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Abstract Fast neutron beams (En > 1 MeV) are of rele-
vance for many scientific and industrial applications. This
paper explores fast neutron production using a TANDEM
accelerator at the Legnaro National Laboratories, via an ener-
getic ion beam (90 MeV 14 N ) onto a lithium target. The
high energy models for nuclear collision of FLUKA foresee
large neutron yields for reactions of this kind. The experiment
aimed at validating the expected neutron yields from FLUKA
simulations, using two separate and independent set-ups: one
based on the multi-foil activation technique, and the other on
the time of flight technique, by using liquid scintillator detec-
tors. The results of the experiment show clear agreement of
the measured spectra with the FLUKA simulations, both in
the shape and the magnitude of the neutron flux at the mea-
sured positions. The neutron spectrum is centered around
the 8 MeV range with mild tails, and a maximum neutron
energy spanning up to 50 MeV. These advantageous results
provide a starting point in the development of fast neutron
beams based on high energy ion beams from medium-sized
accelerator facilities.

1 Introduction

Neutron beams have important applications in many different
fields. Most neutron beams are available at reactors and have
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cold or thermal spectra; such neutrons are mainly suited to
the study of the structure and dynamics of materials at the
atomic level. On the other hand, few facilities can provide
beams with neutron energies greater than 1 MeV; the access
is limited and costs are high.

Fast neutron sources are of importance not only for basic
nuclear physics. The list of other fields of applications
includes: dosimetry, neutron detector development, fast neu-
tron oncology, radiation protection shielding materials for
accelerator based oncology and Space missions, and the
study of single-neutron induced effects in digital and power
electronics.

Tandem accelerators are still widely used in many small-
medium size laboratories and could provide cost effective
neutrons on existing beam lines. In addition to direct appli-
cations to fundamental and applied physics mentioned above,
important is also the possibility of training students in neu-
tron physics.

2 Fast neutrons at the LNL Tandem

The Legnaro National Laboratories (LNL) of the Italian
National Institute for Nuclear Physics is developing new
sources of fast neutrons that would integrate the existing one
at the CN 6 MV Van de Graaff accelerator and the one under
design at the SPES 70 MeV proton cyclotron [1,2]. To pro-
duce fast neutrons, we studied reactions involving heavy ion
beams on light targets, as inverse kinematics can produce
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forwardly focused high energy neutrons in the laboratory
reference frame. Due to the high velocity of the center of
mass, neutrons are emitted at higher energy with respect to
the direct kinematics. Moreover, this booster effect of the
center of mass collimates the emitted products in the for-
ward direction.

Energetic ions beams are available at the Tandem-PIAVE-
ALPI accelerator complex [3]. The experiment described
below used the maximum energy available at the Tandem
XTU accelerator; a followup experiment will use the PIAVE-
ALPI heavy ion injector and superconducting linac to deliver
higher energy beams.

As a solid target material, the lightest possible elements to
be considered are lithium or beryllium. With regards to the
beam and the performance of the Tandem, a balance between
ion mass and available current gives nitrogen as the best com-
promise.

The initial target choice is lithium, routinely used at the
BELINA neutron facility at the CN accelerator; beryllium
will soon be evaluated too.

2.1 The experimental reaction

The cross section and yield for the 7Li(14N,xn)X reaction are
not available in literature. We used the Monte Carlo simula-
tions to study the neutron production spectra; the calculated
neutron spectra are based on theoretical models since no data
are available for the reaction.

Two independent measurement methods were used to
measure the energy spectrum and validate the results of the
simulations: the multi-activation foil technique and time-of-
flight (ToF).

The ToF part of this experiment is actually part of a
broad research program for characterizing Liquid Scintilla-
tors developed for Neutrino Physics and Rare Event Astro-
physics. In general, a detailed understanding of neutron sig-
nals in detectors is crucial to construct realistic simulations
and predictions of natural phenomena; this is the immediate
application of this new neutron source at LNL.

2.2 FLUKA simulations

Monte Carlo simulations of the nuclear reaction were per-
formed using the models available in FLUKA [4]. Evapora-
tion including heavy ion fragments and coalescence hadronic
models were activated in the simulations.

