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Laser-driven neutrons arouse outstanding interest because of their promising uses in several fields, from
basic science to materials inspection. Many experiments achieved neutron yields [108 — 10'° n/(sr s)]
suitable for applications. These results were obtained by exploiting high-energy (approximately 10—100 J)
lasers working at low repetition rates. Instead, adopting advanced target configurations like near-critical
double-layer targets (DLTs) and compact, commercial lasers was slightly considered. Here, a theoretical
study is performed to address neutron generation with commercial (40400 TW, 1-15 J) systems and
DLTs. We investigate proton acceleration and interaction with various materials to induce (p, n) reactions.
DLTs allow achieving 1-2 orders of magnitude larger neutron yields and maximum energies 3 times
higher than with single-layer targets. Then, the feasibility of two materials characterization techniques,
namely fast neutron activation analysis and pulsed fast neutron resonance radiography, is assessed. The
results indicate that they can be performed with commercial lasers and DLTs.
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I. INTRODUCTION

Laser-driven radiation sources represent a well-
established research topic [1,2]. They exploit the interac-
tion between ultrashort, superintense (/ > 10'® W/cm?)
laser pulses and targets of various natures to acceler-
ate electrons and ions. The adopted laser technology [3]
includes both 10s fs time duration, 115 J energetic pulses
provided at a high repetition rate (up to 10 Hz) and
longer (approximately ps) more energetic (i.e., 10—100 J)
systems working at a lower repetition rate (< 0.1 Hz).
Besides, different materials like gaseous, liquid and solid
targets have been studied [4]. Among the various config-
urations, micrometric thick solid foils allow accelerating
electrons and ions at energies ranging from a few up
to tens of MeV, according to the laser power. Particles,
emitted via the target normal sheath acceleration (TNSA)
mechanism, are characterized by an ultrafast dynamic,
broad energy spectrum and angular distribution. Notably,
using advanced double-layer targets (DLTs) represents a
viable route to increase their number and energy [5-9].
Indeed, a low-density layer in front of the solid foil
enhances the laser absorption, leading to a more efficient
TNSA [10]. Moreover, the interaction between the accel-
erated electrons and ions and proper converter materials
can be exploited to generate energetic y rays [11,12],
positrons [13], and neutrons [14,15] as well. The use of
these particles for laser-driven materials characterization
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techniques like particle-induced x-ray emission (PIXE)
[16-19], energy dispersive x-ray spectroscopy (EDX)
[18,20], x-ray fluorescence spectroscopy [19,21], positron
annihilation lifetime spectroscopy [22], photon activation
analysis [23] and radiography [24] are attracting increasing
interest.

Focusing on neutron production, several approaches
based on the so-called pitcher-catcher configuration can
be adopted. For instance, bremsstrahlung photons, emit-
ted from the interaction between high-energy electrons and
a high-Z converter medium, can further interact with the
nuclei of the material by inducing photonuclear reactions
and consequent neutron generation [25,26]. Another strat-
egy consists of the use of deuterated targets to achieve
d(d,n)*He, Li(d,n)®Be, and °Be(d,n)'°B reactions
[27-29]. Lastly, neutrons are generated via proton accel-
eration and °Be(p, n)°B, "Li(p, n)"Be, and **Cu(p, n)®Zn
nuclear reactions [29—32]. As shown in Ref. [26], exploit-
ing 1-15 J energetic pulses, approximately 10%*-10°
n/(sr shot) is achievable. On the other hand, with 100s
J laser energy, approximately 108—-10'° n/(sr shot) are
generated. Laser-driven neutron sources are worthy of
consideration for several applications like inspection of
nuclear materials [33], probing of extreme states of matter
[34], neutron resonance transmission spectroscopy [35],
fast neutron activation analysis (FNAA) [36] and pulsed
fast neutron resonance radiography (FNRR) [37,38]. We
point out that most applications require high-energy lasers
to achieve the necessary neutron fluxes exploiting single-
layer targets.

© 2023 American Physical Society
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Within the materials elemental characterization and
security frameworks, two interesting techniques relying on
fast neutrons are FNAA and pulsed FNRR. FNAA [39—41]
usually exploits fast neutrons from fusion reactions,
mainly at 14-MeV energy. They are obtained with rel-
atively compact D-T generators providing 10’—10% n/s.
Neutrons irradiate samples having unknown elemental
composition inducing nuclear reactions and the subsequent
emission of characteristic y rays. While FNAA is used to
identify many elements, its most important application is
the determination of oxygen and nitrogen content in vari-
ous matrices [42]. Another appealing technique for H, N,
C, and O identification is pulsed FNRR [43,44]. Neutrons
with a broad energy spectrum (i.e., from 0.5 to 10 MeV)
irradiate a sample placed at some meters distance from the
pulsed source. The energy and position of the transmit-
ted neutrons are detected by exploiting position-sensitive
time-of-flight (TOF) systems. Compact and reliable ver-
sions of these detectors are the object of research. Pulsed
FNRR allows the spatial distribution reconstruction of
the elements on the projection plane. It requires a mini-
mum neutron flux of approximately 10* n/(cm? s) at an
approximately 3-m distance from the source [45] [i.e.,
approximately 10° n/(sr s)]. Therefore, it is under devel-
opment considering particle accelerators and high-energy
(i.e., approximately 100 J) laser-driven neutron sources. A
pathway to significantly decrease the laser requirements
for pulsed FNRR is to exploit advanced DLTs. Recently,
the use of these targets for neutron generation was numer-
ically investigated considering / = 2 x 10?! W/cm? (nor-
malized intensity ¢y &~ 30) [46]. However, considering less
energetic pulses from commercial fs lasers could be of
exceptional significance, in terms of costs and size, for
illegal material detection (e.g., explosives and drugs) via
pulsed FNRR in customs, airports, and borders. More-
over, high-energy ns lasers are characterized by intense
electromagnetic pulses (EMPs). EMPs can be a challeng-
ing aspect for neutron detectors exploited in laser-driven
FNRR [37]. The same key challenge should be mitigated
by exploiting 1—15 J energy lasers.

The generation of neutrons exploiting compact (i.e.,
5-15 m?), fs time duration laser systems commercially
available is investigated in this work. Then, we exam-
ine the applicability of the laser-driven neutron sources
to FNAA and pulsed FNRR. Lastly, a case study of
pulsed FNRR is fully simulated via Geant4 Monte Carlo
(MC) simulations. To these aims, DLTs and different con-
verter materials (i.e., Be, LiF, and Cu) are considered
for the proton acceleration and generation of high-energy
neutrons, respectively. The laser-driven proton source is
described by exploiting a recently developed theoretical
model [47]. The interaction between the protons and con-
verter materials is studied via MC simulations [48,49] and
theoretical calculations. Notably, simple scaling laws are
obtained via analytical approximations. Finally, we show

that commercially available 1—15 J energy laser systems
coupled with DLTs and converter materials are suitable for
neutron-based materials inspection and analysis.

