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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 (~ 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 (40—400 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 three 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.

I. INTRODUCTION

Laser-driven radiation sources represent a well-
established research topic [1, 2]. They exploit the in-
teraction between ultra-short, super-intense (I > 10'®
W /cm?) laser pulses and targets of various natures to
accelerate electrons and ions. The adopted laser tech-
nology [3] includes both 10s fs time duration, 1 — 15 J
energetic pulses provided at a high repetition rate (up to
10 Hz) and longer (~ 1 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 con-
figurations, micrometric-thick solid foils allow accelerat-
ing electrons and ions at energies ranging from a few
up to tens of MeV, according to the laser power. Par-
ticles, emitted via the Target Normal Sheath Accelera-
tion (TNSA) mechanism, are characterized by an ultra-
fast dynamic, broad energy spectrum and angular distri-
bution. Notably, using advanced Double-Layer Targets
(DLTs) represents a viable route to increase their num-
ber 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 accelerated electrons and ions and proper
converter materials can be exploited to generate ener-
getic y-rays [11, 12], positrons [13] and neutrons [14, 15]
as well. The use of these particles for laser-driven ma-
terials characterization techniques like Particle Induced
X-ray Emission (PIXE) [16-19], Energy Dispersive X-ray
Spectroscopy (EDX) [18, 20], X-Ray Fluorescence spec-
troscopy [19, 21], Positron Annihilation Lifetime spec-
troscopy [22], Photon Activation Analysis [23] and Ra-
diography [24] are attracting increasing interest.
Focusing on neutron production, several approaches
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based on the so-called pitchers-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 photo-nuclear
reactions and consequent neutron generation [25, 26].
Another strategy consists of the use of deuterated tar-
gets to achieve d(d,n)*He, "Li(d, n)®*Be and ?Be(d,n)!°B
reactions [27-29]. Lastly, neutrons are generated via
proton acceleration and °Be(p,n)°B, "Li(p,n)"Be and
63Cu(p,n)%7Zn nuclear reactions [29-32]. As shown in
[26], exploiting 1 — 15 J energetic pulses, ~ 10* — 10°
n/(sr shot) is achievable. On the other hand, with 100s
J laser energy, ~ 10% — 10'° n/(sr shot) are generated.
Laser-driven neutron sources are worthy of consideration
for several applications like inspection of nuclear materi-
als [33], probing of extreme states of matter [34], Neutron
Resonance Transmission Spectroscopy [35], Fast Neutron
Activation Analysis (FNAA) [36] and pulsed Fast Neu-
tron 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.

Within the materials elemental characterization and se-
curity 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 rela-
tively compact D-T generators providing 107 — 10% n/s.
Neutrons irradiate samples having unknown elemental
composition inducing nuclear reactions and the subse-
quent emission of characteristic y-rays. While FNAA
is used to identify many elements, its most important
application is the determination of Oxygen and Nitro-
gen content in various matrices [42]. Another appeal-
ing 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 transmitted neutrons are detected
by exploiting position-sensitive Time-of-Flight (ToF) sys-
tems. Compact and reliable versions of these detectors
are object of research. Pulsed FNRR allows the spatial
distribution reconstruction of the elements on the pro-
jection plane. It requires a minimum neutron flux of
~ 10* n/(cm? s) at a ~ 3 m distance from the source
[45] (i.e. ~ 10° n/(sr s)). Therefore, it is under devel-
opment considering particle accelerators and high-energy
(i.e. ~ 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 numerically
investigated considering I = 2 x 102 W/cm? (normal-
ized intensity ag ~ 30) [46]. However, considering less
energetic pulses from commercial fs-lasers could be of
exceptional importance, 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 avail-
able is investigated in this work. Then, we examine 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) simula-
tions. To these aims, DLTs and different converter ma-
terials (i.e. Be, LiF and Cu) are considered for the pro-
ton 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 converter ma-
terials is studied via MC simulations [48, 49] and theo-
retical calculations. Notably, simple scaling laws are ob-
tained 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 important goal of this study is to investi-
gate laser-driven neutron generation considering conven-
tional single-layer targets and DLTs, a pitcher-catcher
configuration and a suitable range of laser intensities. To
suitably describe the generated neutron properties, we
will evaluate different quantities. They are the neutron
energy-angle distribution Y (E,,, Q) and the neutron spec-
trum 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:

1 dN, N,
Y (B, Q) =— -
(EnsSY) =3 GEaa ~ o °

> Er o(E,E,,Q)
x/o f(Ep)/O WdEdEp

(1)

where F, is the neutron energy, €2 is the solid angle, N4,
is the 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(F, E,,, Q)
is the double-differential cross section for neutron gener-
ation. The neutron spectrum per unit incident proton
Y(E,) = dN,,/(dE,N,) is provided by the same ana-
lytical expression of equation 1, but considering the dif-
ferential cross section o(E, E,). Analogously, the total
neutron yields can be evaluated with the integral cross
section o(E):

N, Na, [ Ee o(E)
YTprf i p/o f(Ep)/O SP(E)dEdEp (2)

and the generated neutron current is provided by:
N, = RRN,Yr (3)

being RR the laser repetition rate.

A. Experimental and modelling of proton
acceleration with DLTs

To evaluate the quantities defined by equations (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, masz- The first part of table I summarizes
the main experimental results from literature comparing
the performances of bare targets and DLTs. Near-critical
layers having the required densities and thicknesses can
be obtained through carbon foams (CF) [50-52] or car-
bon nanotubes (CN) [53] deposition on bare substrates.
Depending on the laser and target parameters, the max-
imum energy increment achieved with DLTs con span
from ~ 1 to 3 — 4, relative to the proximity to the opti-
mal configuration.

To link Ej, y,q. 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 prop-
agation through self-focusing in a homogeneous near-
critical density layer and reflection at the substrate in-
terface. The model is valid for ag < 50, pulse duration
7 ~ 10s fs, near-critical layer density n,. < 20 and nor-
mal incidence. These constrains allow neglecting the di-
rect laser absorption by plasma ions, ensuring relativistic
ponderomotive self-focusing and preserving self-focusing



axial symmetry. Under these conditions, the model va-
lidity was tested via comparison with experimental data
and PIC simulations presented in [47]. Starting from
the parameters of the laser (i.e. wavelength A, ag, spot
waist FWHM w, 7 and polarization) and target (i.e. np.
and substrate thickness 7g,,), we perform an optimiza-
tion over the near-critical layer thickness r,,. to maximize
Ep,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 pm, ag = 5,10,15,20,25, w = 4.7 pym, 7 = 30
fs and normal incidence according with the model re-
quirements. 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 pym
substrate thickness. Maximum energies with single-layer
targets agree with the scaling laws presented in the liter-
ature [56]. Overall, the enhancement of Ej, ;4. achieved
with the DLT configuration via model optimization is co-
herent 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 cut-off
at B}, mae and an effective temperature 7);:
E
(Ey) = i ocexp 7 (4)
Despite its simplicity and handiness, this choice will in-
troduce 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 P. Mora in [59]:
fE)= oL VR ()
o VEpTers
for By < Ep maz- Here Teyyr is the electron temperature,
a quantity that can be estimated as the average electron
energy T, 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 Figure 1(a) for ap = 5,10, 15,20 and 25.
The proton angular divergence can not be estimated
with the model. Experimental data show angular distri-
butions 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 mention-
ing 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 non-idealities that are not di-
rectly taken into account by the model are worth to be

mentioned. Firstly, the presence of a pre-pulse can alter
the ideal TNSA mechanism both with single-layer targets
and DLTs. Exploiting sub-micrometric thick bare targets
and laser contrast ~ 1079, the pre-pulse can damage the
solid before the main peak arrival [85]. On the other
hand, for ~ 10719 temporal contrast, the TNSA mech-
anism develops without non-idealities. Also in case of
DLTs, low contrast conditions have a detrimental effect
in terms of proton energy enhancement [8]. Thus, to
preserve the model validity, proper contrast conditions
(i.e. below ~ 107Y) must be assumed. Secondly, the
presence of a nanostructure having inhomogeneity scale
greater than the laser wavelength can perturb the elec-
tromagnetic field distribution. When required, this effect
can be included in the model via the introduction of a
correction factor as discussed in [47]. Here, sufficiently
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 acceler-
ated protons is required to evaluate the performance of
the laser-driven neutron source and assess the FNAA and
FNRR feasibility. Indeed, accordingly to equation 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 simula-
tions. Indeed, they are dependent on the distribution
and composition 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
E;, considering experimental proton spectra available in
the literature. In line with the sources under considera-
tion, we include only experimental works with laser en-
ergies 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 experimental data are obtained
with detectors (e.g. Radiochromic Films [68]) that pro-
vide the total number of protons per unit of energy re-
gardless of the transverse beam profile. We discard data
retrieve with Thompson Parabolas and ToF spectrome-
ters since they give information along a well-defined di-
rection and a narrow solid angle. The experimental data
are interpolated with equation 5, assuming proton en-
ergies ranging from the minimum required for neutron
generation (i.e. 2 MeV) to the cut-off values. Then, we
evaluated the total proton number by integrating the fit-
ted spectra. The results are summarized in Figure 1(b).
A clear growing trend in the number of accelerated pro-
tons per shot as a function of the laser energy can be
appreciated. The spread of the data is related to dif-
ferent aspects that are not considered in this analysis.
Actually, we do not discern between laser polarization,
focal spot size, target material 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,