Figure 1 shows the expected neutron yield at zero and 10
degrees, corresponding to the two positions where the flu-
ence was measured. The position of the activation foil was
tilted 10◦ from the beam axis and was located 2.5 cm from the
lithium target, covering a solid angle of 0.193 sr. The posi-
tion of the ToF detector was located 4.56 m away from the
lithium target in the forward (0◦) beam direction, covering

Fig. 1 FLUKA simulations of the neutron production at the two mea-
surement positions. The integral yield towards the ToF detector in the
forward direction (blue distribution) is 1.6 times larger than that towards
the activation foils at 10◦ (red). The unit pnA stands for particle-
nanoAmpere: it is used to express the particle current, the electric current
in nanoamperes divided by the ion beam charge state (in this case q=+6)

a solid angle of 0.235 × 10−3 sr. The estimated yield at the
activation position is lower than the one at the ToF detector
position, confirming the strong forward angle dependence of
the neutron production.

To study the presence of charged particles, an extensive
simulation was made of the setup with the target thickness
and Cu backing, including the cadmium cover for the activa-
tion foils at their position; we also included a scoring volume
(a phantom detector) in the forward direction at a distance of
10 cm. The presence of protons, alphas, and ions was checked
for at both the activation foil position and the scoring volume.
Protons do arrive at these positions and they have high energy
(so are hard to shield against), but they are a small contam-
ination, amounting to about 1% of the number of neutrons.
On the other hand, there are almost no alphas while the ions
are stopped in the copper.

For the activation foil measurement, this proton contami-
nation does not significantly affect the determination of the
neutron spectrum as the reaction products from (n,X) reac-
tions are different from the reaction products of (p,X). For
what concerns the ToF measurement, only protons with ener-
gies greater than ∼ 30 MeV can make it from the target into
the distant active scintillation volume; lower energy protons
are stopped by intervening material (see Sect. 4.1). For such
high energies, the detection efficiency for neutrons is 20%
(Fig. 14), therefore the proton contamination in the higher
energy data sample is estimated, conservatively, to be ∼5%
(assuming full proton detection efficiency). For this reason,
proton signal rejection was deemed unnecessary.

123



Eur. Phys. J. C           (2024) 84:372 Page 3 of 11   372 

Fig. 2 The 30◦ beam line in Hall 1. The lithium target is encapsulated
into a copper backing and beam stopper visible at the extreme right
(indicated by yellow arrow); a close-up is shown below in Fig. 8

2.3 The beam

Negative Boron Nitride (BN) molecules were injected into
the Tandem, accelerated by a 13.7 MV terminal voltage, and
dissociated by one carbon stripping foil to produce positive
N ions that were then further accelerated. Magnetic Analy-
sis selected 14N+6 90 MeV ions that were then transported
along the 30◦ beam line in Hall 1 (Fig. 2) towards the lithium
neutron production target.

The beam was pulsed (800 ns repetition rate and a pulse
time width sigma of 1 ns) in order to perform ToF measure-
ments, thereby providing a cross-check of the simultaneous
multi-foil activation measurement.

2.4 The neutron production target

The target uses metal lithium encapsulated into a copper
backing beam stopper designed to have low mass and mini-
mal material in order to have low neutron spectra perturba-
bility in the forward direction.

The target system is produced in an inert atmosphere
inside an argon glovebox. The lithium is attached to the
300 µm thick hemispherical Cu backing by pressing them
between male and female molds, made with a Computerized
Numerical Control machine, thereby producing a lithium
layer of the desired thickness, in this case 200 µm, with an
uncertainty smaller than ± 10% (Fig. 3). This technique is
used regularly to make thin lithium targets used to produce
neutrons at the CN accelerator. By dedicated FLUKA simu-
lations, this uncertainty in thickness responds to a variation
of 6.5 % in the neutron yield.

