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This manuscript describes the production of three targets obtained by implantation of different activities of’ Be
into thin aluminium disks. Two of the produced targets were used to measure the Be(n, p)’Li cross section
in the energy range of interest for the Big-Bang Nucleosynthesis. A third target was used to measure the cross
sections of 7Be(n, p)’Li and 7Be(n, «)’Li nuclear reactions with cold and thermal neutrons, respectively. This
paper describes also the characterization of the first two targets, performed after the neutron irradiation, in
terms of implanted 7 Be activities and spatial distributions.

1. Introduction

Big-Bang Nucleosynthesis (BBN) is a theory that describes the chemi-
cal evolution of the Universe during the first minutes after the Big-Bang,
when the temperature was low enough, between 100 keV and 10 keV,
to let baryons to combine and to form isotopes of the light elements,
up to Be; for a comprehensive overview see the section “Astrophysics
and Cosmology” of [1] and references therein. The abundances of these
isotopes can be calculated provided that the thermodynamics and the
rate of the nuclear reactions involved in the process are known. To
this end, the nuclear physics inputs, i.e. the nuclear cross sections, are
a fundamental ingredient to calculate the primordial abundances and
compare them with the observationally determined values. A very good
agreement between predictions and observational data was obtained
for 2H [2] and *He [3], while the predicted abundance of "Li is
a factor of 2-3 higher than the observed values in the atmosphere
of low-metallicity stars in the Galactic halo [4,5]. This discrepancy
represents one of the most debated and still unresolved issue in nuclear
astrophysics and it is referred to for several decades as the “Cosmo-
logical Lithium problem” [6,7]. This discrepancy can be ascribed to
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one of following reasons: (1) systematic errors in the observation of
light elements; (2) not well understood BBN physics; (3) inaccuracy
of nuclear data. Before considering new physics beyond the Standard
Model, it is worthwhile to re-evaluate the nuclear physics inputs used
for the BBN calculations. Approximately 90%-95% of the primordial 7Li
(7Liprim) was generated from the electron capture decay of Be [8,9].
Thus, the production/destruction rate of ’Be determines the abundance
of 7Liy,,. While the production cross sections have been remeasured
recently with very low uncertainty [10-13], the same cannot be said
for the destruction rate. During the BBN most of 7Be was destroyed via
the 7Be(n, p)’Li(p, a)*He reaction chain, with 7Be(n, a)*He considered
to be the second most important reaction. The cross section of the latter
reaction was recently measured for the first time between 0.01 eV and
10 keV neutron energy, partially covering the BBN energy [14]. The
results indicate a minimum contribution of this reaction to the total
destruction rate of 7Be and, thus, do not solve the 7Liprim discrepancy.
The 7Be(n, p)’Li cross section was measured in 1987 in the energy
range from 0.025 eV to 13.5 keV [15], covering to some extent the range
of BBN energy (10-100 keV). The cross sections at higher energies is
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inferred from the time-reversal “Li(p, n)”Be reaction, with a statistical
error of about 0.7% [16] but, also in this case, leaving the cosmological
lithium problem unsolved. However, direct measurements at higher
neutron energy, up to 200 keV, are needed to exclude the presence of
missed resonances that could drastically enhance the destruction rate
of Be.

For this reason, an international project aimed to measure the cross
section of the 7Be(n, p)’Li reaction at neutron energy up to 300 keV,
covering completely the BBN energy range, was started at the new high
intensity neutron flux experimental area (EAR2) [17] of the Neutron
Time-of-Flight facility (n_TOF) [18] at CERN, Switzerland. One of the
issues of this measurement was the preparation and characterization of
the 7Be target. In order to minimize the energy loss of protons emitted
in the 7Be(n, p)Li reaction (Q-value 1.64 MeV), and suppress potential
background related to neutron-induced reactions on other isotopes,
the target material had to be as pure as possible and homogeneously
distributed in a thin layer. Implantation of mass separated ”Be appeared
to be the best technique to produce targets with suitable purity and
homogeneity.

