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Abstract An analytical study, corroborated by Monte Carlo simulations, is presented which describes the interaction of a
300 keV–830 mA proton beam with a Cu and Al dumping system. The analytical calculations rely on the theoretical frame-
work of the Particle Induced X-ray Emission, while the Monte Carlo simulations are performed by means of the GEANT4 toolkit.
The case study is related to the project SORGENTINA-RF fusion neutron source and in particular to the tests devoted to assess the
performance of the ion source of the plant. The results provide a detailed physical insight of the main processes occurring in the
beam dump material, and are also important to give some realistic figures of the radiation emission expected during operation.

1 Introduction

The ENEA project SORGENTINA-RF will rely on a rotating target where a mixed (50:50) deuteron and triton continuous beam,
impinging on a rotating target with a nominal energy of EB � 300 keV, spot diameter of about 12 cm and total beam current
IB � 830 mA. The beam will be directed to a thin (about 3µm) titanium coating layer covering the rotating target where deuterons
and tritons of the beam are implanted, in turn producing fusion neutrons via D–T, D–D and T–T reactions [1].

The first phase of the SORGENTINA-RF project consists in designing and operating the so-called thermo-mechanical demon-
strator (TMD). The TMD is composed by a rotating target and an ion source that provides the 250 kW beam power to be extracted
by means of a cooling system specially designed for this purpose. Before being coupled to the rotating target, the ion source will be
commissioned as a single component, to assess its performance in terms of ion beam spot homogeneity and stability over hundreds
of hours in continuous operation. In this phase, the ion source will operate with hydrogen ions with the aim of delivering power
without producing neutrons. This test will be thus performed using a proton beam dump designed and constructed on purpose.
The material of the dump is still subject to investigation, nevertheless the two main options are copper (Cu) and aluminum (Al)
because of their good heat exchange properties and because the final SORGENTINA-RF target will likely be made of one of these
two materials. This choice relies on both a preliminary neutronic analysis of possible nuclear heating effects and a minimisation
of radioactive waste production [1, 2]. In this context, although new physics phenomena are not involved, nevertheless the PIXE
(Particle Induced X-ray Emission) theory is used in a not standard framework and it is instrumental for the development of a 14
MeV neutron source that represents the first of a kind. As already discussed [1], the power density on the rotating target is expected
to be lower than 1 MW m−2 in operation. As the beam dump is a fixed component, to guarantee the same power density, the proton
beam will impinge at a grazing angle onto the dump; the angle was chosen to be 20◦.

Against this backdrop, an analytical model was developed with the aim of studying the interaction of low energy protons with the
beam dumping system. The analytical approach was validated by Monte Carlo calculations performed with the GEANT4 simulation
toolkit. A deeper investigation of the effects of proton interactions with the accelerators’ structure is required to avoid undesired
personal and environmental exposure as well as processes that may jeopardise the ion source’s performance. This topic is typically
faced at different proton energy ranges (above several tens of MeV) [3] with respect to the one of interest in this specific case. Little
research has been dedicated to the interaction of very low energy protons and the resulting possible radiation protection issues.
Generally, this kind of analysis is carried out by means of Monte Carlo simulations, while, in the present study, both analytical and
numerical approaches are exploited. The aim is to describe in detail the interaction of the ion beam with the main components of
the testing plant, namely the beam dump and the drift tube’s residual gas. The benefit of our approach is twofold: first, analytical
calculations have the potential to provide a unique insight into the origin of the physical mechanisms involved in the interaction
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Fig. 1 (Color online) Schematic
drawing of the proton beam dump.
The incidence angle of the beam is
θ=20◦. The blue region indicates
the water cooling. The red arrows
define the X-rays emitted upon
proton impact. The angle α is the
angle of X-rays emission with
respect to the incident proton
direction

processes. Second, a detailed comparison between the analytical and numerical results has proved useful to test the reliability of the
most recent physics models provided in GEANT4 when treating low energy proton PIXE effects in materials.

The analysis is divided two parts, regarding the two different processes under investigation: Part I deals with the ion beam-dump
interactions, Part II with the ion beam-gas interactions. The present manuscripts is related to Part I.

2 Methodological approach to the problem

As far as the analytical approach is concerned, at the energy of the ion source foreseen for the SORGENTINA-RF project [1], one
can model the subtending processes with the theoretical framework of PIXE [4].