Although the range of 90 MeV 14N ions in lithium is 400
µm, we chose 200 µm in order to proceed confidently (to
avoid the risk of melting the Li in thicker targets) as we were

Fig. 3 Lithium pressed into a 300 µm thick copper backing and beam
stopper. The production procedure, carried out inside an argon glove-
box, is described in Sect. 2.4

Fig. 4 FLUKA simulations of the energy of the neutrons two cm from
the target in the forward direction produced by 90 MeV 14N ions on
a 200 µm thick Li target, with and without the copper backing. The
spectrum for 400 µm is shown for comparison

particularly interested in the production of high energy neu-
trons. According to FLUKA simulations, the forward yield,
normalized to the maximum possible value, depends quadrat-
ically on the lithium thickness: at 90 MeV the yield from a
200 µm target of lithium is about 70% of that obtainable by
completely stopping the beam in lithium (Figs. 4 and 5). At
this energy, the contribution from the copper backing is an
additional 2–3%; the neutrons produced by the copper are
present along the whole energy range, but are only apprecia-
ble on the low energy side of the most probable energy (8
MeV), and even there they are less than a few percent of that
part of the spectrum.

The copper backing is electrically insulated from the
beam line. Using a picoammeter,1 the current at the target is
acquired directly from the copper backing. A two-stage tan-
talum collimator of 5 mm diameter is placed 10 cm upstream

1 Keithley 6485.

123



  372 Page 4 of 11 Eur. Phys. J. C           (2024) 84:372 

Fig. 5 The forward neutron yield normalized to the maximum value
versus the lithium thickness; the maximum is obtained with 350 µm.
For a lithium thickness of 250 µm, the neutron contamination from the
copper backing is negligible

Fig. 6 Irradiation history of the measurement

of the copper backing and the current delivered on it was also
acquired. Figure 6 shows the time-dependent ion current on
the copper backing during the irradiation; the total charge
accumulated during the experiment amounted to 0.153 mC;
the error on the integrated charge is negligible. During the
experiment, the current on the copper backing was between
0.5−1.5 nA; for 100 consecutive readings (once a second),
the current values were normally distributed with a 0.02 nA
sigma, corresponding to a 1–3% uncertainty.

3 The multi-foil activation technique

The activation technique is a well-established and very pow-
erful method that can be used to measure neutron spectra.
The main goal with this setup was to obtain broad spectral
information including the low energy range below few MeV
and especially to provide an absolute value for the yield at
the measured position.

Table 1 List of samples and reactions used in the activation measure-
ment setup. Cd-A and Cd-B stand for the cadmium thermal neutron
covers. The ordering in the table represents the actual arrangement of
the samples in upstream-to-downstream configuration

Sample Mass (g) Reactions Half-life

Au-a 0.25874(2) 197Au(n,γ )198Au 2.6941 d

Cd-A 1.13244(3) –

Au-b 0.26644(5) 197Au(n,γ )198Au 2.6941 d
197Au(n,2n)196Au 6.1669 d
197Au(n,4n)194Au 38.02 h

Al 0.06468(5) 27Al(n,α)24Na 14.997 h

In 0.26002(1) 113In(n,3n)111In 2.8047 d
113In(n,4n)110In 4.92 h
115In(n,γ )116m In 54.29 min
115In(n,n’)115m In 4.486 h

Ti 0.28573(3) 46Ti(n,p)46Sc 83.79 d
48Ti(n,p)48Sc 43.71 d

Co 0.31926(8) 59Co(n,2n)58Co 70.86 d
59Co(n,4n)56Co 77.236 d
59Co(n,p)59Fe 44.49 d
59Co(n,α)56Mn 2.5789 h

Ni 0.57104(4) 58Ni(n,p)58Co 70.86 d
58Ni(n,2n)57Ni 35.6 h

Au-c 0.24924(2) –

Cd-B 0.93009(2) –

3.1 Experimental setup

For the multi-foil activation measurement, a series of sam-
ples especially sensitive to neutrons in the energy range of
interest were selected (i.e., with large cross sections or with
thresholds ranging from hundreds of keV to tens of MeV).
A list of these activation foils and the reactions used are
shown in Table 1. The activation foils were purchased from
ShieldWerx [5]. These samples were arranged in a stack con-
figuration and were surrounded with two cadmium covers,
to minimize the activation due to low energy neutrons in the
Au and In foils. The particular ordering in the arrangement
of samples was chosen based on the relative attenuation or
scattering produced by each of the samples within the stack.
These alterations in the neutron flux at each position were
later corrected via dedicated Monte Carlo simulations using
MCNP6.2 [6]. Figure 7 shows the correction factor to the flux
for each of the samples used for the unfolding of the spec-
trum. Additional samples of Au were placed outside the Cd
covers (Au-a sample) and in the last position (Au-c sample)
and used for cross-checking the thermal contamination and
possible scattering back from the experimental hall. How-
ever, these samples were not included in the unfolding of the
neutron spectrum.
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Fig. 7 Correction factor to the flux for each of the samples used for
the unfolding of the spectrum

