
30%.

In our experiments for a new half-life measurement,
a fraction of the produced 60Fe sample was dissolved in
5 mL diluted HCl containing approximately 800 ng of 60Fe.
Applying Eq. (1)

T1/2 = N/A × ln(2) (1)

the half-life value was determined from the activity and the
number of 60Fe atoms of that sample. The activity of 60Fe
was determined by measuring the ingrowths of the daughter

nuclide 60Co using γ -spectrometry, while the number of 60Fe
atoms was measured by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS). Using Eq. (1), we obtained a value
of

T1/2 = (2.62±0.04)×106 yr

(combined standard uncertainty, k = 1) , (2)

being nearly twice the value of Kutschera et al. [16] and
with a significantly reduced uncertainty. All details of sam-
ple preparations as well as the description of the ICP-MS
measurement are given in [17]. This new half-life value has
a great impact on theoretical nucleosynthesis calculations,
on predictions of the abundances of isotopes in the iron
region and the understanding of the involved stellar pro-
cesses [18].

3.3 First measurement of the neutron capture cross
section at stellar energies [19]

A 60Fe containing iron target, fixed on a graphite backing
was produced to carry out a first measurement of the neu-
tron capture cross sections at stellar neutron energies (KIT
Karlsruhe). Details of the target preparation are described
in [20].

The number of 60Fe atoms in the target was determined
to be 4.5×1015 by measuring the in-growth of 60Co after
a careful separation of the initial 60Co and applying the new-
half-life value. The target was exposed to a neutron spectrum
peaking at 25 keV which was produced via the 7Li(p, n)7Be
reaction using a proton beam of 1912 keV [21]. The number
of produced 61Fe atoms was measured by γ -spectrometry
using a pair of Glover detectors. 118 single events and 17
coincidences were observed in the course of these measure-
ments. The neutron capture cross section at stellar energies
(kT = 25 keV) was calculated to be

〈σ〉 = (5.8±1.7 syst ±0.8 stat) mbarn (3)

applying the new 60Fe half-life [15]. All details of the experi-
ment are described in [19].

3.4 Preparation of 60Fe and 26Al standard material
for AMS

Accelerator Mass Spectrometry (AMS) as – in most cases
– a relative measurement technique requires the availabil-
ity of the respective reference material. The concentration of
the radionuclide in the reference material is in many cases
(for instance 26Al and 60Fe) certified using radiation meas-
urement techniques. In these cases, the absolute AMS meas-
urement value, e.g. the isotopic ratio, is directly related to
the half-life. For instance for 60Fe the isotope ratios of pre-
vious standards had to be scaled by a factor of ∼ 1.7 due to
new half-life value. It is, therefore, very important that well-
characterized standard materials are available in the required
amounts.

We obtained from the stock solution used for the half-
life measurement a series of 60Fe-standards, consisting of
Fe2O3 in three isotopic ratios (60Fe/stableFe): ∼ 1×10−12,
∼ 1×10−10 and ∼ 1×10−8. The material was prepared by
measuring the initial 60Fe concentration in the stock solution
with ICP-MS and subsequent stepwise dilution with stable
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Fig. 1. Comparison of several standard materials; figure taken from
Ref. [25].

iron. The final characterization by Accelerator mass spec-
trometry is currently underway.

Considering the high importance of a well-characterized
and certified reference material in AMS, it is surprising, that
up to now such standard reference materials can seldom be
commercially purchased, and if at all, they are extremely ex-
pensive, like in the case of 26Al. Moreover, results of the
first international inter-laboratory comparison showed dis-
crepancies of the respective in-house reference samples of
up to 10% [23]. As can be seen in Fig. 1, also the stan-
dard materials themselves can differ widely from one labo-
ratory to another [25]. Obviously, certified material is rare
and not available to every laboratory, the quantity of the
provided material is not sufficient for distributing it to all in-
terested laboratories and the preparation of the final samples
is not carried out in consistent procedures. Therefore, there
is a strong need to prepare a sufficient amount of 26Al refer-
ence material with high accuracy, which can be provided to
all interested laboratories world-wide.

We used samples from a proton-irradiated copper beam
dump for the isolation of 26Al sufficient for producing AMS
reference material. Details of the chemical separation can be
found in [6, 7].

The 26Al, extracted from the Cu matrix, was diluted
to 25 mL 1 M HCl. From this stock solution a sample
was sent to Physikalisch-Technische Bundesanstalt (PTB)
Braunschweig in order to perform a certified absolute γ -
measurement.