TABLE I. Summary of experimental data from 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 maz [MeV]
ao Er [J]  Contrast Incidence [deg] Polarization 7y [gm] p [ne:] 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 10712 10 - 12 1.0 CF 1.4 0.6
8] 0.43 2 10712 10 - 12 1.0 CF 2.2 1.4
[57] 9.7 4-5 107° 0 cir 5.0 2.0 CN 15.0 10
[57] 97 4-5 1079 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] 12.8 1-74 10~ 30 lin 8.0 1.2 CF 30.0 18.0
[5] 131 1-74 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 1071 0 lin 4.0 3.2 CF 18.5 9.5
9] 15.3 2.0 1071 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 24.3 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

the estimation of the proton number per shot is satisfac-
tory for the aims of this work. The black curve reported
in Figure 1(b) is an exponential fit:

N, /shot = a E% (6)

where a = (7.47 £ 2.57) x 10° and b = 1.76 & 0.22. We
will use equation 6 for the accelerated number of protons
per shot and the spectra of Figure 1(a) to explore neu-
tron generation (via MC simulations) in the following.
With a view to assess the laser-driven FNAA and FNRR
feasibility exploiting bare targets, equation 6 is accurate.
Moreover, considering DLTS, the scaling provides a safe
estimation. Indeed, besides higher energies, DLTs allow
also enhance the proton number 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, exploit-
ing Geant4 MC simulations. A detailed description of the
MC implementation is provided in Appendix A. Ten sim-
ulations (one for each proton energy spectrum reported
in Figure 1(a)) have been performed. The energies of
the primary particles are extracted from the correspond-
ing proton spectra. The proton angular divergence to the
converter normal direction is sampled from a uniform dis-
tribution between £20°. The converter thicknesses are
equal to the ranges of the cut-off energy protons. For in-
stance, considering 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 highest neutron yields since 1 — 100 MeV energy neu-
trons 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 Figures 1(c-e) for the Be, LiF and Cu con-
verters, respectively. Considering Be and LiF materials,
the spectra have a quasi-exponential shape, and the max-
imum energies correspond to the cut-off values of the in-
cident protons. As a result, the maximum neutron ener-
gies 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 con-
verter is slightly lower than those obtained with Be and
LiF. We also characterized the energy-angle distribution
of neutrons emitted in the forward direction Y (E,,2).
They are reported in Figures 1(f-h) for the ag = 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 uni-
form 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 favoured when uniform irradia-
tion 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
Yr. Indeed, it can help make quick estimates as a func-
tion of experimental parameters and to guide the design
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FIG. 1. Monte Carlo simulation of laser-driven neutron generation. (a) Proton energy spectra for ag = 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.

of future experiments. This will be the aim of the final
part of this section. Firstly, one can look for some suit-
able approximation of the integrals in equation 2. Let’s
define the differential yield g(F) and the monoenergetic
yield h(E) as:

(7)

and

EF Ep 0-
wE) = [ amae = [N, 523 dE (8)

In which N, = pNa,/M in the atomic density of the
converter. The stopping power S(E) for laser-accelerated

protons can be expressed through the non-relativistic
Bethe-Bloch formula:

> (4Em,
S(E) =~ 21 R? m.c? % In (IZ;) Ne (9)

Where E is the proton energy, R. is the classical elec-
tron radius, ¢ is the speed of light in vacuum, m, and
m,, are the electron and proton rest mass, I is the mean
excitation energy, and n. is the electron density in the
converter material.



