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Abstract
The NEPIR facility (NEutron and Proton Irradiation), currently in development at the Laboratori Nazionali di Legnaro of

the Istituto Nazionale di Fisica Nucleare (LNL-INFN), will serve as the first fast neutron (En > 1 MeV) irradiation source in
Italy specifically designed to support advanced scientific research and industrial applications. Powered by the SPES (Selective
Production of Exotic Species) variable-energy proton cyclotron, NEPIR will be implemented in two main phases. Phase-0 will
deliver continuous (white spectrum) and pseudo quasi-monoenergetic neutron fields, while Phase-1 will introduce true quasi-
monoenergetic neutron beams and an atmospheric-like neutron spectrum. The Phase-0 target system, CoolGal, is based on a
thick beryllium target and is intended to evolve into a galinstan-cooled configuration for high-power operation. To simplify
initial commissioning, a water-cooled prototype——excluding galinstan——has been developed. This paper presents thermal and
structural analysis of the prototype and evaluates its neutron production performance through Monte Carlo simulations. The
primary goal is to support an experiment to measure the double-differential neutron yield of the Be(p,n) reaction in the 30–70
MeV range. These results will provide new experimental data to supplement current Japanese Evaluated Nuclear Data Library
evaluations and guide the development of advanced neutron sources at NEPIR.
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1. Introduction
Compact accelerator-driven neutron sources (CANS) al-

ready play an important role in applications of neutron
physics, and their importance will continue to grow. As re-
search nuclear reactors close, CANS provide a cost-effective
alternative, supporting communities in need of easy-to-
access neutron beams; in addition, their distributed na-
ture allows for broader accessibility, including use as train-
ing centers. The growing relevance of CANS is reflected
in international networks such as UCANS (Union for Com-
pact Accelerator-driven Neutron Sources) [1] and ELENA
(European Low Energy accelerator-based Neutron facilities
Association) [2], which coordinate efforts among facilities
worldwide.

Within this context, the NEPIR (NEutron and Proton Irradi-
ation) facility is a multidisciplinary project at the Laboratori
Nazionali di Legnaro (LNL-INFN) [3]. Powered by the SPES (Se-
lective Production of Exotic Species) variable-energy proton
cyclotron, NEPIR will deliver fast neutrons (En > 1 MeV) in
the 30–70 MeV range to support a broad spectrum of applica-
tions. These include single event effect testing in electronics,
radiation effects on biological systems, shielding verification

for space and medical technologies, and the generation of nu-
clear data for Monte Carlo simulations.

To allow progressive commissioning and enable early ex-
periments, NEPIR will be developed in two main phases.
Phase-0 will provide continuous-spectrum (white) neutrons
by using a thick, proton-stopping beryllium target. It will also
allow the generation of pseudo quasi monoenergetic neutron
(PQMN) beams through spectral subtraction techniques us-
ing closely spaced proton energies [4]. This approach enables
early testing of components and diagnostics, initial neutron
yield measurements, and preliminary research in dosimetry,
shielding, electronics, and educational training. The target
system for this phase, called CoolGal, is designed to handle
high power levels using a galinstan-based liquid-metal cool-
ing system to efficiently dissipate heat and stabilize the sys-
tem thermally.

Phase-1 will significantly expand NEPIR’s capabilities by in-
troducing true Quasi Monoenergetic Neutron (QMN) beams
using thin lithium or beryllium targets, allowing precise
energy selection in the 30–70 MeV range [4]. A dedicated
Atmospheric Neutron Emulator (ANEM) target will also be
implemented to replicate the energy spectrum of cosmic-
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Fig. 1. Cross-section of the simplified CoolGal prototype showing the beryllium target, window, and cooling system.

ray-induced atmospheric neutrons within the accessible en-
ergy range. This will support research in space electron-
ics, aviation safety, and high-reliability systems. More de-
tails of the ANEM target are found in Mastinu et al. [4]
and Acosta Urdaneta et al. [5]. These advancements will en-
able more accurate neutron cross-section measurements, cal-
ibration of radiation detectors, and benchmarking of radi-
ation transport codes. The modular and flexible design of
NEPIR will allow it to serve a wide user community spanning
fundamental research, applied technology, and industrial
testing.