II. RESULTS AND DISCUSSION

The first goal of this study is to investigate laser-driven
neutron generation considering conventional single-layer
targets and DLTs, a pitcher-catcher configuration and a
suitable range of laser intensities. To suitably describe
the generated neutron properties, we evaluate different
quantities. They are the neutron energy-angle distribution
Y(E,, ©2) and the neutron spectrum Y(E,) per unit incident
proton, the total neutron yield Y7 and the neutron current
N,. The analysis will be carried out through theoretical
models, Monte Carlo simulations and scaling obtained
from experimental data reported in the literature.

From a theoretical standpoint, the energy-angle distribu-
tion can be expressed with the relation:

dNn NAu
V(& $2) = N, dE,dQ
E,E,,
/ f(p)/ G(S - ) 4E dE,, (1)

where E, is the neutron energy, 2 is the solid angle, N4,
is Avogadro’s number, M is the atomic mass, p is the
density, f (Ep) is the proton spectrum normalized to the
total number of protons N,, S,(E) is the proton linear
stopping power of the converter material and o (E, E,,, 2)
is the double-differential cross section for neutron gen-
eration. The neutron spectrum per unit incident proton
Y(E,) = dN,/(dE,N,) is provided by the same analytical
expression of Eq. (1), but considering the differential cross
section o (E, E,,). Analogously, the total neutron yields can
be evaluated with the integral cross section o (E):

N, n NAv *© Ep
r=g = [ | @
N, - M LT ) s®
and the generated neutron current is provided by
N, =RRN, Yr 3)

being RR the laser repetition rate.

A. Experimental and modeling of proton acceleration
with DLTs

To evaluate the quantities defined by Eqs. (1)+3), we
need to express the laser-driven proton spectrum f (E,)
as a function of the laser and target properties. In TNSA,
proton spectra are monotonically decreasing with E,,
and present a well-defined maximum (or cut-off ) energy
E, max. The first part of Table I summarizes the main
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TABLE L

Summary of experimental data from the literature and model results for the laser-driven proton sources exploited in this

work. Cir, lin, CF, CN, and CH stand for circular, linear, carbon foam, carbon nanotubes, and carbon homogeneous, respectively.

Laser parameters DLT parameters Ep max (MeV)
a E; (J) Contrast Incidence (deg) Polarization 7, (wm) p (n,)  Structure = DLT  Bare target

[8] 0.3 2 1078 10 12 1.0 CF 1.3 0.3
[8] 0.64 2 1078 10 12 1.0 CF 1.6 1.2
[8] 0.77 2 1078 10 12 1.0 CF 1.9 1.8
[8] 0.21 2 10~12 10 12 1.0 CF 1.4 0.6
[8] 0.43 2 10712 10 12 1.0 CF 22 1.4
[57] 9.7 4-5 10~° 0 cir 5.0 2.0 CN 15.0 10
[57] 9.7 4-5 10~° 0 lin 5.0 2.0 CN 29.0 12
[7] 9.7 4-5 10~ 0 lin 8.0 0.5 CN 30.0 12.0
[5] 128 1-74 10~ 30 lin 8.0 1.2 CF 30.0 18.0
[5] 13.1 1-7.4 10~ 30 cir 8.0 1.2 CF 30.0 10.0
[5] 13.8 1-74 10~ 30 lin 8.0 1.2 CF 30.0 22.0
[9] 15.3 1.9 10710 0 lin 4.0 3.2 CF 18.5 9.5
[9] 15.3 2.0 10710 45 lin 4.0 3.2 CF 13.4 10.3
[58] 16.0 9.2 10~ 2.4 lin 40.0 0.4 CN 60.0 22.0
Model 5 0.6 .- 0 lin 8.0 1.0 CH 8.64 1.96
Model 10 2.3 0 lin 11.0 1.0 CH 243 5.69
Model 15 5.0 0 lin 13.2 1.0 CH 40.6 9.95
Model 20 9.0 0 lin 15.1 1.0 CH 59.2 14.6
Model 25 14.0 0 lin 16.8 1.0 CH 71.36 19.5

experimental results from the literature comparing the
performances of bare targets and DLTs. Near-critical lay-
ers having the required densities and thicknesses can be
obtained through the deposition of carbon foams (CFs)
[50-52] or carbon nanotubes (CNs) [53] on bare substrates.
Depending on the laser and target parameters, the maxi-
mum energy increment achieved with DLTs can span from
approximately 1 to 3—4, relative to the proximity to the
optimal configuration.

To link £, ma.x and the spectral shape to laser and DLT
properties, we exploit the theoretical model developed by
Pazzaglia et al. [47]. It allows describing the laser propaga-
tion through self-focusing in a homogeneous near-critical
density layer and reflection at the substrate interface. The
model is valid for ag < 50, pulse duration t ~ 10s fs,
near-critical layer density n,. < 20, and normal incidence.
These constrains allow neglecting the direct laser absorp-
tion by plasma ions, ensuring relativistic ponderomotive
self-focusing and preserving self-focusing axial symmetry.
Under these conditions, the model validity was tested via
comparison with experimental data and PIC simulations
presented in Ref.[47]. Starting from the parameters of the
laser (i.e., wavelength A, ag, spot waist FWHM w, t and
polarization) and target (i.e., n,. and substrate thickness
rsup), We perform an optimization over the near-critical
layer thickness 7, to maximize Ej, max.

The results from the model are listed in the second
part of Table I. We assume linearly polarized laser pulses
having A = 0.8 wm, a9 = 5,10,15,20,25, w =4.7 pum,
7 = 30 fs and normal incidence according with the model

requirements. The laser energies are compatible with the
parameters of existing commercial high-intensity lasers
[54,55] working at a 1-10-Hz repetition rate. The DLTs
have n,. = 1 in units of critical density and 1-pm substrate
thickness. Maximum energies with single-layer targets
agree with the scaling laws presented in the literature [56].
Overall, the enhancement of £, .« achieved with the DLT
configuration via model optimization is coherent with best
experimental results reported in Table I. The model also
provides the mean energy of the hot-electron population
T.. It lies between 0.4—3.0 MeV and 1.6—11.0 MeV for bare
targets and DLTs, respectively.