The ion implantation technique had already been used before at the
ISOLDE-CERN facility for implanting 7Be, produced either on-line or
off-line, into different materials. In on-line mode the 7Be was produced
by 1.4 GeV proton induced spallation in uranium carbide or graphite
targets, respectively [19-21]. The maximum beam intensity for 7Be was
about 4 x 10° ions/s from UC, targets and 2.8 x 100 ions/s with a
73 g/cm? thick graphite target in a special 40 cm long target container
and 2 pA average proton current [20]. The on-line method reaches its
limits when more than 10'® 7Be atoms have to be implanted, like in
the present application, and it becomes more efficient to perform the
implantation in off-line mode using 7Be produced elsewhere. A much
more intense 7Be beam, up to ~2 x 10'2 ions/s, was generated off-
line [22-27]. In this case ’Be was extracted from a graphite target
bombarded with 2 mA of 590 MeV protons for the production of
pion and muon beams at Paul Scherrer Institute (PSI) [28]. The off-
line method has one disadvantage: spallation reactions produce not
only 7Be but also 7Li, that gets surface-ionized in the hot ion source and
cannot be easily mass-separated from ”Be. Therefore, on-line collections
lead to co-implantation of non-negligible amounts of 7Li. In off-line
implantations ’Li contamination can be considerably reduced by a
chemical Li/Be separation prior to implantation or by “out-gassing” of
the more volatile lithium before heating to implant beryllium.

The problem of this method is related to the availability of the
irradiated graphite targets. In fact, these targets become available only
when they are replaced with new ones, a procedure that takes place
once every two to three years. For this reason Schumann et al. developed
a different method for obtaining hundreds GBq of chemically pure 7Be
from the cooling water of the Spallation Induced Neutron Source (SINQ)
facility at PSI, up to three times per year [29]. The latter method was
followed in this work for obtaining ”Be, which was implanted off-line
in three distinct aluminium foils. Two of the obtained targets were used
for the measurement of the 7Be(n, p)’Li reaction from cold neutron
energies around 10 meV to intermediate neutron energies up to 300 keV
at n_TOF-CERN. After the cross section measurements, the targets were
investigated at PSI to determine the activity and spatial distribution
of 7Be, which, together with the knowledge of the neutron beam profile,
is crucial for a correct evaluation of the cross sections. A third target
was used for the measurement of the cross sections of 7Be(n, p)’Li
and 7Be(n, «)”Li with cold and thermal neutrons respectively at ILL
Grenoble and NPI Rez, respectively.

2. Experimental set-ups and methods
2.1. Preparation of the starting 7 Be material

Beryllium isotopes (7%1°Be) are produced in the cooling water of
the SINQ facility at PSI by proton spallation reactions on 0. An
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Fig. 1. Graphite crucible used to load the beryllium solution.

ion exchange filter (LEWATIT mixed bed; Bayer, Canada) was used
to extract Be>*, with other cations present, from the cooling water.
A second and more refined chemical separation was performed using
the method described in [29,30] to obtain chemically pure beryllium
in diluted HNO; solution. About 90 GBq of “Be were taken from the
resulting solution and then loaded into a cylindrical graphite crucible,
Fig. 1, in a lead shielded manipulator box, and heated at 333 K until
dryness.

Afterwards, the crucible was transferred to the shielded hot cell of
the ATEC facility at PSI, where, using remote controlled manipulators,
it was inserted into the empty tantalum target container (20 mm inner
diameter and 200 mm length) connected to a FEBIAD ion source unit
equipped with a tantalum ionizer tube (3 mm inner diameter, 30 mm
length). After being loaded with the 7Be sample, the Ta container was
sealed with a Ta plug, the surrounding vacuum chamber was closed and
the entire unit was then placed into a lead shielded transport container
and transferred to the ISOLDE facility at CERN in an identical manner
as described in [28].