A key milestone in Phase-0 is the development of the Cool-
Gal target system, designed to produce continuous energy
fast neutron beam via proton-induced reactions on a thick
beryllium target. The CoolGal target system consists of a 30
mm beryllium disk, encased in a coated copper or aluminum
cladding and submerged in a static galinstan (SnInGa alloy)
bath for efficient heat removal and thermal stabilization,
making it well suited for high-power target cooling. A thin
window, capable of withstanding pressure differences up to
1 atm, separates the liquid metal from the beamline vacuum.
The CoolGal target was originally designed for high power
dissipation (>1.5 kW); see Mastinu et al. [4] and Alfonso-
Barrera et al. [6] for further design details. While the final
design will employ a galinstan cooling system, a simplified
version has been studied without galinstan to enable earlier
testing and reduce system complexity.

This simplified prototype is the focus of the present work.
The prototype’s development, currently under assembly,
aims to validate thermal simulations, evaluate the mechani-
cal performance of the separation window and beryllium tar-
get under realistic beam-induced stresses, and assess opera-
tional aspects relevant for commissioning. A key objective is
to support a proposed experiment at SPES focused on mea-

suring the double-differential neutron yield of the Be(p,n) re-
action in the 30–70 MeV proton energy range. Despite the
relevance of this reaction for fast neutron production, exper-
imental data at these energies remain limited and are pri-
marily derived from JENDL (Japanese Evaluated Nuclear Data
Library) evaluations. New high-precision measurements will
help refine neutron source designs and are particularly im-
portant for optimizing the final configuration of the ANEM
target in NEPIR Phase-1.

The following sections present the prototype’s design,
simulation results on structural, thermal, and expected
neutron spectrum, and implications for future NEPIR
development.

2. Design of the simplified CoolGal
prototype

A simplified, low-power prototype of the CoolGal target——
without galinstan cooling——has been developed for upcom-
ing tests at the SPES cyclotron. The primary objectives are to
validate thermal simulations, assess the mechanical perfor-
mance of the separation window and target assembly under
beam conditions, and measure the double-differential neu-
tron yield of the Be(p,n) reaction in the 30–70 MeV range.

Figure 1 shows a section of the prototype; it consists of a
thick beryllium block pressed to a water-cooled aluminum
vacuum chamber. The vacuum environment is maintained
using the thin separation window. While the final CoolGal
galinstan-cooled target is being designed, constructed, and
tested, the prototype system will provide neutron beams to
support academic and industrial research. The following sec-
tions provide further details on this prototype’s components
and key characteristics.
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2.1. Separation window
The separation window maintains vacuum integrity while

allowing proton beam passage and isolating the target envi-
ronment from the accelerator beamline. Materials were se-
lected based on thermal conductivity, radiation resistance,
mechanical strength, activation levels, and cost. Four candi-
dates were considered: aluminum alloy 6061, titanium alloys
Grade 5 and Grade 9, and Havar.

Simulations determined the optimal thickness and ther-
mal response of each material under different beam con-
ditions using ANSYS [7] for Finite Element Analysis (FEA).
FLUKA Monte Carlo simulation code [8, 9] was used for resid-
ual activity and radiation dose at 1 meter after 100 days
of irradiation. Proton energies from 30 to 70 MeV and cur-
rents of 1 and 10 μA were studied. Simulations, detailed in
Section 3.1, guided material selection.

2.2. Beryllium target
The target consists of a simple beryllium cylinder with a

specially machined base to allow it to be pressed against the
bottom of the chamber (see Fig. 1). The beryllium cylinder
is mechanically secured to optimize thermal contact with
the cooling surface while avoiding overstress in the support
structure.