Different approaches are possible for what concerns the
analytical expression of proton spectra. One possibility is
to describe the spectra as an exponential with a cutoff at
E, max and an effective temperature 7),:

dN, E
—2 o exp—-2.

S &) = dE, T,

“)

Despite its simplicity and handiness, this choice will intro-
duce T), as a free parameter, which cannot be easily related
to laser and target conditions. As an alternative, one can
exploit the relation proposed by Mora in Ref. [59]:

1 e—‘/ZEp/Te
\/Ep Tei’f

for E, < E, max. Here Ty is the electron temperature, a
quantity that can be estimated as the average electron

dN,
f (Ep) = d? 0.8 Q)

4
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energy 7T, even far from thermodynamic equilibrium [60].
In this way, one can get the proton energy distribution as
a function of laser intensity and target configuration, as
shown in Fig. 1(a) for a9 = 5, 10, 15,20, and 25.

The proton angular divergence cannot be estimated with
the model. Experimental data show angular distributions
peaked in the forward direction and subject to a certain
degree of uncertainty. Exploiting bare targets, the average
angular aperture is set around +10°-20° [61,70,71,75,77].
Analogous values have been observed with DLTs [9].

Accordingly, we reasonably assume an average angular
divergence of £20°. It is worth mentioning that this value
mildly affects our study on neutron generation since the
converters are large enough (see the next section) so that
all primary protons interact with the material.

Before proceeding, two nonidealities that are not
directly taken into account by the model are worthwhile
to mention. Firstly, the presence of a prepulse can alter the
ideal TNSA mechanism both with single-layer targets and
DLTs. Exploiting submicrometric thick bare targets and

a N
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FIG. 1.

E, (MeV)

Monte Carlo simulation of laser-driven neutron generation. (a) Proton energy spectra for ¢y = 5, 10, 15, 20, 25, single-layer

targets and DLTs. (b) Number of accelerated protons per unit shot as a function of laser energy E; obtained from the literature
[9,61-84]. The black line is the exponential fit, and the filled green region represents the fit standard error (i.e., £ standard deviation of
the fitting parameters a and b). (c)-(e) Energy spectra of the generated neutrons retrieved with the MC for Be, LiF, and Cu converters
exploiting the single-layer and DLT proton energy spectra. (f)«(h) Energy-angle distributions of the neutrons emitted from the rear

surface of the converters for the case ag = 20 and DLT.
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laser contrast approximately 107°, the prepulse can dam-
age the solid before the main peak arrival [85]. On the
other hand, for approximately 10~!° temporal contrast, the
TNSA mechanism develops without nonidealities. Also in
the case of DLTs, low contrast conditions have a detri-
mental effect in terms of proton energy enhancement [8].
Thus, to preserve the model validity, proper contrast con-
ditions (i.e., below approximately 10~%) must be assumed.
Secondly, the presence of a nanostructure having inhomo-
geneity scale greater than the laser wavelength can perturb
the electromagnetic field distribution. When required, this
effect can be included in the model via the introduction of
a correction factor as discussed in Ref. [47]. Here, suffi-
ciently uniform near-critical layers (e.g., carbon nanotube
foams [7,57]) to neglect this correction are considered. We
do not elaborate further these aspects since it is beyond the
aim of our work.

A reasonable assumption about the number of accel-
erated protons is required to evaluate the performance
of the laser-driven neutron source and assess the FNAA
and FNRR feasibility. Indeed, accordingly to Eq. (3), the
secondary neutron current is directly proportional to the
number of primary protons per shot. Reliable values can-
not be achieved from the model, nor from PIC simulations.
Indeed, they are dependent on the distribution and com-
position of the hydrogenated contaminant layer on the
backside of the target. Therefore, we perform a scaling for
N, /shot as a function of the laser energy £ considering
experimental proton spectra available in the literature. In
line with the sources under consideration, we include only
experimental works with laser energies lower than 15 J and
7 < 100 fs. Due to the more significant data availability in
the literature, we account only for experiments performed
with single-layer targets rather than DLTs. The experimen-
tal data are obtained with detectors (e.g., radiochromic
films [68]) that provide the total number of protons per
unit of energy regardless of the transverse beam profile.
We discard data retrieve with Thompson parabolas and
TOF spectrometers since they give information along a
well-defined direction and a narrow solid angle. The exper-
imental data are interpolated with Eq. (5), assuming proton
energies ranging from the minimum required for neutron
generation (i.e., 2 MeV) to the cutoff values. Then, we
evaluate the total proton number by integrating the fitted
spectra. The results are summarized in Fig. 1(b). A clear
growing trend in the number of accelerated protons per
shot as a function of the laser energy can be appreciated.
The spread of the data is related to different aspects that are
not considered in this analysis. Actually, we do not discern
between laser polarization, focal spot size, target mate-
rial, and thickness. Moreover, since protons are accelerated
from the contaminant layer on the rear side of the target,
their number is intrinsically subject to a certain degree
of uncertainty. Nevertheless, the estimation of the proton
number per shot is satisfactory for the aims of this work.

The black curve reported in Fig. 1(b) is an exponential fit:
N, /shot = a EY, (6)

where a = (7.47 £2.57) x 10° and b = 1.76 £ 0.22. We
use Eq. (6) for the accelerated number of protons per
shot and the spectra of Fig. 1(a) to explore neutron gen-
eration (via MC simulations) in the following. With a
view to assess the laser-driven FNAA and FNRR feasibil-
ity exploiting bare targets, Eq. (6) is accurate. Moreover,
considering DLTs, the scaling provides a safe estima-
tion. Indeed, besides higher energies, DLTs also allow the
proton number to be enhanced by several times [5,9].

B. Modeling of the laser-driven neutron sources

We proceed by investigating laser-driven neutron gen-
eration, considering Be, LiF, and Cu converters, exploiting
Geant4 MC simulations. A detailed description of the MC
implementation is provided in Appendix A. Ten simula-
tions [one for each proton energy spectrum reported in
Fig. 1(a)] have been performed. The energies of the pri-
mary particles are extracted from the corresponding proton
spectra. The proton angular divergence to the converter
normal direction is sampled from a uniform distribution
between +20°. The converter thicknesses are equal to the
ranges of the cutoff energy protons. For instance, con-
sidering the case study ag = 25 and DLT, the converter
thicknesses are 2.8, 2.0, and 0.7 cm for Be, LiF, and Cu,
respectively. It is a reasonable choice to achieve the high-
est neutron yields since 1-100 MeV energy neutrons are
slightly self-attenuated in cm-thick materials. The distance
between the source and the converter front side and the
lateral size is 4 cm.