2.2. Implantation of 7 Be into aluminium foils

At CERN the unit containing the 7Be sample was placed on the
frontend of the ISOLDE General Purpose Separator (GPS), pumped to
secondary vacuum, and both ionizer and target container were heated
up to 1673 K for one day to outgas surface ionized impurities (Li, Na,
Al, K, Ca, etc....) present in the unit. Then the ionizer was heated
to 2373 K, and the target container with the 7Be sample was heated
progressively from 1673 K to 1873 K. Beryllium was ionized via a two-
step laser ionization scheme utilizing two ultraviolet transitions to an
auto-ionizing state. The first step transition (234.9 nm) was generated
by third harmonic generation of a red dye laser beam and the second step
transition by second harmonic generation of a yellow dye laser beam.
Both dye lasers were simultaneously pumped with the 532 nm frequency
doubled output of a Nd:YAG laser operating at 10 kHz repetition rate.
The generated ions were accelerated to 30 keV and mass-separated with
the GPS. The mass 7 ion beam was then implanted into an aluminium
backings, 1 in Fig. 2 (dimensions 4 X w X d in mm: 50 x 50 x 0.018),
placed between two aluminium frames, 2 in Fig. 2 (dimensions hAx wxd
in mm: 50 x 50 x 1) with a 40 mm diameter central hole. The target was
placed in a target holder, 3 in Fig. 2, specifically designed to facilitate
insertion and extraction of the radioactive sample.

The first 7Be sample for n_TOF (hereafter Target 22 MBq) was
implanted into an aluminium backing on 12 April 2016. 1.47 x 104
7Be ions, corresponding to an activity of about 22 MBq, were estimated
to be implanted over 10 h. The 7Be beam intensity was between 0.15 nA
and 3 nA during the implantation. Comparing measurements of the ion
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Fig. 2. Target assembly: (1) aluminium backings; (2) aluminium frame, (3)
target holder.

current while the resonance ionization lasers were switched on (“laser
on” i.e. Be as well as Li isotopes were ionized) and switched off (“laser
off” only Li isotopes can be ionized) showed that 7Be* represented 80%
to 95% of the mass 7 beam, the remaining part originated from surface
ionized 7Li*.

After implantation of the first sample the target unit was cooled
and placed in storage. Five weeks later it was placed back on the GPS
frontend, reheated and outgassed for 24 h at temperatures up to 1673 K,
but also accidentally for one hour up to 2223 K which probably caused
the loss of a major part of the 7Be sample contained in the graphite
crucible.

The second ”Be sample for n_TOF (hereafter Target 1 GBq) was im-
planted into an aluminium backing on 14 May 2016. The implantation
procedure was the same as for the first target. In this case 7.2 x 101° ions,
corresponding to an activity of about 1 GBq, were estimated to be
implanted over 10 h. The 7Be beam intensity was between 5 nA and
44 nA during the implantation while heating the target from 1573 K to
1873 K. “Laser on” versus “laser off” measurements showed that “Be™
represented 99% of the mass 7 beam, the remaining 1% being surface
ionized 7Li*. These two targets were used for the n_TOF measurements.

A third 7Be sample for the ILL Grenoble and NPI ReZ collaboration
was implanted into a 1.5 pm thin aluminium foil held in an aluminium
frame on 14 May 2016. Over 98% of the beam was focused through a
5 mm diameter diaphragm. 5.0 x 1015 ions, corresponding to an activity
of about 0.75 GBq, were estimated to be implanted over 8.5 h. The 7Be
beam intensity was between 11 nA and 42 nA during implantation while
heating the target from 1873 K to 2033 K. 99% of the beam was 7Be *
and 1% 7Li*.

2.3. Characterization of the n_TOF 7 Be targets

Target 22 MBq and Target_1 GBq were then irradiated with neutrons
at n_TOF, where the (n, p) reaction was measured as a function of the
neutron energy. Afterwards, both targets were sent back to PSI where
the total activity and distribution of the implanted 7Be were measured.

2.3.1. Activity measurement

The activity of 7Be of Target 22 MBq was measured on 17 March
2017, by means of a coaxial HPGe-detector (crystal dimensions: 35 mm
diameter and 52 mm length) with a relative efficiency of 12% and
providing an energy resolution of 1.77 keV at 1333 keV, in combination
with Canberra modules for high-voltage supply, spectroscopy amplifi-
cation and a 100 MHz Wilkinson 8192 channel ADC. The Genie2000®
software package was used to analyse the obtained data. The distance
between Target 22 MBq and the detector endcap (11 cm) was large
enough to consider coincidence summing effects negligible. The value of
activity was derived via comparison with a certified standard reference
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Fig. 3. Panel (a): Target 1 GBq consisting of an aluminium frame and an
aluminium foil where 7Be was implanted. Four spots of radioactive markers at
the edges of the aluminium frame are used to establish an absolute coordinate
system. Panel (b): Target_1 GBq placed behind a millimetre graph paper. The
holes in the millimetre graph paper at the corresponding positions of the
radioactive parts prevent the attenuation of emitted f-particles.

point source 1°2Eu placed at the same distance in front of the detector.
The same system and method were used for the 7Be activity measure-
ment of Target 1 GBq on 15 July 2016. In this case, due to the higher
activity, the target was placed at 389 cm from the detector in order to
keep the total impulse rate on the measurement chain on a reasonable
range.