Once the geometry was defined, thermal analysis became
essential, particularly for the beryllium target. FEA were con-
ducted using ANSYS software [7] to simulate the thermal be-
havior of the target under beam exposure. Proton beam ener-
gies of 30–70 MeV at currents of 1 and 10 μA were analyzed.
Critical scenarios were also evaluated, including the initia-
tion of a crack in the beryllium target. The results of these
analyses are presented in Section 3.2.

The beam is fully stopped within the material for 70 MeV
protons incident on a 30 mm thick beryllium target. This
results in a greater temperature increase compared to cases
where the beam exits the beryllium, posing risks to the ma-
terial’s integrity due to potential blistering and flaking. An
alternative design with a 26 mm beryllium target thickness
was considered to mitigate these risks, allowing the beam to
stop in the aluminum chamber rather than within the beryl-
lium itself. The beryllium piece for this project will not be
manufactured in laboratory workshops but will be procured
from external companies specializing in beryllium process-
ing.

2.3. Cooling system
The most commonly used cooling system, including the

one in our laboratories, consists of channels running through
the chamber’s thickness. A liquid——typically water——flows
through these channels, efficiently dissipating heat from the
target. The cooling system was designed to dissipate 700 W
of power with a water flow rate of approximately 200 l/h, re-
sulting in a maximum temperature increase of 55 ◦C at the
point of contact with the beryllium target.

Although water was initially considered the cooling fluid,
its circulation within the irradiated chamber posed manage-
ment challenges. To address this, an alternative cooling ap-
proach using compressed air available at the facility was ex-

Table 1. Minimum thickness of the separation window and
maximum temperature in the window for 1 μA and 35 MeV
(worst-case scenario).

Material
Minimum thickness

(μm)
Maximum temperature

(◦C)

Ti-Gr5 25 110

Ti-Gr9 30 105

Al-6061 90 40

Havar 50 120

plored. Cooling system performance is further discussed in
Section 3.3.

3. Results and discussion

3.1. Separation window
The material’s elastic–plastic behavior was considered

when determining the optimal thickness to mitigate stress
concentrations at the clamping point [10]. Unlike the bulk
beryllium target, the most critical scenario for the window
occurs with a 35 MeV proton beam, which results in higher
temperatures than the 70 MeV beam due to increased stop-
ping power.

FEA identified the center of the window as the hottest re-
gion, with aluminum demonstrating superior thermal per-
formance despite requiring greater thickness. In contrast,
Havar reached higher temperatures and residual dose levels,
raising safety and activation concerns. Table 1 summarizes
the minimum required thicknesses and peak temperatures.
For further details on studies related to the thermal analysis
of the window, see Dattilo R. [10].

Using the FLUKA Monte Carlo simulation code [8, 9], the ra-
diation dose absorbed over time due to the residual radioac-
tivity of the window was evaluated, considering an irradia-
tion period of 100 days with a beam energy of 35 MeV and a
current of 1 μA. A mannequin was positioned 1 meter from
the window to simulate the received dose. The activity of po-
tential materials for the CoolGal window was also simulated
under the same conditions. Figure 2 compares (left) the dose
received by the mannequin for different materials and (right)
the activity of these materials over time.

FLUKA simulations showed aluminum has the lowest ac-
tivity during the first 200 days post-irradiation, making it
advantageous for operations with short cooldown periods.
Titanium alloys offer intermediate activation but greater
strength, while Havar’s slow decay and poor thermal effi-
ciency limit its suitability. These results indicate that alu-
minum offers the best thermal performance, while titanium
alloys present a trade-off between strength and thermal ef-
ficiency. Havar, though historically used, appears subopti-
mal due to high temperature and residual activity. Comple-
mentary experimental tests were conducted to measure the
breakout pressure of each window material. Based on both
the simulation outcomes and experimental measurements,
the final selection of a 100 μm Al window for the prototype
was due to its thermal efficiency and lower activation.
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Fig. 2. (Left) Dose received by a mannequin at 1 m. (Right) Activity of the different materials over time. In both simulations,
an irradiation period of 100 days with a beam energy of 35 MeV and 1 μA current was considered.

Fig. 3. Thermal field within the target cross-section for 70
MeV protons with 1 μA (70 W).