The energy spectra Y(E,) of the generated neutrons are
reported in Figs. 1(c)—1(e) for the Be, LiF, and Cu convert-
ers, respectively. Considering Be and LiF materials, the
spectra have a quasiexponential shape, and the maximum
energies correspond to the cutoff values of the incident
protons. As a result, the maximum neutron energies for
the DLTs are almost 3.5 times higher than those obtained
with single-layer targets. On the other hand, the maximum
neutron energy achieved with the Cu converter is slightly
lower than those obtained with Be and LiF. We also char-
acterize the energy-angle distribution of neutrons emitted
in the forward direction Y(E,,<2). They are reported in
Figs. 1(f}-1(h) for the ap =20 and DLT case studies.
Y(E,, ) is not uniform for neutrons emitted from the Be
converter. Indeed, it is rather piked along the converter
normal direction. In the case of LiF and Cu converters, the
distributions are practically uniform for divergence angles
lower than 60°. Arguably, applications requiring intense
neutron fluxes along the beam axis (e.g., pulsed FNRR)
could benefit from the adoption of Be converters. On the
other hand, LiF and Cu converters should be favored when
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uniform irradiation on large surfaces is demanded (e.g.,
FNAA).

While evaluating neutron energy-angle distributions and
energy spectra requires MC simulations, we aim at find-
ing an explicit, analytical expression for the total yield Y7.
Indeed, it can help make quick estimates as a function of
experimental parameters and to guide the design of future
experiments. This will be the aim of the final part of this
section. Firstly, one can look for some suitable approxima-
tion of the integrals in Eq. (2). Let us define the differential
yield g(£) and the monoenergetic yield 4(E) as

o (E)

g(E) = Ny m (7

and

h(E)—/Ep (E)dE—/ v I e s
p) = A g atS(E) . (®)

In which Ny = p N4,/M in the atomic density of the
converter. The stopping power S(E) for laser-accelerated
protons can be expressed through the nonrelativistic Bethe-

Bloch formula:
m,c? 4FE m,
2" In < ) Ne, 9)
E

S(E) ~ 21 R*> m,c?
(E) 2 MeC Tm,

where E is the proton energy, R, is the classical electron
radius, c¢ is the speed of light in vacuum, m, and m, are
the electron and proton rest mass, / is the mean excita-
tion energy, and n, is the electron density in the converter
material.

To find an analytical expression for the integral
ff (E,) h(E,) dE,, f (E,) being the distribution func-
tion of Eq. (5), the monoenergetic yield #(£) should be
expressed as a polynomial function of E,. We propose a
very simple polynomial approximation for the differential
(and hence for monoenergetic) neutron yields

g(E) = C(E - Eo) H(E — Eq)

(10)

WE,) = —£¥wE Eo)?*) H(E — Eo)

where Ej is a threshold energy, C a proportionality con-
stant, and p an integer or semi-integer exponent. H (x)
represents the Heaviside step function and expresses the
fact that the total cross section for neutron generation
(reported in Appendix A) must be zero for energies below
the threshold value. To express g(£) and A(E) in terms
of physical constants (R,, m.c?, mpcz), converter prop-
erties (n., I) and free model parameters (Ey, C,, ¢,
p) the logarithmic dependence of Bethe stopping power
is approximated by the constant value In (48/Ime/mp)

TABLE II. Fitted free parameters for the converter materials.
Converter C (MeV?71 Ey (MeV) p
Be 1.57107* 2 0.5
Cu 1.12107° 5.25 1
LiF 9.39107¢ 0 1

(¢ being a constant with the dimension of an energy), so
that one can combine Egs. (9), (7), and (10), to get the
following relation:

Na
2 02 moc?
2w R mec* myc

g(E) ~ H(E — Eo)

C,
x ——2 (E—Eo).

T (5E) (an

The free parameters can be determined by fitting Eq. (11)
to some reference values of Eq. (7): this can be done, for
instance, by considering the experimental values of o (E)
and S(F) for each converter material. Results from the fit-
ting procedure for Be, Cu, and LiF converters are given in
Table II.

If the proton distribution is modeled with an exponential
proton spectrum [Eq. (4)] the total neutron yield is readily
obtained by putting Eq. (11) in Eq. (2):

_EO +Ep,max
1 eXp (—T )

1 +p CXp (Ep,;qax) _ 1

mx_EO 1
(p+2—p - )) v
T

(12)

Yr=C

X(F(p+2)—

where I' and I'; are the Euler’s I' function and the
incomplete I" function respectively, and the proportionality
constant C is given by

N, 1 Co
== 27 R2 mac? moc2 : (13)
ne 2m R2 mec® myc? 1, (474-:&)
mp

The choice of a proton spectrum of the type described
by Eq. (5) results, however, in a much more complicated
expression. As an example, in the case of p =1 (as for
Cu and LiF converter, see Table I1) one gets the following
expression:
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_ \/5(\/570+4 /Ep,max)
e NG

(1)

Yr=C

X (2 (6\/E0773+ \/ET(ZEO + 3T)> eﬁ\/@

E
_ R (V2E3 — 27/2E0 By s + )

— 4E0/Epmax T+ V2 (Ej,max + 6E) max T + 6T2>

+4 Ep,maxT(Ep,max+3D)>. (14)

A useful simplification is achieved under the assumption of
Epmax > T, Eo, resulting Yr ~ [ f (E,)h(E,)dE, (that
is to say, the contribution of protons with £ > E,, .« to the
total neutron yield is negligible). While E, . > T is an
intrinsic feature of TNSA process, E), max > E is verified
for converter materials in which the energy threshold for
neutron production is relatively low, such as those consid-
ered in this work. In this limit, the total neutron yield is
given by

Yra Ca V2 T(p + 1) 28+

1 2FE
X E&‘QPH) T%(2P+1)K<p+3/2> (‘ TO> , (19

where K, (x) is the modified Bessel function of the sec-
ond kind, of order «, of argument x. The final step is to
express 7 as a function of the laser and target parameters
following the model proposed in Ref. [47]. For the pur-
pose of this work we assume that the electron temperature
depends on the normalized vector potential a0 as in the
modified ponderomotive scaling [86]:

T~ mec? Q) (V1 +ag?—1), (16)

where the target configuration affects the value of the pro-
portionality constant ;. While this scaling is generally
employed in the case of simple foil targets, its exten-
sion to more complex target configurations is challenging.
Indeed, following the model proposed in Ref. [47], the
mean electron energy in DLT configuration should result
from the averaging of two different electronic populations
in a nonstraightforward way. Nevertheless, even a crude
extrapolation as Eq. (16) can provide a reasonably accurate
estimation of 7' (£10% of the value given by the model in
Ref. [47]) over the whole range of laser intensity consid-
ered in this work (5 > ag < 35), provided that Q, = 0.24
for bare targets and O, = 0.83 for DLTs.