Two subsamples of the delivered 26Al stock solution,
with a mass of 3.95 g each, were transferred to cylindri-
cal vials with 25 mm diameter. The 26Al activity in each
subsample was determined by measuring the characteris-
tic γ -radiation in an absolute efficiency calibrated with
a high purity germanium (HPGe) spectrometer. The meas-
uring period for both subsamples was 285 h. The HPGe
spectrometer is a secondary-standard measuring device cali-
brated by activity standards from primary standardization of
the PTB. The absolute activity of the sample was deduced
taken into account coincidence-summing correction. These
measurements yield a specific activity of the stock solution

Table 1. Measured isotopic ratios for the 26Al AMS standard.

No. I[10−11] δ I[10−11] δ I[10−11] Date
ETHZ VERA γ

1 − − 9.99 −1.2 10.12 19 Apr 2007
2 − − 10.2 +0.8 10.12 19 Apr 2007
3 11.05 +9.2 − − 10.12 26 Sep 2007
4 11.03 +8.9 − − 10.12 26 Sep 2007

of (0.448 ± 0.014) Bq/g. The uncertainty stated is the ex-
panded uncertainty obtained according to the “ISO Guide
to the Expression of Uncertainty in Measurement” by mul-
tiplying the combined standard uncertainty by the coverage
factor k = 2, i.e. it corresponds approximately to a coverage
probability of 95%.

A 4 mL aliquot of the solution was transferred into a suit-
able vial and used as γ -calibration source for further 26Al
samples in a high purity germanium well detector.

Four different AMS samples were prepared each from the
stock solution for a subsequent comparison at several AMS
facilities. In Table 1 the results of the measurements per-
formed at VERA (Vienna) and ETHZ (Zurich) are shown in
comparison to the calculated isotopic ratio from the γ -ray
spectrometric measurement.

The data in Table 1 show that ETHZ overestimates the
value from the γ -measurement by about 8–9% which was
expected already from earlier measurements (see Fig. 1).

From that material, approximately 240 g Al2O3 (corres-
ponding to 130 g Al), samples can be provided to interested
users, based on an isotope ratio of about 10−10. In total, the
amount will be sufficient to prepare up to 260 000 AMS
samples.

3.5 Separation of 207Bi from irradiated lead

Proton–irradiated lead samples from the SINQ target rep-
resent a unique and valuable pool for the retrieval of rare
exotic radionuclides with higher atomic numbers. Due to the
long irradiation time – usually two years – and the high pro-
ton intensity, high activity concentrations can be expected.
First works on the determination of the radionuclide inven-
tory distribution within such a SINQ target are currently
ongoing.

One of the radionuclides, useful as calibration source for
γ -spectrometry, is 207Bi. With its relatively long half-life of
31.5 yr and three γ -lines up to 1800 keV, it is best-suited for
several applications requiring high-energy calibration points
in γ -spectroscopy. Moreover, from lead as target material,
the production of stable Bi is not favored, giving the possi-
bility to produce even no-carrier-added (n.c.a.) samples.

In previous works, we determined the radionuclide con-
tent of samples from the SINQ target 4 [26]. In general,
SINQ targets consist of a bundle of lead rods clad with SS
316L or Zircaloy tubes assembled as a cannelloni setup.
Target 4 was in use from 20th March 2000 till 23rd Decem-
ber 2001 and was irradiated with an integrated beam of
10.03 Ah. We have found 207Bi activities of up to 30 MBq/g,
making this exploitation project very promising.

For the preparation of a 200 kBq calibration source,
around 10 mg lead were dissolved in 10 mL 7 M HNO3 and
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Fig. 2. γ -ray spectra of the 207Bi sample: (a) without chemical treat-
ment, (b) after first separation, (c) final product.

evaporated, till a precipitation of Pb(NO3)2 occurred. The
over standing solution was measured using a HPGe detec-
tor (ORTEC) (Fig. 2a). The given γ -spectra were obtained
using a HPGe spectrometer with a bulletized crystal in coax-
ial assembly with a diameter of 53 mm and a length of
44 mm resulting in a relative full-energy peak efficiency of
21.8%. The pre-amplifier of the detector is connected to
a Canberra® acquisition interface module based counting
system and the Canberra® Genie 2000 data acquisition and
analysis PC-program suite. The full width at half-maximum
of the counting setup is 0.80 keV at 122 keV and 1.73 keV at
1332 keV, respectively.

The supernate solution was decanted and evaporated to
dryness. The residue was dissolved in 3 M HNO3 and passed
through a lead-specific ion exchange column (Eichrom) in

order to remove traces of lead. The eluate was again evapo-
rated and the activity dissolved in 1 M HNO3. This solution
was loaded onto a cation exchange column (DOWEX 50×
8, 200–400 mesh, H+ form). Afterwards, the column was
washed with 10 mL 1 M HNO3. Then, the Bi-fraction could
be eluted with 6 mL 0.4 M HCl and was measured in the
same geometry (Fig. 2b).