To find an analytical expression for the integral
[ f(Ep) h(E,) dE,, being f(E,) the distribution function
of 5, the monoenergetic yield h(E) 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:

WE,) = 15 (B — Eo)»t) H(E — Eo)
Where Ej is a threshold energy, C' a proportionality con-
stant, and p an integer or semi-integer exponent. H (z)
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 be-
low the threshold value. To express g(E) and h(E) in
terms of physical constants (R., m.c?, m,c?), converter
properties (ne, I) and free model parameters (Ey, C,,
g,p) the logarithmic dependence of Bethe stopping power

4e me
I my

is approximated by the constant value In (being
€ a constant with the dimension of an energy), so that one
can combine equations 9, 7 and 10, to get the following

relation:

Nat
E)=H(E - E
9(E) ( o) 21 R2 mec? myc?
(11)
x Co (E — Ep)”

4e me
Ne ln(I m,,)

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

If the proton distribution is modeled with an exponen-
tial proton spectrum (equation 4) the total neutron yield
is readily obtained by putting equation 11 in equation 2:

1 eXp <_E0+7E1p,1naz>
YT ~ 1 =
P e () -1 (12)
E mazxr E
x(F(p—i—Q)—Fi <p+2,p’ T O)) Tp+1

Where I'' and I'; are the Euler’s Gamma Function and the
incomplete Gamma function respectively, and the pro-

TABLE II. Fitted free parameters for the converter materials.

Converter C [MeV—P71] Ey [MeV] p
Be 1.5710~ 71 2 0.5
Cu 1.12107° 5.25 1
LiF 9.3910¢ 0 1

portionality constant C' is given by:

Nat 1 Co‘
C=— 13
ne 2m RZmec?mpc? |, (475 m7> (13)
mp

The choice of a proton spectrum of the type described by
equation 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 II) one gets the following
expression:

_ V2(\/Bo++/Fp,maz)
e VT

Ep, max
e ey

x <2 (6\/E0T3 + V2T (2E, + 3T)) R

YT%C

- e\/i“ % (\/§E§ - 2\/§EO(Ep,maa: + T)

— 4Eo\/EpmacT + V2 (E} paw + 6Ep.macT + 6T7)

+4v/BpmarT (Ep.mas + 3T))>
(14)

A useful simplification is achieved under the as-
sumption of Epmax > T, Eg, resulting Yr =
onj f(Ep)h(E,)dE, (that is to say, the contribution of
protons with £ > Ej, 4, to the total neutron yield is
negligible). While E, .4, > T is an intrinsic feature
of TNSA process, Ep maz > Eo is verified for converter
materials in which the energy threshold for neutron pro-
duction is relatively low, such as those considered in this
work. In this limit, the total neutron yield is given by:

Y ~C n V2T (p+1) 2120+

15

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

T ~mec® Qr (V1 +ap2—1) (16)

where the target configuration affects the value of the
proportionality constant ;. While this scaling is gener-
ally employed in the case of simple foil targets, its exten-
sion to more complex target configurations is challenging.
Indeed, following the model proposed in [47], the mean
electron energy in DLT configuration should result from
the averaging of two different electronic populations in
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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.

a non-straightforward way. Nevertheless, even a crude
extrapolation as equation 16 can provide a reasonably
accurate estimation of T' (£10% of the value given by
the model in ref [47] ) over the whole range of laser in-
tensity considered in this work (5 > ag < 35), provided
that Q; = 0.24 for bare targets and Q; = 0.83 for DLTs.
To conclude, we study the asymptotic behaviour of Y7 for
ag > 1. In this limit T ~ Q; me.c? ag > Ey, and hence 15
becomes Yr ~ CT? (27 PT(2p+2)T — 2 PEI'(2p + 1)).
By comparison, equation 12 (total yield with expo-
nential proton spectra) would be equivalent to Yr =
C exp(—%)) TP T'(p + 1) under the same assump-
tion. In both cases the leading term in T is oc TPH!,
meaning that Y7 oc agPt! for sufficiently large values of
ag. Putting all together, the total neutron yield under
the discussed assumptions is approximated by:

Y NNat 1 Co’ (2]))'
= ne 21 RZmec?2mpc? |, (g m) 2P (17)
I m,

X (meCZ Qt ao)p [(21) 4+ l)meCQ Qt ag — Eo]

In figure 2, we show a comparison among the total neu-
tron yield calculated with equation 17 (solid lines), the
numerical integration of equation 2 (dashed lines) and
Geant4 simulations (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 approximations are remarkably close to nu-
merical integration and MC results for each target con-
figuration and converter material combination. Notably,

the neutron yields with DLTs are 1 — 2 orders of magni-
tude higher than those obtained with single-layer targets.
For the latter, no neutrons are generated for the ag = 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 ag 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 fea-
sibility of two materials characterization and inspection
techniques, i.e. laser-driven FNAA and pulsed FNRR.

C. Assessment of laser-driven FINA A 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 (char-
acterized in the previous section) should be compared.
Therefore, we performed MC simulations of sample ir-
radiation 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,
2TAl(n,p)?*"Mg and *'K(n, «)38Cl nuclear reactions ex-
ploited for FNAA purposes are considered. In Figure
3(a), we report the ratio between the number of nuclear
reactions obtained with the D-T generator Ypr and laser-
driven sources Y7 p. The results are provided for each
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FIG. 3. Monte Carlo results for the laser-driven FNAA feasibility assessment. (a) The ratio between the number of nuclear
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per unit of incident proton and solid angle. (c) 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).

converter material and value of ag. Then, we take the
average of the ratio Ypr /Yy p performed over the nuclear
reactions for each value of ag and converter material.
To proceed, we assume a D-T neutron source provid-
ing Nppr = 5 % 107 n/s on sample, and we consider
the laser-driven neutrons emitted in the forward direc-
tion N, /N, (see Figure 3(b)). The average laser-driven
proton current Np,req required to achieve the same sam-
ple activation induced with the D-T source is given by
Np.pT

Ypr/Yip Nu/Ny

Nypreg = (18)

The result is presented in Figure 3(c) for each value of ag
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 6, we can estimate the laser rep-
etition rate needed to equal the activation with the D-T
generator. The results are shown in Figure 3(d) for ag
starting from 10. We excluded the ag = 5 case study
since the resulting repetition rates for any converter ma-
terial were too high to be achieved with existing laser
systems. For each value of ag, we also report the nomi-
nal 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, considering
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 ag = 10 and Cu converter, the required repeti-
tion rate is one order of magnitude higher than that cur-
rently achievable. It is worth noting that the obtained
results are conservative since we are considering the num-
ber of accelerated protons (and therefore neutrons) pro-
vided 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 Figure 4(a)). Basically, the en-
ergy 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
requirements (e.g. small spot size, short temporal du-
ration, broad energy spectrum and shot-to-shot stabil-
ity) to guarantee a reliable measurement in a reasonable
amount of time. Meeting these requirements using com-
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mercial sources, besides the availability of suitable neu-
tron detectors, is the main obstacle to overcome. In this
section, we will verify some of the requirements for the
considered laser sources. On the other hand, the devel-
opment 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.

An important source prerequisite performing pulsed
FNRR concerns its time duration. For a source-detector
distance of ~ 3 m, it must be of the order of a few ns (or
shorter) to ensure a sufficiently high resolution to resolve
the main characteristic features of the cross sections. As
far as laser-driven sources are concerned, protons are ac-
celerated from the target almost instantaneously. Thus,
the temporal spread of the neutron source is mainly re-
lated to the different times that non-monoenergetic pro-
tons spend to reach and interact with the converter. In
the MC simulations, we retrieved the instant of time at
which neutrons leave the rear surface of the converter.
The FWHM of the emission time distribution is reported
in Figure 4(b) as a function of ag for each converter mate-
rial. It is lower than 1.2 ns for all the case studies consid-
ered here. Another parameter affecting the ToF resolu-
tion is the lateral dimension of the neutron source. Typi-
cally, it is of the order of some cm. We retrieved the radial
position of neutrons at the rear surface of the converter,
and we evaluated the source spot size as 2 x FWHM of
the distribution. As shown in Figure 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 ~ 10* n/(cm? s). We aim to com-
pare this value with the fluxes achieved with the laser-
driven neutron sources. We evaluated the number of neu-
trons per unit of primary proton and solid angle emitted
within £5° to the converter normal direction and ener-
gies between 0.5 and 11 MeV. The yields are reported in
Figure 4(d). At a 3 m distance, the area subtended by the
corresponding solid angle is sufficiently wide to inspect
large objects (~ 50 cm lateral size), and the energy-angle
distribution is uniform (see Appendix A). Then, by com-
bining the yields with the number of protons accelerated
per shot (from scaling (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 Figure 4(e). The analysis shows
that DLTs and ag = 20 — 25 are necessary to perform
pulsed FNRR with laser-driven sources exploiting com-
mercial systems. Moreover, the highest neutron fluxes
are provided by Be converters. Again, these conclusions
are conservative concerning the number of protons, since
the enhancement provided by DLTs is neglected. In addi-
tion, the neutron flux along the beam axis can be further
enhanced via neutron collimation downstream of the con-
verter [87]. We have not included 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 cut-
off energy during experiments. However, to achieve a