Fig. 8 (Top): The final portion of the beam line with the lithium target
installed (copper support), the air-cooling system for the target, and the
aluminum support for the activation foils (aluminum mount). (Bottom):
Detail of the aluminum holder used to keep the activation samples in
front of the target. The foils were secured using a kapton foil at the tip

Figure 8 shows (top) the aluminum support and holder at
its tilted position during the experiment; and (bottom) a detail
of the sample holder. The stack of samples was mounted on
an aluminum support and placed 2.5 cm from the center of

the lithium target. The aluminum support was perforated near
the tip of the holder so that the stack could fit in there. The
samples were secured in that position using a fine layer of
kapton foil. The samples were tilted by 10◦ with respect to
the beam axis in order to reduce the interference with the
measurements by the ToF detectors located in the forward
direction at 0◦ in a farther position. Given the close distance
between the neutron source and the samples, the difference
in solid angle covered by the first and last samples in the
stack was not negligible. This effect was also incorporated
into the unfolding by correcting the activation depending on
their distance to the source.

3.2 Activation measurements

The activity of each isotope produced by irradiation of the
samples was measured using Gamma spectroscopy with a
High Purity Germanium (HPGe) detector. It was placed
inside a lead well and cooled every 12 h with liquid nitro-
gen. A shaping amplifier ORTEC 672 was used and pulses
were digitized with an ORTEC 928 MCB and the MAE-
STRO 7.01 DAQ. The efficiency ε(Eγ ) of the HPGe detector
was calibrated with several certificated radioactive gamma
sources (22Na, 57Co, 60Co, 88Y, 133Ba and 137Cs) for that
purpose. Several positions at different distances (3–15 cm)
between the detector and samples were used to keep a bal-
ance between detection efficiency and dead-time losses. A
dedicated low perturbating sample holder has been designed
and 3D printed to guarantee the accuracy of the efficiency
calibration and measurements. The uncertainty of the effi-
ciency calculation was estimated to be 3%, dominated by the
calibration of the gamma sources. Figure 9 shows the setup of
the gamma spectroscopy station. MCNP simulations of the
detector geometry (HPGe including a detection dead layer
plus Al encapsulation) were carried out to account for the
different sizes of the calibration radioactive sources and the
measured irradiated samples, obtaining correction factors to
the efficiency, κε. The low activity of the irradiated samples
impelled in most cases to close the distance down to 3 cm
to increase the count rates. Even if generally small, dead
time corrections were taken into account. The self-shielding
correction factor, κs , was also computed in dedicated simu-
lations for every gamma line of each sample. The combined
effect of both κε and κs are shown in Fig. 10 for the gamma
lines used in the analysis.

After the end of irradiation, a schedule of measurements
was followed in order to obtain the activity data with the best
precision, given the time constraints. Special regards had to
be considered given the relatively short half-lives of some
of the produced isotopes, which were assessed by measur-
ing some of the samples jointly (e.g., Al (containing 24Na),
In (containing 110In, 115mIn and 116mIn) and Co (containing
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Fig. 9 Gamma spectroscopy station with the HPGe detector and the
surrounding lead shielding. A thin methacrylate support was used to
position the samples. A gold foil is shown in the sample position at
3 cm from the detector

Fig. 10 Correction factor in the activity of the samples due to the
extended dimension of the samples, as compared with the calibration
point-like sources, and the gamma attenuation inside the foils

56Mn). Figure 11 shows some of the measured spectra for
these samples.