2.3.2.7Be distribution measurement

The 7Be distribution was measured following two different methods:
radiographic imaging (RI) and semi-automatic y-scanning (GS), the
latter was entirely developed in our laboratories.

2.3.2.1. Radiographic imaging. RI method was used to measure the
spatial 7Be distribution of both targets. In particular, a GE Typhoon™
FLA 7000 Imaging Plate Reader with spatial resolution down to 25 pm
was used in combination with reusable Fujifilm imaging plates (IP) BAS-
SR.

Fig. 3(a) shows a photograph of Target 1 GBq representative of
Target_22 MBq as well. Four point-like sources of about 50 Bq of 44Ti
were placed at the edges of one aluminium frame. Those markers were
used to link the relative obtained coordinates of RI to the geometrical
centre of the target.

The target was placed on a millimetre graph paper with openings
corresponding to the central hole of the aluminium frame and to the
four 44Ti markers, Fig. 3(b). An additional five 4*Ti markers were added
onto the millimetre paper to improve the accuracy of the established
absolute coordinates.

The implanted area of the targets was placed facing the imaging
plate in a light-tight aluminium case. The recorded 2-dimensional RI-
data display the locally accumulated energy dose deposited by photons
or electrons. The reconstruction of the true ”Be activity distribution was
determined by a three step procedure. First, the recorded spacial activity
distributions with a resolution of 25 pm were shrunk by summing subar-
rays of 10 x 10 measured data points in x- and y-direction producing a
sampled down distribution with a 0.25 mm X 0.25 mm resolution. This
in addition to reducing the image noise, reduced the dimensions of the
images to a level suitable to apply image processing algorithms. In the
second step a further enhancement of the signal quality was achieved
by using a total variation filter assuming a Poisson like noise signal.
A general feature of image processing procedures especially for noise
reduction is an additional soft-focus of the picture and increase width
of peak like distributions. The used regularization parameter of 0.25 was
choose to enlarge the distribution width less than 5% as was checked
with Monte-Carlo simulations [31].
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Fig. 4. Panel (a): Two-dimensional radiographic image of Target 1 GBq. Panel (b):

keV y-rays.

In the final step the blurring of the picture and spreading of the
activity distribution due to the imaging process was reduced using an
image deconvolution with steepest descent filter. The general shape
of the point spread function was expected to be a Cauchy-Lorentz
distribution displaying the one-over-r-squared law. The distance of the
source activity to the IP was chosen as 1.2 mm, taking into account
additional spacing of the graph paper and the internal structure of the
IP [32].

In the case of the y-scanning image no blurring effects were expected.
Therefore, only a low-pass two dimensional fast Fourier transformation
filter using a Gaussian window function with a cut-off frequency of 0.31
[1/pixel] was applied to reduce high frequency noise. The distribution
parameters for all images were estimated afterwards by non-linear fit-
ting a general two dimensional Gaussian distribution with an additional
tilt parameter with respect to the y-axes to the filtered data.

2.3.2.2. Semi-automatic y-scanning. The RI method is not suitable for
targets with activity higher than several tens of MBq since, due to the
high sensitivity of the IP, the signal will get saturated. Thus, in order
to investigate Target_1 GBq, it was necessary to wait for more than one
year, when its activity decayed to few MBq.