After this treatment, the 207Bi fraction showed only
a slight contamination with 108mAg. In order to remove this
impurity, in a final purification step 1 mg La was added and
concentrated ammonia solution was used to precipitate the
hydroxide. Whereas 207Bi was found completely in the pre-
cipitate, silver stayed as ammonia complex in solution. To
get rid of the lanthanum, the precipitate was dissolved in 1 M
HNO3 once more and the purification procedure using the
ion exchange column was repeated as described before.

After the final purification step, silver was completely re-
moved as can be seen in Fig. 2c. The final sample contains
∼ 260 kBq. With the availability of more sample material
from SINQ targets in the near future, we can now think
about the establishment of a routine production of such rare
and valuable radionuclides.

Further works aimed to separate the long-lived 182Hf as
well as lanthanides like the α-emitting 148Gd and 146Sm
are currently ongoing. These isotopes are not detectable by
non-destructive radiation measurement techniques, but the
presence of lighter lanthanides like 172Lu in the γ -spectrum
(Fig. 2a) makes their presence very likely.

Extended model studies are necessary to develop suitable
chemical separation techniques, especially for the lanthanide
separation.

3.6 Separation of 44Ti and other radionuclides from
stainless steel [8]

Massive stars end their life as a supernova, where part of
the stellar material is ejected and the remaining core col-
lapses as a neutron star or a black hole. Supernova are some
of the most energetic explosions in the Universe, providing
an excellent laboratory for nuclear physics and astrophysics
research. During core collapse supernova, the ejected core
matter is totally decomposed into protons, neutrons and α-
particles due to the high temperatures. The development of
the super nova shock wave region and the connected cool-
ing down leads to the so called explosive nucleosynthesis of
heavy elements. 44Ti is produced in a region where the tem-
perature drops down to 0.25 GK and the α-rich freeze-out
takes place.

44Ti (T1/2 = 60.4 yr) can be observed in the cosmos, due
to its decay product 44Sc with a half-life of about 4 h and
a well-measureable γ -line of 1157 keV, which makes this
isotope, similar to the long-lived 26Al (Eγ = 1808 keV), ex-
tremely interesting for studying the processes in the uni-
verse [27]. Due to its relatively short half-life the obser-
vations of 44Ti in the universe yield information about
the conditions during and shortly after the core collapse.
The interpretation of this signal depends not only on our
knowledge about the production mechanism but also on
all possible destruction paths of 44Ti, as they are the ra-
dioactive decay and radiation or particle induced reactions.
Among others, the reaction 44Ti(α, p)47V is one of the
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most significant processes to destroy 44Ti in the cosmic
environment.

The main contributor to the γ -ray dose in our source sam-
ples – proton irradiated ferritic or martensitic steel specimen
– is, after a cooling time of around 10 yr, 44Ti. Due to the
comparable low dose rate, making the handling relatively
easy, and the high activity concentration of 44Ti, these sam-
ples count as the most prospective ones for the preparation
of 44Ti samples. Besides this main radioactive component,
also considerable amounts of 53Mn and 26Al were found.
Therefore, a subsequent chemical separation procedure was
developed and successfully applied. At the moment, a 44Ti
source with more than 100 MBq is available; the preparation
of the other two samples 26Al and 53Mn will follow soon.
The chemical separation procedures, based on liquid–liquid
extraction, precipitation and ion exchange are described in
detail in [9].

A first experiment with 44Ti was successfully performed
in fall 2012 at CERN-ISOLDE studying the 44Ti(α, p)47V
reaction in inverse kinematics by producing a radioactive
beam of 44Ti and bombarding a 200 mbar helium target.
The data analysis is currently going on. The use of inverse
kinematics reactions provides the possibility to separate 44Ti
from other stable Ti isotopes present in the sample, thus
suppressing unwanted side reactions. Moreover, the detec-
tion of the reaction products is improved due to the higher
kinetic energy of the reaction products. However, an inves-
tigation of the 44Ti(α, p)47V reaction using a 44Ti target and
an α-particle beam is also planned (at HZDR, Germany).
For these investigations, 44Ti targets implanted at CERN
ISOLDE have to be manufactured.

3.7 10Be from proton-irradiated graphite [30]

Another “hot topic” in nuclear data is the half-life of 10Be,
where the literature values differ from 1.34×106 yr to
1.51×106 yr [31]. As much as possible additional determi-
nations of the 10Be half-life are, therefore, needed to obtain
a reliable value. One possibility for a re-measurement of
the 10Be half-life is the use of Liquid Scintillation Counting
(LSC) for the determination of the activity and MC-ICP-
MS for measuring the number of atoms. An experiment
dedicated to the re-measurement of the half-life of 10Be is
foreseen at PSI in collaboration with PTB Braunschweig.