The samples were measured after some cooling time, tc,
from the end of irradiation (EOI). The activity of isotope k
at the end of irradiation, AE O I

k , was extrapolated from the
measured counts in a certain gamma line, Cγ , during the
measuring time, tm using the following expression:

AE O I
k = Cγ

nγ ε · κε · κs
· λk

1 − e−λk tm
eλk tc (1)

Fig. 11 (Top): Gamma spectrum of the Au sample compared to the
overall background. (Bottom): Gamma spectrum of the joint measure-
ment of the Al, In, and Co samples compared to the overall background

where energy Eγ , relative intensities of the gamma rays nγ ,
and the decay constants λk of the produced isotopes were
taken from ENSDF [7]. At least one gamma line was used
for each reaction. More than one was employed when avail-
able. An average value between the activity values from each
gamma line was used in these cases.

3.3 Unfolding routine

In order to recover the spectral information from the activity
of the samples, an unfolding procedure has to be performed.
In the case of a steady-state neutron field, the activation rate
equals the decay rate after several half-lives of the produced
isotope. Therefore the saturated activity, AS , can be used
directly as input to the unfolding (AS = nσΦ̇). However,
if the neutron flux is not stable in time (or not enough com-
pared to the half-lives of the isotopes of interest), a correction
factor has to be applied. In this sense, instead of keep using
the saturated activity outside of its true definition, the total
number of activations per atom in the samples, R/n, can be
used. This in turn can be done by integrating in time (using
the information from the irradiation history). This leads to an
activations-to-fluence relation in order to perform the decon-
volution:

R

n
= σ · Φ̃ (2)
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In a real experiment, the fluence measured by a foil, Φ̃, is
not exactly the true fluence in that position, Φ, due to multiple
scattering and self-shielding effects (and other effects from
the surrounding support and other samples in the case of a
stack), therefore, a correction factor κ has to be introduced
to the response function, which is dominated by the cross-
section:

R

n
= σ · κ · Φ (3)

The energy spectrum can be subsequently divided into sev-
eral energy groups, Φ j , that provide information on the shape
of the spectrum and can be chosen depending on the relative
contribution to the activations on sample i ,

( R
n

)
i , mediated

by the response function, M :

(
R

n

)

i
=

∑

j

σi jκi jΦ j =
∑

j

Mi jΦ j (4)

Under this approach, the response matrix includes an
effective cross-section within each energy group, σi j , that
has to be calculated and included in the response function as:

Mi j =
∫ E j+1

E j
σi (E)κi (E)Φ(E)d E
∫ E j+1

E j
Φ(E)d E

(5)

For the computation of the response function, cross-
section data spanning from the low energy range up to above
tens of MeV is needed. For this reason, the TENDL-19
extended cross-section evaluation database was used (includ-
ing up to 60 MeV or 200 MeV depending on the isotope and
reaction) [8]. In the cases where the cross-section data was
not available above 60 MeV, linear extrapolation was applied.
These matrix elements are thus dependent on the intra-group
shape of the neutron spectrum. The selection of any spectrum
for the calculation of this matrix impacts the final unfold-
ing, which should be chosen carefully. This impact can be
assessed by performing variations in the guess spectrum and
including that in the unfolded flux uncertainty.

In order to perform the unfolding of the spectrum, several
algorithms are available, including iterative methods such as
the SAND-II code [9]. Lately, there have been efforts to use
other methods to manage the uncertainties more comprehen-
sively. One such strategy uses a Bayesian unfolding routine
coupled to Markov Chain Monte Carlo simulations (MCMC)
using the code JAGS [10]. This methodology is based on the
one presented by Chiesa et al. [11,12]. Different sources of
uncertainty can be handled, including the uncertainty in the
experimental data from the activation of the samples, the
aforementioned uncertainty in the spectrum shape, and the

uncertainties in the cross-section data, which prove to be very
relevant in the MeV energy range. This approach has recently
been used to unfold the spectrum of the newly built NEAR
station of n_ToF at CERN [13].

4 The ToF technique

To provide a complementary and separate measurement of
the spectral shape with higher energy resolution a fast liquid
scintillation detector was deployed in the neutron beam to
allow ToF measurements, especially for the high energy part
of the spectrum. In the following paragraph, both the detector
used and the associated electronics are briefly introduced.