In that particular case due to the relatively short half-life of 7Be (¢, 2
(53.22 + 0.06) days [33]), it was possible to wait for 7Be to decay to an
optimum activity within a still reasonable for the project time frame.
Nevertheless, this method cannot be used for targets of longer half-
life isotopes with similar or higher activity than the initial activity of
Target_1 GBq. This inspired the development of a new set-up, based on a
semi-automatic y-scanning system, to investigate activity distribution of
highly active samples (from activities of few MBq up to activities higher
than some GBq). This set-up was used to measure the ”Be distribution
of Target 1 GBq about three months after the 7Be implantation, when
its activity was still about 0.3 GBq. In particular, Target. 1 GBq was
placed in a 3D positioning system, which allowed precise movement
(+£0.01 mm), in front of a coaxial HPGe-detector. A 10 cm thick lead
collimator with a 2 mm diameter aperture hole was placed between the
target and the HPGe-detector. The distance between the target and the
detector endcap was 32.4 cm. The geometrical centre of the target was
aligned with the 2 mm aperture hole and with the centre of the detector
using a laser pointer. The target was moved along the x- and y-axes by
2 mm steps. A total target area of 4 cm? was investigated, counting
121 individually measured points. 12 additional measurements were
done with 1 mm step size around the deduced centre of the activity
distribution, to improve the spatial resolution. The resolution of the
obtained distribution is imposed by the aperture size of 2 mm.

The spatial reconstruction of the activity distribution with an up-
scaled resolution of 0.25 mm X 0.25 mm using the Kriging algo-
rithm [34,35] was achieved by applying the (radius/smoothing) pa-
rameters to the measured count rates. Afterwards, the distribution
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parameters were estimated with the same non-linear fitting procedure
as described above.

The resulting 7Be distribution was compared with the distribution
obtained about one year later using RI, to validate the accuracy of the
developed set-up.

3. Results and discussion

The 7Be activity of Target_.22 MBq was measured as (0.26 + 0.04)
MBq on 17 March 2017 ((21.6 + 0.4) MBq referred to date of its implan-
tation, 12 April 2016). The measured 7 Be activity of Target_ 1 GBq was
(0.46 + 0.02) GBq on 15 July 2016, corresponding to (1.03 + 0.02) GBq
referred to the date of its implantation, 14 May 2016.

Fig. 4(a) shows the RI of the entire Target 1 GBq set-up including
the 44Ti markers. In this case the IP was exposed to the implanted
area for 40 min. After that, the implanted area was shielded with an
aluminium plate, and the IP was exposed to the rest of the target (not
implanted backing and frame) for other 200 min. Thus the IP was
exposed to the not implanted part of the target for 240 min. The origin of
the established coordinate system coincides with the geometrical centre
of the target.

The area with higher dose (bright coloured region) represents the
direct projection of the implanted area due to the primary photons
477.6 keV, emitted following ”Be electron capture decay to the excited
state of 7Li (branching ratio 10.44%). While the photons scattered by
both backing and frame impinging on the IP result in the entire target
image (light blue area in Fig. 4(a)). This image, together with the 44Ti
markers, allows a perfect representation of the entire target geometry
and, more importantly, to pinpoint the implanted area in respect to the
geometrical centre of the target itself.

A simulation study with the GEANT4 toolkit (v10.3) [36] was
performed to investigate whether or not the clearly visible shape of
the target on the RI pictures is produced by scattering of the 7Be decay
radiation on both backing and target frame and does not have other
origins such as contamination or activation of the sample frame.

The geometry of the aluminium backing and its holding frame was
modelled using the given dimensions (see Section 2.3.2.1). In addition,
a model of the imaging plate consisting of five various material layers
was introduced; the layer thicknesses and compositions were modelled
according to the data published in [37]. The implanted ”Be activity was
simplified as an ideal point source located in the geometrical centre
of the aluminium foil, in a depth of 100 nm below the surface. In total
1.5 billion emitted gamma-rays with energy of 477 keV and an isotropic
angular distribution were created and tracked through the entire sample
geometry, corresponding roughly to a 240 min timeframe of exposure
in the case of the autoradiography of Target_1 GBq. The accumulated
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Fig. 5. Panel (a): 2D spatial reconstruction of the 7Be distribution (right colour code) of the Target 22 MBq and Target_1 GBgq, panel (a) and (b), respectively.
Superimposed are the expected neutron field at EAR-2 (left colour code) and the geometrical centre of the target frame (black cross). All 2D distributions are
normalized to the respective maximum. The RI data were down scaled to a resolution of 0.25 mm X 0.25 mm and filtered using a low pass 2D FFT Gaussian Filter.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Position (in respect to the geometrical centre of the target) and width parameters of Target 22 MBq and Tar-
get_1 GBq.
Target Name x-centre [mm] x-width [mm] y-centre [mm] y-width [mm] rotation [°]
RI of Target 22 MBq —4.978 + 0.008" 1.006 + 0.006 —4.252 + 0.012 1.263 + 0.011 -0.14
RI of Target_ 1 GBq -1.699 + 0.183" 2.064 + 0.011 —5.200 + 0.112" 2.440 + 0.012 0.13
GS of Target_1 GBq 0.940 + 0.002™" 1.861 + 0.002 —1.880 + 0.003" 2.375 + 0.003 0.23