As regards the simulations, the electromagnetic interaction of the 300 keV protons from the ion source with the beam dump has
been carried by means of the GEANT4 code, a single-particle tracker which takes into account all the fundamental interactions of
radiation with matter [5–7]. For this specific case study, atomic relaxation processes are simulated by exploiting the most recent
updates of GEANT4 releases, which include options for low energy electromagnetic interactions. Atomic de-excitation (fluorescence,
Auger electron emission, including Auger cascades and Particle Induced X-ray Emission) can be activated by processes producing
vacancies in atomic shells [8]. Processes inducing atomic relaxation in GEANT4 are photoelectric effect, Compton scattering and
ionization. The default implemented library describing the atomic relaxation back to neutrality is the Livermore Evaluation Atomic
Data Library EADL [9]. Data in EADL include the radiative and non-radiative transition probabilities for each sub-shell of each
element, for Z � 1 to 100. The EADL data are used to calculate the complete radiative and non-radiative spectrum of X-rays and
electrons emitted, as the atoms relax back to neutrality. When implementing the proton-dump interaction the following aspects of
the process have been included in the simulation: (1) geometry of the dumping system, (2) material involved, (3) particle beam
of interest (protons), (4) tracking of particles through materials and surrounding spaces, and (5) physical processes subtending the
particle interactions, including the de-excitation processes mentioned above.

3 Low energy proton interaction in copper and aluminium in the beam dump

3.1 Ionization processes in the beam dumping system

The electromagnetic interaction of the 300 keV protons from the ion source passing through the beam dump material (see Fig. 1) takes
place almost exclusively in terms of ionization, as bremsstrahlung is highly unlikely at this proton energy [10]. Protons interacting
with the material transfer their energy Ep (via electromagnetic interaction) to the inner-shell electrons in turn producing ionization.
In a first approximation, the number of ionizations N(ion, j)(Ep) produced in a given shell j ( j � K , L , M , . . .) of a given atomic
species in the target can be written as [4]:

N(ion, j)(Ep) � σ(ion, j)(Ep) · NZ · t · Np (1)

i.e. proportional to the target concentration (atoms per unit volume), NZ , of that atomic species, and the number of particles in the
beam, Np , passed through the target of thickness t. The term σ(ion, j)(Ep) is the ionization cross section for the j − th atomic shell
and provides the probability for the interaction to give rise to the specific ionization.

3.2 X-ray emission probability inside the beam dump system

The probability of X-ray emission following an ionization event is measured in terms of the cross section for j − th shell emission,
σ(X , j)(Ep). The ionization and X-ray emission cross sections are related by:

σ(X , j)(Ep) � σ(ion, j)(Ep) · ω j (2)

ω j being referred to as the fluorescence yield, i.e. the ratio of the number of X-ray emissions to the total number of ionizations
produced in the j − th shell [4]. The fluorescence yield for a given atomic shell shows a dependence on the atomic number Z of
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Fig. 2 (Color online)
Fluorescence yield, ω, as a
function of the atomic number, Z,
for K- and L-shell emission.
Source: Ref. [4]

Fig. 3 X-ray emission cross
section as a function of the proton
energy for Al13 in a double log
scale: the dashed line is a linear
interpolation to determine the
cross section value at 300 keV [11]

Table 1 Mean values for X-ray emission cross sections of y � Al13 and Cu29 considering the set of data in Refs. [11, 12]

y σ (X , K )(Ep) (b)

Al13 [11] 54.2 ± 12.6

Al13 [12](*) 61.7 ± 10.7

Al13 [12]+ [11] 75.3 ± 2.8

Cu29 [11] 0.0783 ± 0.0475

Cu29 [12](*) 0.0821 ± 0.0100

Cu29 [12]+ [11] 0.0965 ± 0.00361

(*) Average value of σ (X , K )(Ep)
Mean value and uncertainty of σ(X , K )(Ep) were calculated using a weighted averaging over the available values

the material being traversed by the proton, as shown in Fig. 2. As it can be noted in Fig. 2, for aluminum (Z � 13) only K-shell
emission must be taken into account, and the same is true for copper (Z � 29) because its L-shell emission is practically negligible
with respect to the overwhelming K-shell emission.

Values of σ(X , K )(Ep) and σ(ion, K )(Ep) and ωK were extracted from Refs [11, 12] for both Cu and Al. When the value of the
cross section at Ep � 300 keV value was not provided, it was extracted by means of a linear interpolation of data, by plotting
log[σ(X , K )(Ep)] vs log(Ep) as suggested in Ref. [11]. An example of this procedure is shown in Fig. 3. This way, one obtains a set
of σ(X , K )(Ep � 300 keV) values from different bibliographic sources, in turn determining the mean values, σ (X , K )(Ep), and the
corresponding uncertainty.