3.2. Beryllium target
Initial simulations were performed with a proton beam

current of 1 μA, yielding power deposition values ranging
from 35 to 70 W. The power deposition distribution was com-
puted using FLUKA [8, 9], assuming a Gaussian proton beam
profile with a 5 mm root mean square deviation, and subse-
quently imported into ANSYS [7] for thermal analysis.

The thermal distribution within the target was analyzed for
each power setting, with the most critical scenario occurring
at 70 W. Figure 3 illustrates the temperature field in a sec-
tion of the target for this case. The results indicate that the
maximum temperature, 35 ◦C, occurs on the upper surface
of the target——the region farthest from the cooling channels
located at the base. Subsequent simulations were conducted
with a beam current of 10 μA. The results, shown in Fig. 4, in-
dicate that the top surface of the beryllium is the most ther-
mally stressed, especially at beam powers exceeding 600 W.
A maximum temperature of 168 ◦C was observed for 700 W
power deposition. The key degradation phenomena for beryl-
lium under proton impact include sputtering [11, 12], erosion
caused by high temperatures [13], material loss due to tar-

Fig. 4. Temperature distribution along the target axis for dif-
ferent power depositions.

get oxidation [14], and melting. Despite this, temperatures re-
main below thresholds for significant sputtering or melting.
At 10 μA (a flux of about 1014 p/cm2/s), the beryllium atom
loss rate of 1011 atoms/cm2 is considered insignificant.

After conducting simulations under nominal conditions,
the system’s behavior was analyzed in the presence of dis-
turbances that disrupt its equilibrium, such as the initiation
of a crack within the target. Simulations of lateral cracks at
the Bragg peak depth revealed increased local temperatures
and spatial asymmetries, with surface temperatures reaching
240 ◦C for the worst case. The inclusion of thermocouples is
thus critical to detect such anomalies in real time. To address
this, modifications were made to the latest model of the tar-
get: holes were introduced for the insertion of thermocou-
ples. Thermocouples were embedded at three axial positions
to monitor temperature gradients near the Bragg peak. Ther-
mal simulations validated a 26 mm thick beryllium target de-
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Fig. 5. Design of the cooling channels inside the aluminum chamber, to dissipate 700 W of the target.

sign and confirmed the importance of integrated thermocou-
ples for detecting early-stage thermal anomalies, including
those caused by internal cracking.

3.3. Cooling system
The cooling channel dimensions were determined through

an iterative design process that accounted for the required
heat dissipation (700 W), the cooling system’s maximum flow
rate (200 L/h), water velocity, and the expected heat trans-
fer coefficient. Based on these parameters, a channel with a
7 mm diameter and 214 mm length was selected, yielding an
estimated forced convection coefficient of approximately 8
kW/m2 ·◦C. The final channel geometry is illustrated in Fig. 5.
Thermal modeling of the aluminum chamber showed a sym-
metric temperature distribution with a peak of 76 ◦C, validat-
ing the channel geometry and flow rate assumptions.

Assuming the same temperature increase of 55◦C for the
chamber, various cooling options were explored in the ab-
sence of water. The study considered using natural convec-
tion or compressed air as coolants. Natural convection alone
can efficiently dissipate up to 20 W of power. However, with
compressed air, it is possible to dissipate between 70 W and
150 W, depending on the available airflow rate. For low- and
mid-power operation, alternative cooling with compressed
air is assessed. Natural convection suffices for proton currents
below 0.3 μA; compressed air is adequate up to 2 μA, beyond
which water cooling is required. For high-power dissipation
(>1.5 kW), a target with galinstan coolant is mandatory.