*

An additional uncertainty of about 0.36 mm of the location, caused by the placing and the measuring of the

relative position of the “4Ti markers relative to the target frame, must be considered.
** This uncertainty is negligible in respect to the resolution of the used set-up, i.e. 2 mm, due to aperture hole

size of the collimator.

energy deposition caused by all arriving radiation in the sensitive layer
of the IP was quantified using an orthogonal mesh grid with resolution
of 1 mm x 1 mm. The energy deposition grid was divided in equally thick
10 sublayers to account for the assumed exponential depth-dependence
of the plate readout [37]. The results of the simulation can be seen in
Fig. 4(b). The shape of the target frame produced by secondary radiation
is clearly present in the simulated spatial dose distribution, reproducing
the phenomena seen on the autoradiography image of the ”Be targets.

The width parameters and implanted positions of both targets were
extracted from the resulting plots. Those values are summarized in
Table 1. The given uncertainties result solely from the non-linear fitting
procedure and do not include any systematic uncertainties from the
established coordinate system. The results indicate that the implanted
area of both targets has a planar cross section of an ellipse, with the
implanted area of Target 22 MBq more elongated (its eccentricity is
closer to one) than the one of Target 1 GBq. The implanted area of
Target 22 MBq is shifted with respect to the geometrical centre of
the target. A different location of the implanted area was found for
Target_1 GBq, i.e. a shift with respect to the geometrical centre of the
respective target in an opposite direction compared with Target 22 MBgq.

Fig. 5 shows the RI 2D graphs of Target 22 MBq and Target 1 GBq,
panel (a) and (b), respectively, both superimposed to the n_TOF neutron
beam profile (extrapolated from [38]) where the centre of the beam
profile was overlapped to the geometrical centre of the target. It is
possible to see that the implanted area of Target 22 MBq was exposed
only to about 80% to 60% of the beam intensity while the implanted
area of Target_1 GBq was exposed to about 85% to 75% of the neutron
beam.

Fig. 6 presents the y-scan obtained using the GS set-up, described in
Section 2.3.2.2, of Target_1 GBq. Comparing the obtained distribution
with the one of RI (see Table 1), it is possible to see that the developed
set-up allowed us to identify the position of the implanted area within
a margin smaller than the resolution of used set-up, i.e. 2 mm.
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Fig. 6. GS of Target_1 GBq. The data were up scaled to a resolution of 0.25 mm
% 0.25 mm using the Kriging algorithm.

4. Conclusions

For the first time, thanks to a well-established collaboration between
PSI and CERN (ISOLDE and n_TOF), high activities of 7Be were suc-
cessfully implanted in three different thin aluminium foils to produce
three targets, two of which were used for the measurement of the 7Be(n,
p)’Li cross section in the energy range of interest for the BBN at EAR2
of n_TOF-CERN, while the third one was used for the measurement
of the cross sections of 7Be(n, p)’Li and 7Be(n, a)’Li with cold and
thermal neutrons in a collaboration between ILL Grenoble and NPI
Re?, respectively. The activity of the first two targets was measured
at PSI after the neutron irradiation, to be (21.6 + 0.4) MBq and
(1.03 + 0.02) GBq, respectively. These results coincide very well with
the data deduced from the total numbers of implanted ions during the
ISOLDE runs. The implanted area of the two targets was characterized
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in terms of position (in respect to the geometrical centre of the target)
and width parameters by means of radiographic imaging method. The
resulting positions were superimposed to the n_TOF neutron beam
profile, allowing a more accurate determination of the cross sections.
A semi-automatic gamma scanning system was set-up, allowing us to
identify the activity distribution in targets of activity as high as 0.3 GBq
with a resolution of 2 mm.
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