4.1 Experimental setup

A custom-made liquid scintillator detector was used for the
measurements presented here. Figure 12 shows a conceptual
drawing of this device. A 3x3 inch cylindrical cell of borosil-
icate glass with 1 mm thin optical windows was filled with a
Linear alkylbenzene (LAB) based scintillation cocktail with
admixtures of 2.5 g/l PPO (2,5-Diphenyloxazole) and 3 mg/l
BisMSB (1,4-bis-(o-methylstyryl)-benzene). LAB was cho-
sen as the detector medium for safety reasons, due to its low
toxicity and high flashpoint (∼ 140 ◦C). To protect the scin-
tillator from oxygen, it was previously flushed extensively
with high-purity nitrogen. After filling, the glass cell was
sealed gas-tight under moderate overpressure (a few mbar)
of nitrogen. To enhance the light collection efficiency the
mantle surface of the cylindrical cell was previously cov-
ered by a directly evaporated aluminum mirror protected by
a layer of plasma polymer. This vessel is coupled to two fast
3 inch 9821B photomultiplier tubes (PMTs) housed in mu-
metal shields provided by ET Enterprises [14]. The detector

Fig. 12 Conceptual drawing of the experimental ToF setup consisting
of: cylindrical glass cell filled with an LAB based liquid scintillator
(LS), two ETEL 9821B photomultiplier tubes (PMTs), the whole setup
is surrounded by a mu-metal shield
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Fig. 13 Block diagram of the readout electronics: Photomultiplier
Tube (PMT), RF Signal Buncher, Analog to Digital Converter (ADC),
Fan in Fan out (FIFO), Low Threshold Discriminator (LTD), Constant
Fraction Discriminator (CFD), 2 Coincidence Modules

was housed in a thin-walled, fully enclosed aluminum dark
box that serves as both a light shield and a Faraday cage
against electromagnetic noise. This assembly was placed in
the beam axis in a distance of 4.76 m behind the Li-target
(distance with respect to liquid scintillators (LS) target cell
center).

The readout electronics of the ToF setup are based on a
staged coincidence circuit. The first coincidence stage is real-
ized between the two PMT branches and the second between
the output of the first stage and the discriminated RF signal
of the accelerator’s beam buncher. The block diagram of the
used electronics can be found in Fig. 13. For ToF measure-
ments described here, the PMT signals are fed to a CAEN
N978 10x Fast Amplifier [15]. While one of the two outputs
of each stage is directly connected to the waveform digitizer
Agilent U1065A Acqiris DC282 (ADC), the other output is
connected to a CAEN N844 LTD (Low Threshold Discrim-
inator) [16].

The sinusoidal RF Signal used for the XTU Tandem’s
Beam Buncher is discriminated on the falling edge of the
negative half-wave by a CAEN N842 CFD (Constant Frac-
tion Discriminator) [17]. The resulting logic signal is multi-
plied by a CAEN N625 Fan-In Fan-Out [18] and sent to the
ADC on the one hand and to the second stage of the double
coincidence module on the other hand. In case of a coincident
event in both PMTs in coincidence with the buncher signal,
the waveform digitizer is triggered. While the LS detector
reaches an internal time resolution of σL S = (320 ± 5) ps for
energy depositions of ∼300 keVee, the buncher of the XTU
tandem was capable of producing beam bunches with a nearly
gaussian shape and a width of σBunch = (1.08 ± 0.02) ns.
Therefore, the beam properties are fully dominating the time
and with that the energy resolution of the ToF spectrum.