To conclude, we study the asymptotic behavior of Y7
for ag > 1. In this limit 7~ Q, m.c* ay > Ey, and hence

Eq. (15) becomes Y7~ C TP (27PT'(2p +2)T — 2 PE,I"
(2p 4+ 1)). By comparison, Eq. (12) (total yield with
exponential proton spectra) would be equivalent to Yy ~
C exp (—Ey/T)) P! T'(p + 1) under the same assump-
tion. In both cases the leading term in T'is oc 77*!, meaning
that Y7 oc ap?*! for sufficiently large values of ag. Putting
all together, the total neutron yield under the discussed
assumptions is approximated by

Y ~ Nat 1 CO’ (2p)'
r~ 2 2 2 p
ne 2w R; mec* myc® (4_5@) 2
I mp

x (mec* Oy ao)’ [2p + Dmec® Qrag — Eo]. (17)
In Fig. 2, we show a comparison among the total neutron
yield calculated with Eq. (17) (solid lines), the numerical
integration of Eq. (2) (dashed lines) and Geant4 simula-
tions (filled points) for Be (left, red), LiF (middle, blue),
and Cu (right, violet) converters and for bare targets (top)
and DLTs (bottom). We note that the analytical approx-
imations are remarkably close to numerical integration
and MC results for each target configuration and con-
verter material combination. Notably, the neutron yields
with DLTs are 1-2 orders of magnitude higher than those
obtained with single-layer targets. For the latter, no neu-
trons are generated for the ap = 5 condition regardless of
the converter material, agreeing with already published
simulation results [10]. Overall the highest neutron yields
are achieved by exploiting Be converters and DLTs for all
ay values.

Once we have fully characterized neutrons generated by
commercial lasers, bare targets and DLTs, the second part
of the work will be devoted to evaluating the feasibility of
two materials characterization and inspection techniques,
i.e., laser-driven FNAA and pulsed FNRR.

C. Assessment of laser-driven FNAA feasibility

The goal of this section is to assess the potential of
laser-driven FNAA carried out with DLTs. To this aim,
the sample activation achieved with a state-of-the-art D-T
neutron generator and the laser-driven sources (character-
ized in the previous section) should be compared. There-
fore, we perform MC simulations of sample irradiation
with 14-MeV monoenergetic and laser-driven neutrons.
The sample is a mixture of O, Fe, Al, and K isotopes.
Thus, the '°O(n,p)'°N, *Fe(n, p)**Mn, 2’ Al(n, p)*’"Mg,
and *'K(n, «)**Cl nuclear reactions exploited for FNAA
purposes are considered. In Fig. 3(a), we report the ratio
between the number of nuclear reactions obtained with
the D-T generator Ypr and laser-driven sources Y;p. The
results are provided for each converter material and value
of ag. Then, we take the average of the ratio Ypr/Y;p per-
formed over the nuclear reactions for each value of ay and
converter material.

044020-7



MIRANI, MAFFINI, and PASSONI

PHYS. REV. APPLIED 19, 044020 (2023)

x1073 x107* x10~4
2.80q ----- Numerical, Be, Bare 9.04 Numerical, LiF, Bare 704 Numerical, Cu, Bare
—— Analytical, Be, Bare —— Analytical, LiF, Bare : —— Analytical, Cu, Bare
2.244 @ Monte Carlo, Be, Bare 7.24 @ Monte Carlo, LiF, Bare 564 @ MonteCarlo, Cu, Bare
1.68 5.4 1
Ny Ny
1.12 A 3.6 1
0.56 1 1.81
0.00 - 0.0 A
5 10 15 20 25 30 10 15 20 25 30 5 10 15 20 25 30
do ao ao
x1072 x1073 x1073
1.704 ..... Numerical, Be, DLT 7.5 - Numerical, LiF, DLT 9.04 Numerical, Cu, DLT
—— Analytical, Be, DLT — Analytical, LiF, DLT —— Analytical, Cu, DLT
1.361 @ Monte Carlo, Be, DLT 6.01 @ Monte Carlo, LiF, DLT 7241 e Monte Carlo, Cu, DLT
1.02 1 [¢) 5.4 |
Ny Ny
0.68 1 3.6
0.34 1.8
0.00 1 T T T T T T T 0.0 L T T T T T T
5 10 15 20 25 30 30 5 10 15 20 25 30
do do

FIG. 2. Total neutron yields evaluated for bear targets (upper panels) and DLTs (lower panels). Data marked as points are obtained
from MC simulations, dashed lines are retrieved from numerical integrals, and the continuous lines are the analytical expression of the

yields.

To proceed, we assume a D-T neutron source provid-
ing Nn,DT =5 x 107 n/s on the sample, and we consider
the laser-driven neutrons emitted in the forward direction
Nu/N, [see Fig. 3(b)]. The average laser-driven proton cur-
rent N, roq Tequired to achieve the same sample activation
induced with the D-T source is given by

N,.pr

. 7 S— (18)
Ypr/Yip Nu/N,

Np.req =
The result is presented in Fig. 3(c) for each value of ay and
converter material. As expected, the required laser-driven
proton current is higher for lower laser intensity because
the neutron yield is less. Then, by dividing the required
proton current by the number of protons per laser shot from
scaling Eq. (6), we can estimate the laser repetition rate
needed to equal the activation with the D-T generator. The
results are shown in Fig. 3(d) for aq starting from 10. We
excluded the ay = 5 case study since the resulting repeti-
tion rates for any converter material were too high to be
achieved with existing laser systems. For each value of a,
we also report the nominal repetition rate (10, 5, and 1 Hz)
of the corresponding commercial lasers [54,55].
Exploiting Be and LiF converters, the required repetition
rates are lower than those achievable. Thus, consider-
ing commercial systems having ap = 10 — 25 and Be (or
LiF) converters, laser-driven FNAA can be performed with
comparable performances to conventional FNAA. In the
case of @y = 10 and Cu converter, the required repetition

rate is one order of magnitude higher than that currently
achievable. It is worth noting that the obtained results
are conservative since we are considering the number of
accelerated protons (and therefore neutrons) provided with
single-layer targets.