Table 1 provides the final values of σ (X , K )(Ep) for Al (Z � 13) and Cu (Z � 29) calculated from the databases of Refs. [11,
12]. Also, a cross analysis was done by using the σ(ion, j)(Ep) from Ref. [12] and ωK from Ref. [11] in order to have a wide range
of values of σ(X , K )(Ep) to be compared.
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Fig. 4 Result of a TRIM [13]
calculation to determine the
300 keV proton range � for an
incidence angle of ϑ � 20◦ with
respect to the normal to the dump
surface. It shows that, within a
simulation cell 4 × 4µm2 (Cu)
and 6 × 6µm2 (Al), the range is
between 2 and 3µm in both cases,
while the lateral straggling is
lower than 1µm (main dark grey
zone)

Fig. 5 (Color online) Trend of the
proton range �(Ep ) in units of

cm2 g−1 (left panel) and cm (right
panel) for Al13 and Cu29 as a
function of the proton energy.
Dashed lines identify the proton
energy of interest (300 keV) and
the corresponding value of � in
the plots. Data taken from Ref.
[13]

Using the values of σ(X , K )(Ep) listed in Table 1 and Eq. (1), the X-ray emission rate can be written as:

dψ(Z , Ep)

dτ
� σ (X ,K )(Z , Ep) · ρy NA

Ay
· t · IB

e
(3)

IB being the ion source beam current, e the electron charge (e � 1.60217662 × 10−19 C), NA the Avogadro’s number (6.023 ×
1023 mol−1), while Ay and ρy are the atomic mass and the density of the material (the suffix y refers to Al or Cu).

Defining τirr as the beam-dump irradiation time, the total amount of X-rays emitted by the material interacting with the proton
beam is provided by integrating Eq. (3) as follows:

N(X ,K )y(Z , Ep) �
∫ τirr

0

dψ(Z , Ep)

dτ
dτ

�σ (X ,K )(Z , Ep) · ρy NA

Ay
· t · IB

e
· τirr (4)

Therefore, Equation (4) represents the total number of X-rays produced over the irradiation time, in the assumption of a time-
independent process. This is valid as the dump is grounded and thus the onset of the braking sheath induced by an excess of positive
charges is inhibited.

3.3 X-ray emission rate inside the beam dumping system

In order to proceed further with the calculation, additional considerations have to be done to estimate the “effective thickness”, t,
that appears in Eq. (3). It is worth to consider that 300 keV protons feature a very small range �y(Ep) into both Cu and Al. A very
rough calculation made using the SRIM code [13] provides �Al � 2.8µm and �Cu � 1.5µm for Ep � 300 keV (see Fig. 4).
Figure 5 shows the variation of the proton range in Al and Cu as a function of the proton energy.

The σ (X , K )(Ep) can be used to estimate the proton’s mean free path, λX−ray(yZ ), for the PIXE process:

λX−ray(Ep , y) � Ay

NA · ρy · σ (X ,K )(Ep)
(5)

From Eq. (5) one obtains, for Ep � 300 keV, λX−ray(Ep) � 0.3 cm and λX−ray(Ep) � 160 cm for Al and Cu, respectively.
Given that �(Ep) � λX−ray(Ep) for both Al and Cu, the X-ray emission is equiprobable along �(Ep) in both cases. In this

condition, the mean value of the emission point is �(Ep)
2 ±�(Ep)√

12
. Thus, as it can be noted from Fig. 4, the effective layer def f (Ep)

from which the X-ray emission takes place is smaller than 1µm, i.e. def f (Ep) � �y (Ep)
2 · sin(ϑ) (y � Al or Cu), that provides 0.23
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Fig. 6 (Color online) Energies of
the Kα X-rays as a function of the
atomic number (Z) of the element
[4].The arrow indicate Z � 13
and 29, i.e.Al and Cu respectively

μm for Al and about � 0.13µm for Cu. For the above mentioned considerations, Eq. (3) can be rewritten replacing t with def f (Ep),
in turn obtaining:

dψ(Z , Ep)

dτ
� σ (X ,K )(Z , Ep) · ρy NA

Ay
· �y(Ep)

2
· sin(ϑ) · IB

e
(6)

By substituting for σ (X , K )(Z , Ep) the largest value in Table 1 for Al ad Cu (conservative hypothesis) and the correct values of the
other quantities into Eq. (6), one finds: (

dψ

dτ

)
Al

� 7 × 1014s−1 (7)

and (
dψ

dτ

)
Cu

� 6.2 × 1011s−1 (8)

These figures represent an upper limit, as no self-shielding effect was taken into account in the calculation.