Fig. 14 Detection efficiency of the liquid scintillator located at 4.76 m
from the neutron production target

Fig. 15 Resolution function matrix used to convert ToF to neutron
energy. The matrix includes the detection efficiency

4.2 Unfolding routine

The efficiency and the ToF-to-energy resolution function of
the ToF detection setup were estimated from simulations with
the MCNP6.2 code [6]. Several simulations with monoener-
getic neutron beams were carried out to compute the total
detection efficiency, shown in Fig. 14 for the energy range
covered in the experiment. Also, time discretization in the
experimental time window of 200 ns was included in the
simulations in order to fill the resolution function matrix, as
shown in Fig. 15. The resolution function matrix provides a
means to convert ToF distributions to neutron energy spec-
tra, including the total flight path from the neutron source
to the actual detection inside the liquid scintillator. Also, the
time width of the pulse was reproduced in the simulations by
using the distribution observed in the detection of the γ -flash.
For the calculations of the efficiency and resolution function,
elastic scattering of neutrons by hydrogen and charged parti-
cle reactions from both hydrogen and carbon were included.
Elastic scattering on carbon was not included due to the heavy
quenching that prevented the detection of the carbon recoils.
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Table 2 List of measured activity at end of irradiation, AE O I , for each
sample (Samp) and reaction. For the reported threshold (Thresh) values,
refer to http://www.nndc.bnl.gov/qcalc/

Samp Reaction Thresh (keV) AE O I (Bq)

Au-a 197Au(n,γ )198Au 0 0.59 ± 0.05

Au-b 197Au(n,γ )198Au 0 0.36 ± 0.03
197Au(n,2n)196Au 8114 ± 3 5.39 ± 0.22
197Au(n,4n)194Au 23,260.2 ± 2.2 0.57 ± 0.05

Al 27Al(n,α)24Na 3249.75 ± 0.05 4.0 ± 0.4

In 113In(n,3n)111In 17,271 ± 3 0.051 ± 0.004
113In(n,4n)110In 27,353 ± 12 0.056 ± 0.020
115In(n,γ )116m In 0 3.8 ± 0.6
115In(n,n’)115m In 0 22.0 ± 0.4

Ti 46Ti(n,p)46Sc 1619.1 ± 0.7 0.117 ± 0.019
48Ti(n,p)48Sc 3274 ± 5 1.72 ± 0.05

Co 59Co(n,2n)58Co 10,632.8 ± 1.2 0.534 ± 0.013
59Co(n,4n)56Co 30,923.8 ± 0.6 0.107 ± 0.006
59Co(n,p)59Fe 795.9 ± 0.5 0.113 ± 0.009
59Co(n,α)56Mn 0 2.05 ± 0.16

Ni 58Ni(n,p)58Co 0 1.73 ± 0.04
58Ni(n,2n)57Ni 12,429.0 ± 0.7 1.76 ± 0.11

The unfolding routine to convert ToF to energy spectra was
a bayesian-based iterative algorithm using the maximum
likelihood expectation-maximization (MLEM) method. This
method has been previously used for comparable applica-
tions, for instance the unfolding of β-decay total absorption
spectra [19] and for γ -ray spectroscopy decomposition [20].

5 Results

5.1 Results from activation and ToF measurements

The activation produced during the irradiation was measured
via Gamma spectroscopy, from which the activity at the end
of irradiation, AE O I , was inferred. Table 2 lists the AE O I

for each sample and reaction. Subsequent spectral results
from the analysis using the activation unfolding method and
the total neutron yield are shown in the following section,
compared to the FLUKA simulations.

The experimental ToF spectrum measured with the LS
detectors is shown in Fig. 16. This ToF spectrum includes
the γ -flash from the target and the neutron distribution. The
long ToF tail is altered due to event missing in triggering due
to the fast bunch rate used in the experiment. In short, we
had to make the gates shorter given that the beam frequency
was high. Also there was an arbitrary shift between the gate
for the RF (Buncher) and the gate from the detector, which
resulted in a limited and reduced time window for the trig-

Fig. 16 Time of Flight data for events below 200 ns. The left peak
shows the gamma flash events from the neutron production target, and
the right peak shows the neutron distribution. From the gamma flash
the time and width that energy resolution of the ToF spectrum was
derived. The arbitrary offset for the ToF measurement is calibrated out
by shifting the mean value of the gamma flash to the value derived from
the division of the distance (between the detector and the Li target) by
the speed of light

gering. In addition to that, the end of the gate actually has an
influence on the trigger efficiency there, thus altering the tail
of the spectrum. This made us reject the low energy tail in
the reconstruction. Also, this part of the experiment lacked
a concise and accurate determination of the ion current used
to produce the spectrum, and therefore only the shape of the
spectrum is retained. The unfolded energy spectrum is shown
in the next section.