10Be represents – moreover – a proxy of a halo nucleus.
These halo nuclei consist of a compact core nucleus in ac-
cordance with the classical picture of a nucleus plus one or
several weakly bound nucleons orbiting the inner core with
relatively large distances. From charge radii measurements
in comparison to the neighboring non-halo isotopes the ef-
fect of the halo-neutrons on the inner core can be studied.
For that, an intense 10Be beam is necessary. The develop-
ment of such a beam with 10Be from PSI is foreseen at INFN
Catania [5].

For the separation of 10Be in amounts up to several 10 μg
we used irradiated graphite stemming from the “Target E” at
PSI. This installation is a rotating carbon wheel which pro-
duces muons for several particle physics experiments [33].
Moreover, it serves as a “beam shaper” for the SINQ. Up to
now we extracted about 80 μg or 4.8×1018 atoms of 10Be.
Details of the chemical processing are given in [30].

3.8 Preparation of a 63Ni target for n_TOF [12]
63Ni, with a half-life of 100.1 yr [34] represents another ex-
ample of long-lived radionuclides, where neutron capture
competes with radioactive decay. 63Ni is produced in the
weak s-process taking place in massive stars during two
different burning stages: i) during He Core burning (at tem-
peratures of kT = 26 keV), where neutron densities are too
small to bypass the decay channel and 63Ni entirely decays
to 63Cu, and ii) during C shell burning (kT = 91 keV) where
subsequent neutron capture on 63Ni becomes the domin-
ant reaction. Network calculations showed that e.g. the final
63/65Cu abundances strongly depend on the 63Ni(n, γ ) cross
section [35]. However, no experimental data are available
above thermal neutron energies and all estimates for stellar
environments are based on either calculations or extrapo-
lations of the thermal cross section. Therefore, the n_TOF
collaboration measured the neutron capture cross section of
63Ni at the n_TOF facility from thermal up to energies of
hundreds of keV.

The material for the experiment originated from two
metallic nickel targets: one with 347 mg and the second with
661 mg. Both consist of enriched 62Ni (98%) and were pro-
duced for Mössbauer spectroscopy at TU Munich by irradi-
ation in high flux reactors about 30 yr ago to a final content
of around 11% 63Ni. Since the decay product 63Cu disturbs
the neutron capture measurements due to intense neutron
resonances, chemical separation of the copper was required.

The Ni metal was dissolved in 7 M HNO3, evaporated
to dryness and again dissolved in 1 M HCl. From this so-
lution, CuS was precipitated by adding gaseous H2S. In
model experiments with natural Ni it could be demonstrated
using inductively coupled plasma optical emission spec-
troscopy (ICP-OES), that a decontamination factor of 2000
for Cu could be obtained. The precipitate was removed and

Fig. 3. Photo of the final 62/63Ni target used at n_TOF.
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Ni(OH)2 was precipitated from the remaining solution by
adding 5 M NaOH. The hydroxide was dried at 80 ◦C and af-
terwards calcinated at 800 ◦C to produce NiO. We obtained
a total amount of 1147 mg NiO, corresponding to a chemical
yield of 91%. The material was packed into a PEEK capsule,
as can be seen in Fig. 3.

4. Conclusion and outlook

In the frame of our ERAWAST initiative within the last six
years, impressive progresses could be achieved concerning
the separation of long-lived exotic radionuclides from ac-
celerator waste. First successful experiments with 60Fe, 44Ti
and other exotic radionuclides could be performed. During
the second ERAWAST workshop, a user community had
been established which will in the near future carry out
a number of exciting scientific experiments in the field of nu-
clear astrophysics and basics nuclear physics research. Some
examples are:

1. The re-measurement of the 60Fe half-life as a round robin
test with the University of Vienna and PSI to confirm the
new value of 2.62×106 yr.

2. The determination of the neutron capture cross section of
60Fe at thermal energies in collaboration with the Univer-
sities of Frankfurt and Mainz.

3. The measurement of the reaction 44Ti(α, p)47V at TRI-
UMF Vancouver with a radioactive 44Ti ion beam in in-
verse kinematics.

4. The measurement of the 44Ti(α, p)47V reaction using
a fixed 44Ti target at HZDR Dresden Rossendorf.

5. The re-measurement of the half-lives of 10Be and 63Ni in
collaboration with PTB Braunschweig.

6. The re-measurement of the 53Mn half-life and the neutron
capture cross section.

7. The study of the reactions 7Be(n, α)α and 7Be(n, p)7Li
with a 7Be target at SARAF in Israel and at n_TOF
CERN.

We intend to develop chemical separation devices applica-
ble to remote-controlled processing in hotcells with larger
amounts of materials in order to provide the desired isotopes
in the required amounts and purity. Particularly valuable for
us in this regard is the recently established collaboration
with the n_TOF community.
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