D. Assessment of laser-driven FNRR feasibility

Pulsed FNRR exploits the characteristic features of the
total neutron cross sections of H, C, N, and O in the 1-10
MeV energy range [see Fig. 4(a)]. Basically, the energy
and position detection of the transmitted neutrons through
a sample allows for mapping the low-Z elements. Pulsed
FNRR is a more challenging technique to carry out than
FNAA. Indeed, the source must satisfy several require-
ments (e.g., small spot size, short temporal duration, broad
energy spectrum, and shot-to-shot stability) to guarantee
a reliable measurement in a reasonable amount of time.
Meeting these requirements using commercial sources,
besides the availability of suitable neutron detectors, is the
main obstacle to overcome. In this section, we verify some
of the requirements for the considered laser sources. On
the other hand, the development of suitable detectors for
laser-driven FNRR (see Ref. [37,38]) is beyond the scope
of this work and will be addressed in future studies.

A source prerequisite performing pulsed FNRR con-
cerns its time duration. For a source-detector distance of
approximately 3 m, it must be of the order of a few ns (or
shorter) to ensure a sufficiently high resolution to resolve
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FIG. 3.

Monte Carlo results for the laser-driven FNAA feasibility assessment. (a) The ratio between the number of nuclear reactions

achieved with the D-T generator and laser-driven sources. (b) Laser-driven neutrons emitted in the forward direction per unit of incident
proton and solid angle. (¢) Required laser-driven proton current to have the same neutron activation achieved with the D-T source. (d)
Comparison between the required laser repetition rate (markers) and nominal values of commercial systems (dotted lines).

the main characteristic features of the cross sections. As far
as laser-driven sources are concerned, protons are accel-
erated from the target almost instantaneously. Thus, the
temporal spread of the neutron source is mainly related to
the different times that nonmonoenergetic protons spend
to reach and interact with the converter. In the MC simu-
lations, we retrieve the instant of time at which neutrons
leave the rear surface of the converter. The FWHM of the
emission time distribution is reported in Fig. 4(b) as a func-
tion of ag for each converter material. It is lower than 1.2
ns for all the case studies considered here. Another param-
eter affecting the TOF resolution is the lateral dimension of
the neutron source. Typically, it is of the order of some cm.
We retrieve the radial position of neutrons at the rear sur-
face of the converter, and we evaluate the source spot size
as 2 x FWHM of the distribution. As shown in Fig. 4(c),
the spot size is always smaller than 1 cm. Therefore, the
laser-driven source time and spatial spread are sufficiently
small for pulsed FNRR.

As previously mentioned, the minimum neutron flux at
the detector should be approximately 10* n/(cm? s). We
aim to compare this value with the fluxes achieved with
the laser-driven neutron sources. We evaluate the num-
ber of neutrons per unit of primary proton and solid angle
emitted within £5° to the converter normal direction and
energies between 0.5 and 11 MeV. The yields are reported
in Fig. 4(d). At a 3-m distance, the area subtended by the

corresponding solid angle is sufficiently wide to inspect
large objects (approximately 50 cm lateral size), and the
energy-angle distribution is uniform (see Appendix A).
Then, by combining the yields with the number of pro-
tons accelerated per shot [from scaling Eq. (6)] and the
nominal repetition rates, we obtain the fluxes delivered by
the laser-driven neutron sources. They are compared with
the minimum required neutron flux in Fig. 4(e). The anal-
ysis shows that DLTs and ayp = 20 — 25 are necessary to
perform pulsed FNRR with laser-driven sources exploit-
ing commercial systems. Moreover, the highest neutron
fluxes are provided by Be converters. Again, these conclu-
sions are conservative concerning the number of protons,
since the enhancement provided by DLTs is neglected. In
addition, the neutron flux along the beam axis can be fur-
ther enhanced via neutron collimation downstream of the
converter [87]. We do not include this component in the
analysis since its design is beyond the scope of this work.
It is well known that the proton spectrum is subject to
a certain degree of fluctuation in terms of slope and cutoff
energy during experiments. However, to achieve a reliable
laser-driven FNRR analysis, the neutron spectrum shape
must not vary from shot to shot. We assess this requirement
by considering the ay = 20 and Be converter case study.
For this specific condition, the proton spectrum provided to
the MC simulation is modeled as Eq. (5), considering 7, =
9 MeV and E, . = 57.6 MeV. Here, we perform four
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FIG. 4. Monte Carlo results for the laser-driven FNRR feasibility assessment. (a) Total neutron cross sections for H, 12C, '*N, and
160, (b) Time spread and (c) spot size of laser-driven sources. (d) The number of neutrons per proton and solid angle emitted within
45° and with energy in the range 0.5—11 MeV. (e) Neutron fluxes provided by laser-driven sources. The dashed line is the minimum
neutron flux required for pulsed FNRR. (f) Neutron energy spectra obtained from MC simulations considering realistic oscillations on
the proton energy spectrum slope (i.e., 7,) and maximum energy (i.e., dotted vertical lines).

MC simulations of neutron generation considering differ-
ent proton energy spectra as input. They are defined by
T,=6.37.6,10.3,and 11.7 MeV, corresponding to devia-
tions of 15 and +30% from the original value. According
to the model [47], the maximum proton energies are equal
to 39.5, 50.7, 61.9, and 73.2 MeV. The neutron energy
spectra retrieved from MC simulations are presented in
Fig. 4(f). We consider neutrons emitted from the con-
verter rear side and within a divergence angle of £5°. As
expected, the maximum neutron energies vary according
to the cutoff energies of the incident protons. Nevertheless,
the proton spectrum shape in the energy range of inter-
est for pulsed FNRR (i.e., within 0—11 MeV) does not
change. Therefore, we can conclude that shot-to-shot pro-
ton spectrum fluctuations will not affect the reliability of
laser-driven FNRR.

E. Laser-driven FNRR simulated experiments

The last part of the work is devoted to the MC simula-
tion of laser-driven FNRR analysis. The goal is to address
whether elemental mapping can be effectively achieved.
The simulation setup is presented in Fig. 5(a). We consider
the best case study arising from the investigation presented
in the previous section, namely ay = 20, 9 J laser energy,
a repetition rate of 5 Hz and Be converter. Two samples
are considered [see left column of Fig. 5(b)] having the
external shape of a box, 12 cm wide and 5 cm deep. The

boxes, made of plastic [(C,Hy),] and steel, are crossed by
cylinders containing water (H,O) and methamphetamine
(C1oH;5N). Therefore, we study three materials with ele-
ments sensitive to the technique and one that does not.
Moreover, one of the substances (i.e., the C;oH5N) is often
used as a recreational drug. The identification of its con-
stituents is within the scopes of pulsed FNRR. Samples are
placed 3 m far from the laser-driven neutron source (i.e.,
the rear side of the converter). A detector screen is located
3.5 m from the source. Between the sample and detector,
we place a 3-mm lead plate. Its role during an experiment
is to screen the detector from the flash radiation emitted
during the laser-target interaction [37].