3.4. Neutron energy spectra
An alternative design featuring a 26 mm thick target was

explored to reduce the risk of blistering and excessive tem-
perature rise, at least for 70 MeV protons, the highest beam
energy at SPES. In this design, the beam is stopped in the alu-
minum chamber rather than the beryllium. Simulations of
the expected neutron spectrum emitted from the simplified
CoolGal prototype target (Section 2) were performed with the
MCNPX Monte Carlo code [15], considering the two beryllium
thicknesses (originally 30 mm and the new 26 mm). Reducing
target thickness from 30 mm to 26 mm had minimal effect
on the neutron yield, except for a minor 7% reduction below
3 MeV. Given that the intended application focuses on fast
neutrons, the minor reduction in low-energy neutron yield

Fig. 6. MCNPX simulations of the expected neutron energy
spectra (in the forward direction, with a 3◦ semi-angle, at 1 m)
with a 26 mm thick beryllium target and 0.1 mm aluminum
window.

is considered acceptable, and the target thickness was there-
fore fixed at 26 mm.

Figure 6 shows the simulated neutron energy spectra, in
the forward direction (3◦ semi-angle), at 1 m, with the com-
plete prototype target (Fig. 1 but 26 mm beryllium). In the fig-
ure, the simulations for different proton energies are shown.
The integral fast (En > 1 MeV) neutron flux for 70 MeV protons
is 106 n/cm2/s at 1 m.

PQMN beams can be effectively produced by energy sub-
traction methods [4], offering flexible spectrum shaping ca-
pabilities without dedicated QMN targets. Figure 7 shows an
example of such a PQMN spectrum (blue) obtained by the sub-
traction of the neutron energy spectrum generated by 67 MeV
protons (black) from the 70 MeV spectrum (red), for a proton
current of 1 μA at a downstream point distant of 1 m.

Experimental validation of these simulations will provide
critical input for the final CoolGal and NEPIR Phase-0 design.
Testing the simplified CoolGal prototype without Galinstan
is being considered at the SPES proton cyclotron. A key goal
will be to measure the double-differential neutron yield of
the Be(p,n) reaction, a crucial process for copious production
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Fig. 7. An effective pseudo quasi mono-energetic neutron
(PQMN) spectrum (blue) obtained by subtraction: the neutron
energy spectrum generated by 67 MeV protons (black) is sub-
tracted from the 70 MeV spectrum (red).

of fast neutrons. Two independent methods will be employed
to measure the neutron energy spectrum and validate simula-
tion results: the standard stack-activation foil technique and
a plastic scintillator-based fast neutron detector [16]. The lat-
ter was developed at the University of Cape Town (UCT) and
characterized at several fast and high-energy neutron facil-
ities, including the UCT and iThemba LABS. These measure-
ments will be conducted in collaboration with iThemba LABS.

In addition, two other detectors are under development
for this measurement: a proton recoil telescope following
the configuration of Yoshiaki Shikaze et al. [17] and a novel
honeycomb-shaped scintillator detector. Both systems rely on
the well-characterized (n,p) reaction cross section. Calibra-
tion and characterization of these detectors must be com-
pleted prior to their use; if successful, they will also be in-
cluded in the experimental campaign.

4. Conclusions
This work presents the design and analysis of a simplified

CoolGal prototype developed for NEPIR Phase-0. The target
assembly, excluding galinstan cooling, was engineered to val-
idate thermal simulations, assess mechanical performance
under beam-induced stresses, and support early commission-
ing at the SPES cyclotron. A central objective is the experi-
mental measurement of the double-differential neutron yield
of the Be(p,n) reaction in the 30–70 MeV proton energy range,
for which existing data remain limited and largely based on
evaluations.

Thermal and radiation analyses guided critical design de-
cisions, including the selection of a 100 μm aluminum sepa-
ration window and a 26 mm thick beryllium target, both op-
timized for heat dissipation and operational safety. Cooling
strategies were evaluated for varying beam powers, confirm-
ing that air convection is viable at low currents, while water
cooling is required beyond 2 μA.

Prototype testing will not only validate the simulation
framework, but also guide the final design of the CoolGal
target. These developments are essential for the phased con-
struction of a dedicated NEPIR beamline and bunker at the
SPES facility. Even with this simple prototype target, the in-
frastructure will support the timely delivery of fast neutron
beams to a broad spectrum of users from academia and in-
dustry.
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