3.4 X-ray emission rates from the beam dumping system

With the aim of determining the X-ray emission rate from the beam dump system to the closed outside region, Eq. (3) has to be
rewritten taking into account the transmission probability through the beam dump layer. To this aim, one should consider that the
typical PIXE energy for Al and Cu is approximately 2 keV and 7 keV respectively, as it can be seen from Fig. 6 showing the
dependence of the photon energy as a function of the atomic number Z [4, 14].

A very rough calculation can be made using the XCOM database [15] to determine the attenuation mean free path, λatt (Eph),
for Eph � 2 and 7 keV photons in Al and Cu, respectively. XCOM provides the attenuation coefficient μ(Eph) in materials as a
function of the photon energy, as shown in Fig. 7.

Thus, once the density of the material ρ (g cm−3) is known, the photon mean free path in the material is λatt (Eph) � [μ(Eph)·ρ]−1.
By means of λatt (Eph) one can estimate the transmission probability for the specific material T (Eph , Ep) as:

T (Eph , Ep) � exp

(
− def f (Ep)

λatt (Eph)

)
(9)

Eph being the photon energy. Considering Eqs. (9) and (3), the X-ray emission rate from the beam dump layer is given by:[
dψ(Z , Ep)

dτ

]
att

� T (Eph , Ep) · dψ(Z , Ep)

dτ
(10)

Indeed, this represents an upper limit, as the attenuation effect on the X-ray emission is considered isotropic, i.e. neglecting the
different degree of X-ray self-shielding as these traverse the beam dump along sections of different thickness (see Fig. 1). Thus, the
overestimation comes from neglecting geometrical effects defined by a directional attenuation probability T (Eph , Ep , α), with α

being the emission angle with respect to a defined direction, such as the incident proton direction. Considering the values of def f
and λatt , one obtains [T (Eph , Ep)]Al � 0.75 and [T (Eph , Ep)]Cu � 0.98. In this framework, one obtains the X-ray emission rate
from the beam dumping system: [

dψ(Z , Ep)

dτ

]
att

� (5.2 ± 1.7) × 1014s−1 (11)
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Fig. 7 Attenuation length in units
of cm2 g−1 for Al13 and Cu29 as a
function of the photon energy. The
dashed lines refer to the Kα

X-rays from Al13 (2 keV) and
Cu29 (7 keV). See Fig. 6

Fig. 8 (Color online) Geometry
used for the GEANT4
simulations: the dump (in dark
brown), a spherical shielding
chamber made of steel (in grey)
and the proton beam (in red) at
20◦ with respect to the dump
surface normal direction

for aluminum and [
dψ(Z , Ep)

dτ

]
att

� (6.1 ± 2.0) × 1011s−1 (12)

for copper.
The uncertainty in Eqs. (11) and (12) is given by the sum of the uncertainty on the cross section used in the calculation (about

4%) and the one on the proton range (about 29%), providing an overall uncertainty of about 33%.

3.5 X-rays attenuation in the vacuum chamber

The last step is the estimation of the attenuation power of the vacuum chamber where the beam dump will be inserted for the testing
activity (see Fig. 1). The flux of X-rays emerging from the vacuum chamber is the relevant quantity in relation to the protection
of workers and the members of the public. From the technical specifications of the project, the material of the vacuum chamber is
chosen to be steel (density ρs� 8.05 g cm−3) with a thickness of 3 mm. In order to provide an approximated value of the attenuation
coefficient μ using the XCOM database [15], one can assume that the major contribution to μ comes from Fe, which represents
about 98.7% in the steel composition. The value of μFe is 1.623 × 103 cm2 g−1 for the Al X-rays at 2 keV, while it is 3.04 × 102

cm2 g−1 for the 7 keV X-rays from Cu. In terms of mean free path λ � (μ · ρ)−1 one obtains λFe(2 keV) � 7.8 × 10−5 cm and
λFe(7 keV) � 4.2 × 10−4 cm. These values of the mean free path provide the transmission coefficients for steel T (Eph � 2 keV)
� T (Eph � 7 keV) � 0. This means that outside the beam dump, for both 2 and 7 keV X-rays, the X-ray count rate is practically(

dψ

dτ

)
out

� 0. (13)

4 Monte Carlo simulations

Figure 8 shows the resulting tracks of the primary proton beam hitting the dump, which is supposed to be 5 mm thick and surrounded
by a steel chamber of 3 mm thickness.