We perform two MC simulations with the samples (one
for each) and one simulation without samples. Primary par-
ticles are neutrons having energies and angular divergence
extracted from the distribution presented in Fig. 1(f). The
angular divergence is limited between £2° to avoid simu-
lating unnecessary events. The initial position of each neu-
tron (in the plane orthogonal to the beam) is sampled from
the radial distribution (FWHM = 9.3 mm) obtained in pre-
vious simulations. Therefore, the actual size of the source
is taken into account. Then, the arrival time and posi-
tion of neutrons reaching the detector screen are retrieved.
We also include the uncertainty of the emission time of
neutrons from the source in the simulation. Indeed, for
each arrival time, we apply a time shift extracted from the
time spread distribution (FWHM = 1 ns). Moreover, the
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Monte Carlo results for the laser-driven FNRR simulated experiments. (a) Monte Carlo simulation setup. (b) Composition
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for the two samples (rows). (d) Retrieved and original (i.e., set in the MC) mass concentrations of the elements in the materials.

arrival times are collected considering 1-ns spaced time
bins. It is coherent with the time resolution of available
detectors [38].

For each simulation, we perform several runs represent-
ing single-laser shots. Then, the data obtained from every
run are merged. Indeed, we have an average number of pro-
tons per shot equal to 3.4 x 10! [from scaling (6)]. Since
the neutron yield per unit solid angle is 1.2 x 1073 sr~!
and we consider particles within £2° to the beam direc-
tion, the average number of neutrons simulated in each
run is 1.6 x 10°. Thus, we perform 300 runs (i.e., shots)
for each simulation to achieve the typical irradiation con-
dition for pulsed FNRR (i.e., approximately 10'' n/sr
[37,38,44]). Note that, working at the nominal repetition
rate of 5 Hz, the corresponding measurement would last
60 seconds. As already mentioned, the number of acceler-
ated protons is subject to a certain degree of shot-to-shot
uncertainty. To take this aspect into account in the simula-
tions as well, we sample the number of neutrons for each
run from a Gaussian distribution centered on 1.6 x 10° and
with a standard deviation of 0.47 x 10° (corresponding
to an uncertainty of about 30% on the accelerated num-
ber of protons). Further details about MC simulations are
provided in Appendix A.

From the detection of the arrival times of neutrons at
the detector (i.e., TOF), we retrieve their energies. Then,
by performing the ratio between the number of neutrons

reaching the detector screen in the presence /(£,) and
the absence [y(E,) of samples, we obtain the transmis-
sion I(E,)/Iy(E,) in each pixel. The integrals over E,, for
both samples are shown in the right column of Fig. 5(b).
This measurement corresponds to conventional neutron
imaging where all neutrons are detected, and no energy
discrimination is performed. The presence of four distinct
materials, and their spatial distribution, can be distin-
guished. However, no information about the elemental
composition is achieved. To this aim, we must solve the
following equation for every pixel:

I1(E,) ri
LE) P <_NA” Z b 3~ F)
—C(E,) =0, (19)

where the i index identifies the C, N, O, and H elements,
o; are the total cross sections, 7; are the projected ele-
mental mass thicknesses, M; are the atomic masses, I
describes transmission through other materials, and C(E),)
is an energy-dependent function accounting for neutron
scattering. For a detailed description of C(E,) and the
overall procedure to solve Eq. (19), see Appendix B.

The solutions r; are reported in Fig. 5(c). Remarkably,
we can reconstruct the distribution of the elements over the
surfaces of the samples. Starting from the heavier elements
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(i.e., O, C, and N), oxygen is only detected where water
is contained, while the presence of carbon is highlighted
for plastic and methamphetamine. Nitrogen is identified
in the region corresponding to the cylinder filled with
CioHisN, even if present in low concentration. As far as
hydrogen is concerned, we can appreciate its different con-
centrations in plastic and water, as well as its presence in
methamphetamine. Correctly, none of the elements con-
sidered is identified for steel. Note that there are pixels
for which small amounts of elements not actually present
are detected, especially for N and H. They are due to
the unavoidable error associated with the finite number of
neutrons and to the sources of uncertainty we introduce
in the simulations (e.g., spatial and time spread, neutron
number fluctuation, and TOF binning). However, they are
randomly distributed over the entire detector screen since
they are not due to the presence of a specific element.
As a consequence, they can be correctly recognized as a
background.

As a final step, we can perform the average of
I1(E,)/Iy(E,) over pixels associated with the same material
[from the total attenuation in Fig. 5(b)] and solve Eq. (19).
We perform the ratio r;/ ), ; for each element and mate-
rial to retrieve the average elemental concentrations for
O, C, N, and H in plastic, water, and methamphetamine.
The results are compared with the actual concentrations in
Fig. 5(d). The agreement is satisfactory for all the elements
and materials. This result, in conjunction with the mapping
of the elements, suggests that the proposed laser-driven
source could be exploited for pulsed FNRR.

III. CONCLUSIONS

Laser-driven radiation sources are appealing solutions
for materials analysis and inspection. They can provide
ions, electrons, photons, and neutrons in a broad range of
energies. In conjunction with other applications foreseen
for compact laser-driven sources in the field of materials
characterization (e.g., PIXE, EDX, imaging), the develop-
ment of laser-driven FNAA and FNRR represents a further
step toward the realization of a multifunctional setup for
materials analysis and inspection.