5.2 Comparison between FLUKA simulations and the
experimental data

Table 3 reports the measured neutron flux from unfolding at
the activation foils position, compared with the FLUKA sim-
ulation; the unfolded neutron spectrum is shown in Fig. 17.
The integral neutron flux of (4.04±0.42)×105 n/cm2/s/pnA

Table 3 Measured neutron flux from unfolding at the activation posi-
tion, compared with FLUKA simulation. The integral neutron flux is
also given in the last row

Energy Range (MeV) Φ (103 n/cm2/s/pnA)

Min Max Unfolded FLUKA Sim

10−9 0.1 11 ± 35 4.2 ± 0.7

0.1 3.16 64 ± 27 70.0 ± 2.6

3.16 10.0 198 ± 32 187.1 ± 4.0

10.0 20.0 104 ± 12 94.0 ± 2.4

20.0 35.5 21 ± 6 22.2 ± 1.0

35.5 100 7 ± 7 1.42 ± 0.23

10−9 100 404 ± 42 379 ± 10
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Fig. 17 Unfolded neutron spectrum obtained from activation and
unfolded from ToF, compared with FLUKA simulations. FLUKA simu-
lations are also shown with the same binning of the activation unfolding
to facilitate the comparison

at that position, confirms the estimates by FLUKA ( (3.79 ±
0.10) × 105 n/cm2/s/pnA), in good agreement within uncer-
tainties. The unfolded spectrum obtained from activation data
is shown in blue in Fig. 17. Five energy groups above 0.1 MeV
show good agreement both in shape and in the absolute value
of the production yield.

Moreover, the unfolded data from the ToF measurement,
covering the high energy part of the spectrum (above 8 MeV),
shows a spectral shape with increased energy resolution and
also in excellent agreement with the simulation. The low
energy limit for the reconstruction from the ToF spectrum
was set at 8 MeV due to the presence of artifacts from the
unfolding, which surpassed the attainable uncertainties in
that range. The results of the unfolding are shown also in
Fig. 17 in comparison with the activation and simulated data.
The spectral data from ToF has been scaled to the activation
data in that range as this part of the experiment did not include
an independent normalization.

6 Prospects

At LNL, the ALPI booster can be used to reach higher beam
energies: according to FLUKA simulations, the energy spec-
trum can be stiffened and the neutron yield increased by a
factor 5 by raising both the beam energy up to 170 MeV
and the lithium thickness to 1 mm (Fig. 18). We are sched-
uled to perform an ALPI version of this experiment in 2024
in order to verify the energy dependence, especially for the
higher energy neutrons; the proton contamination will also
be measured with a silicon diode.

Using thicker lithium will require modifying target fabri-
cation and re-evaluating the cooling system. For this reason,
we will also investigate the possibility of using a beryllium

Fig. 18 FLUKA simulations for 14N ions on target thicknesses equal
to the ion range: comparison of neutron spectra for 90 MeV (red) and
170 MeV (blue) at 2 cm from the target in the forward direction. The
distribution for 170 MeV ions on beryllium is also shown as it is an
attractive alternative to lithium

easier to install self-standing foil target instead of the lithium
targets fabricated in a glovebox (described in Sect. 2.4).

Indeed beryllium has better physical properties (higher
melting point, thermal conductivity, and lower linear thermal
expansion coefficient) and it is stable in air making it much
more manageable compared to lithium. However, the issue
of radiation damage to the Be foil must be evaluated with
great care: Be is toxic and the risk of polluting the beam line
might be too great.

7 Summary

The 7Li(14N,xn)X reaction is cost effective and easy to imple-
ment at Tandem machines. LNL can use this reaction to
immediately produce fast neutrons in an interesting energy
range while waiting for the construction and commissioning
of a dedicated neutron irradiation facility at the SPES pro-
ton cyclotron. The experimental neutron energy distribution
measured is broad and peaked at 8 MeV, ranging from hun-
dreds of keV up to tens of MeV. Activation foils and ToF
technique have been used to measure the produced energy
spectra, showing a good agreement between them and the
heavy ion fragmentation and coalescence models available
in FLUKA.
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