Simulations have been performed both with copper and aluminum dumping material. Figure 9 shows the spectra of the X-rays
emitted per unit time from the beam dump layer, [ dN (Z , Ep)

dτ
]att (see Eqs. 11 and 12).
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Fig. 9 (Color online) Spectra of
the X-rays produced within the
aluminum (a) and the copper
(b) beam dump

For the X-ray emission lines closest to those considered for the analytical calculations (2 keV and 7 keV for Al and Cu,
respectively), the numerical calculations provide,:[

dψ(Z , Ep)

dτ

]
att ,Al

� (2.5 ± 0.1) × 1015s−1 (14)

for aluminum and [
dψ(Z , Ep)

dτ

]
att ,Cu

� (2.1 ± 1.5) × 1012s−1 (15)

for copper. The total number of simulated histories is 107 for both Al and Cu cases. This provides an uncertainty estimate of 4% for
the Al case (Eq. 14) and 70% for Cu case (Eq. 15). This difference reflects the huge one between Al and Cu PIXE cross sections
(see Table 1).

As far as the shielding effect of the vacuum chamber is concerned, the Monte Carlo calculation provides no particles outside the
chamber, within the statistical sensitivity of the simulation over 107 proton histories considered.

5 Comparison and discussion

With the objective of estimating the X-ray emission rate from the dump layer, in the analytical approach the characteristic X-ray
energies of 2 keV (Al) and 7 keV (Cu) were used providing the values in Eqs. (11) and (12). Inspection of Fig. 9 shows that the
X-ray energies used in the analytical calculations well approximate those calculated by the Monte Carlo.

Regarding the X-ray emission rate from the dump layer, both analytical and Monte Carlo calculations (Eqs. 11–15) provide a
lower rate for Cu of about three orders of magnitude that reflects the lower X-ray emission cross section (see Table 1).

Interestingly, using the uncertainty figures, MC simulations (Eqs. 14 and 15) and analytical calculations (Eqs. 11 and 12) differ
by a factor of 3 for Al while are consistent for Cu within 1σ .

The differences between the two approaches is most likely due to unavoidable sources of uncertainties. The major sources of
uncertainties are identified and discussed below:

• In the analytical calculation, the values for X-ray emission cross sections were extrapolated from data in literature (e.g. Fig. 3)
with appreciable uncertainties (Table 1); the Monte Carlo calculates emission probabilities over randomly selected proton energies
picking cross section values from its data library.

• In the analytical approach, a single X-ray emission point was assumed within the dump layer (def f in Fig. 4); Monte Carlo
provides for each proton the contributions to the X-rays emission from randomly chosen points visited by the proton along its
track in the dump.

• In the analytical calculation the choice of the single emission point at def f also affects the estimate of the emission probability
(Eq. 6), as the cross section varies with the energy of the incident proton, which, in turn, depends on the length travelled in the
medium.
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Then, the slightly higher X-ray emission rates in the Monte Carlo calculations are reasonably explained on the basis of the previous
considerations on the sources of discrepancy.

6 Conclusions

The ENEA project SORGENTINA-RF will start with a pilot phase for testing and validating the design of the ion source. To this
aim, the ion source will operate in hydrogen with the beam directed toward a Cu or Al beam dump without producing neutrons.
An analytical calculation is here presented to investigate the interaction of the 300 keV proton beam with the material of the beam
dump and to determine the expected X-ray emission. This calculation is done relying on the theoretical framework of Particle
Induced X-ray Emission. The continuous slowing-down approximation is supposed: the protons are assumed to lose their energy
continuously along their tracks and the major energy-loss mechanisms considered to be significant are inelastic collisions with the
electrons in the absorbing medium, thus resulting primarily in the ionization and excitation of atoms. As the project is in the design
phase, in the calculation both copper and aluminum are considered as constituent materials of the beam dump.

In relation to the mechanisms under study, the number of ionizations and the mean value of the X-ray emission point are evaluated
on the basis of statistical considerations, and the X-rays emission results to be completely shielded by the vacuum chamber foreseen
to be used for the experiment.

Analytical calculations and Monte Carlo simulations are found in satisfactory agreement considering the assumptions hypothe-
sized in the analytical model.

Given that SORGENTINA-RF will be the first of a kind, Monte Carlo simulations are a valuable tool to obtain accurate figures.
Likewise, the analytical approach highlights and provides physical insight into the main phenomena involved and test the results
obtained with the most recent GEANT4 release used in the present study. The outcomes are also relevant in relation to the protection
and safety of the operators of the facility when testing the ion source.

Further studies will be developed to estimate the potential radiation emission from other components of the ion source during its
operations, with the aim of the safety and radiation protection of the operators and of the design of the ancillary structures of the
facility.
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