In this work, we investigate the generation of fast neu-
trons exploiting 10s fs, 1-15 J energy commercial lasers
and advanced DLTs, as well as their use for FNAA and
FNRR via MC simulations. We study neutron generation
from laser-driven protons in a pitcher-catcher configura-
tion, considering a broad range of laser intensities and
various converter materials. We provide analytical rela-
tions to estimate the neutron yields with bare targets and
DLTs. Then, for the main case studies, we address the
feasibility of laser-driven FNRR and FNAA in terms of
achievable neutron fluxes and stability of the source. To
satisfy the requirements for the techniques, the use of

DLTs is mandatory. Lastly, we fully simulated a laser-
driven FNRR experiment to assess whether the elemen-
tal distribution of low-Z elements is feasible. Based on
these results we can conclude that laser-driven FNAA and
FNRR can be achieved with performances comparable to
those obtained with D-T generators and particle accelera-
tors. To this aim, the commercially available lasers (i.e.,
intensity 7 > 102 W/cm?, time duration approximately
30 fs, and energy approximately 1-15 J) working at a high
repetition rate (i.e., 1—-10 Hz) are suitable. It is worth men-
tioning that coupling commercial lasers and DLTs could
also be exploited for applications involving epithermal and
thermal neutrons.
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APPENDIX A: MONTE CARLO SIMULATIONS

We perform several Geant4d MC simulations of neu-
tron generation from (p,xn) reactions and propagation in
the matter. To this aim, the hadronic processes are taken
into account with the G4HadronPhysicsQGSP_BIC_
A11HP physics list. It is the most reliable for (p,xn)
reactions according to benchmarks performed in previ-
ous works [10,88,89]. Cross sections are derived from
the TENDL-2014 and ENDFB-VII.1 data libraries. Sev-
eral (p,xn) nuclear reactions take place involving different
isotopes of the same element. The total cross sections
o (E,) for the converters are given by the combination
of o (E,) for each isotope and the relative isotopic abun-
dances. Figure 6 reports the total neutron production cross
sections of interest for the aims of this work.

Electromagnetic processes involving primary protons
and secondary charged particles are modeled via the
G4EmStandardPhysics_option3 module. We also
activate the GARadioactiveDecayPhysics physics
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FIG. 6. Total (p,xn) cross sections for Be, LiF, and Cu con-
verters from the TENDL-2014 and ENDFB-VII.1 data libraries.

044020-12



LASER-DRIVEN NEUTRON GENERATION...

PHYS. REV. APPLIED 19, 044020 (2023)

(a) N,/AQ (arb. units) (b)
- B
2 c 40
[=4 3
=4 .
g s ¢
3 g =
2 S 201
o 2 <5
C g 3
<1 S =
g T o —
00 05 1.0 15
Energy (MeV) Radious (cm)

FIG. 7.

2.0

(c) (d)
__ 015 5
= 2
“é Sos
> 0.10+ g
Qo
& o
£ 0.051 R
= e
= 0.00 . E 0.0 . .
107! 10° 10! 0 1 2 3
Time (ns) Np/shot ~ X10

Input distributions for the laser-driven FNRR simulations. (a) Color map of the energy-angle distribution between 0°—5°

and 0—11 MeV. The black line is the energy distribution, and the arrow points to the corresponding y axis. (b) Radial distribution of
neutrons emitted from the converter surface. (c) Distribution of neutron emission time from the converter surface. (d) Distribution of
the number of neutrons emitted within +2° divergence angle per laser shot.

list. The production cuts for secondary particles are set
equal to 10 wm. As mentioned in the main text, several MC
simulations (i.e., runs) have been performed in parallel by
setting different seeds for the pseudorandom number gen-
erator (PNG), and the final results are aggregated. To this
aim, we exploit the HepJamesRandom generator, which
applies the Marsaglia-Zaman RANMAR algorithm [90].
It provides long sequences (i.e., approximately 10°) of
independent random numbers.

Specifically, the neutron yields and energy spectra pre-
sented in Figs. 1(c)}-1(f) are obtained with 30 MC sim-
ulations (i.e., for single-layers and DLTs, five values
of ay, and three converter materials) with 3 x 107 pri-
mary protons for each. The corresponding MC simulations
are carried out with approximately 10° primary protons
to resolve adequately the energy-angle distributions in
Figs. 1(g)-1(1). As far as the influence of the proton

spectrum fluctuation is concerned, the results presented in
Fig. 4(f) are obtained with 3 x 107 primary protons for
each MC simulation.

In the laser-driven FNRR simulations, primary neutrons
are emitted along the beam axis (i.e., £2°) and E, <
11 MeV. The energy-angle distribution within these inter-
vals must be properly addressed in advance. Therefore,
we perform a simulation of neutron generation from Be
converter, @y = 20 and DLT proton spectrum with approx-
imately 10° primary particles, exploiting cross-section
biasing to enhance the neutron generation by 2 orders of
magnitude. The resulting energy-angle distribution nor-
malized to the solid angle is reported in Fig. 7(a). It is
uniform in the divergence angle. The proton energy distri-
bution, integrated between 0° and 5°, is superimposed on
the color map. In the laser-driven FNRR simulation, pri-
mary neutron energies and divergence angles are sampled
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Model implementation for the pulsed FNRR elemental imaging reconstruction. (a) Comparison between the neutron trans-

mission from MC simulation (colored line) and retrieved with the least-squares procedure (the black lines). The colored bands represent
the statistical uncertainty (i.e., £ standard deviation) performed over the pixels from the MC simulations. (b) Neutron scattering contri-
bution to the transmission. Colored points are the difference between transmissions from MC simulations and the expected theoretical
ones. The black lines are the fits with the asymmetric Gaussian function.
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from these distributions with the inverse transform sam-
pling method. The same procedure is applied to extract
the primary neutron radial positions, time spread, and
the number of simulated particles for each run from the
distributions reported in Figs. 8(b)-8(d), respectively.

APPENDIX B: DETAILS OF THE
RECONSTRUCTION METHOD FOR PULSED
FNRR

As already mentioned, Eq. (19) must be solved to
retrieve the projected mass thicknesses r; for C, N, O,
and H. The solution is found by exploiting a least-squares
minimization procedure. For each pixel, the values of r;
that provide the best agreement between the simulated
transmission and the theoretical one are obtained. Dur-
ing the iteration procedure, the values of r; are positively
constrained.

The comparisons between the retrieved and simulated
neutron transmission for plastic, water, and C;oH 5N are
presented in Fig. 8. They take into account the contribu-
tion from scattered neutrons interacting with other pixels.
This contribution is modeled with an asymmetric Gaussian
function:

C

0 —(E, — C1)?
e e
X <1 + erfc (M>) .
V2

In Fig. 8(b), the difference between the transmission from
MC simulation in each pixel and the expected one (net of
scattering contributions) is reported as colored points. The
black lines represent the fit performed with the asymmetric
Gaussian Eq. (B1). Overall, the selected energy depen-
dence for C(E,) well fits the scattering contribution for all
materials. As expected, it is always positive since neutrons

scattered on the screen can only increase the attenuated
neutron flux in the pixels.
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