reliable laser-driven FNRR analysis, the neutron spec-
trum shape must not vary from shot to shot. We assess
this requirement by considering the ag = 20 and Be con-
verter case study. For this specific condition, the proton
spectrum provided to the MC simulation is modelled as
equation 5, considering T, = 9 MeV and F), ;40 = 57.6
MeV. Here, we perform four MC simulations of neutron
generation considering different proton energy spectra as
input. They are defined by T, = 6.3 7.6, 10.3 and 11.7
MeV, corresponding to deviations of +15 and £30% from
the original value. According to the model [47], the max-
imum 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 Figure 4(f). We consider
neutrons emitted from the converter rear side and within
a divergence angle of +5°. As expected, the maximum
neutron energies vary according to the cut-off energies of
the incident protons. Nevertheless, the proton spectrum
shape in the energy range of interest for pulsed FNRR
(i.e. within 0 — 11 MeV) does not change. Therefore, we
can conclude that shot-to-shot proton spectrum fluctua-
tions 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 sim-
ulation of laser-driven FNRR analysis. The goal is to
address whether elemental mapping can be effectively
achieved. The simulation setup is presented in Figure
5(a). We consider the best case study arising from the
investigation presented in the previous section, namely
ag = 20, 9 J laser energy, a repetition rate of 5 Hz and
Be converter. Two samples are considered (see left col-
umn of Figure 5(b)) having the external shape of a box,
12 cm wide and 5 cm deep. The boxes, made of plastic
((C2Hy)n) and steel, are crossed by cylinders containing
water (H2O) and methamphetamine (C19H15N). There-
fore, we study three materials with elements sensitive
to the technique and one that does not. Moreover, one
of the substances (i.e. the C19H;5N) is often used as a
recreational drug. The identification of its constituents 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
placed 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 performed two MC simulations with the samples (one
for each) and one simulation without samples. Primary
particles are neutrons having energies and angular diver-
gence extracted from the distribution presented in Figure
1(f). The angular divergence was limited between +2°
to avoid simulating unnecessary events. The initial po-
sition of each neutron (in the plane orthogonal to the
beam) is sampled from the radial distribution (FWHM
= 9.3 mm) obtained in previous simulations. Therefore,
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the actual size of the source is taken into account. Then,
the arrival time and position of neutrons reaching the
detector screen are retrieved. We also include the uncer-
tainty 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 arrival times are col-
lected 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 ev-
ery run are merged. Indeed, we have an average number
of protons 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 di-
rection, the average number of neutrons simulated in each
run is 1.6 x 108, Thus, we performed 300 runs (i.e. shots)
for each simulation to achieve the typical irradiation con-
dition for pulsed FNRR (i.e. ~ 10! n/sr [37, 38, 44]).
Note that, working at the nominal repetition rate of 5
Hz, the corresponding measurement would last 60 sec-
onds. As already mentioned, the number of accelerated
protons is subject to a certain degree of shot-to-shot un-
certainty. 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 centred 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 number
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. time-of-flight ToF), we retrieve their ener-
gies. Then, by performing the ratio between the number
of neutrons reaching the detector screen in the presence
I(E,) and the absence Iy(E,,) of samples, we obtain the
transmission I(E,)/Iy(E,) in each pixel. The integrals
over E,, for both samples are shown in the right column of
Figure 5(b). This measurement corresponds to conven-
tional 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 distinguished. However, no information about the
elemental composition is achieved. To this aim, we must
solve the following equation for every pixel:

I(En) T
To(Bn) exp (-NAU XZ: oi(En) M F) (19)

—O(Ey) =0

where the i-index identifies the C, N, O and H elements,
o; are the total cross sections, r; are the projected ele-
mental mass thicknesses, M; are the atomic masses, I" de-
scribes 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 equation 19, see Appendix B.
The solutions r; are reported in Figure 5(c). Remark-
ably, we can reconstruct the distribution of the elements
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over the surfaces of the samples. Starting from the heav-
ier elements (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 C1gH15N, even if present in low concentration.
As far as Hydrogen is concerned, we can appreciate its
different concentrations in plastic and water, as well as
its presence in methamphetamine. Correctly, none of the
elements considered was 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 un-
certainty we introduced 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
I(E,)/Iy(E,) over pixels associated with the same mate-
rial (from the total attenuation in Figure 5(b)) and solve
equation 19. We perform the ratio r;/ >, r; for each
element and material 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 Figure 5(d). The agreement is
satisfactory for all the elements and materials. This re-
sult, 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 devel-
opment of laser-driven FNAA and FNRR represents a
further step toward the realization of a multi-functional
setup for materials analysis and inspection.

In this work, we have investigated the generation of fast
neutrons 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 studied neutron
generation from laser-driven protons in a pitcher-catcher
configuration, considering a broad range of laser intensi-
ties and various converter materials. We provided ana-
lytical relations to estimate the neutron yields with bare
targets and DLTs. Then, for the main case studies, we ad-



dressed 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 el-
emental 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 compa-
rable to those obtained with D-T generators and parti-
cle accelerators. To this aim, the commercially available
lasers (i.e. intensity I > 102°W /cm?, time duration ~ 30
fs and energy ~ 1 — 15 J) working at a high repetition
rate (i.e. 1 — 10 Hz) are suitable. It is worth mention-
ing that coupling commercial lasers and DLTs could be
also exploited for applications involving epithermal and
thermal neutrons.
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Appendix A: Monte Carlo simulations

We performed several Geant4 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 previous works
[10, 88, 89]. Cross sections are derived from the TENDL-
2014 and ENDFB-VIIL.1 data libraries. Several (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 abundances. Fig-
ure 6 reports the total neutron production cross sections
of interest for the aims of this work.
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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 li-
braries.
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Electromagnetic processes involving primary protons
and secondary charged particles are modelled via the
G4EmStandardPhysics_option3 module. We also ac-
tivated the G4RadioactiveDecayPhysics physics list.
The production cuts for secondary particles are set equal
to 10 pm. 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
Generator (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. ~ 10%) of indepen-
dent random numbers.

Specifically, the neutron yields and energy spectra pre-
sented in Figures 1(c-f) have been obtained with 30 MC
simulations (i.e. for single-layers and DLTs, 5 values of ag
and 3 converter materials) with 3 x 107 primary protons
for each. The corresponding MC simulations are carried
out with ~ 10° primary protons to resolve adequately
the energy-angle distributions in Figures 1(g-i). As far
as the influence of the proton spectrum fluctuation is con-
cerned, the results presented in Figure 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 performed a simulation of neutron generation from Be
converter, ag = 20 and DLT proton spectrum with ~ 10°
primary particles, exploiting cross-section biasing to en-
hance the neutron generation by two orders of magni-
tude. The resulting energy-angle distribution normalised
to the solid angle is reported in Figure 7(a). It is uniform
in the divergence angle. The proton energy distribution,
integrated between 0° and 5°, is superimposed on the
colour map. In the laser-driven FNRR simulation, pri-
mary neutron energies and divergence angles are sampled
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 Figures 8(b-d), respectively.

Appendix B: Details of the reconstruction method
for pulsed FNRR

As already mentioned, equation 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-square
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 CigH5N are
presented in Figure 8. They take into account the con-
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tribution from scattered neutrons interacting with other
pixels. This contribution is modelled with an asymmetric
Gaussian function:

Co —(En—Cl)2>
C(EBy) = —% exp [ ———n 221
(En) ca¢%‘“p< 203

<1 T orfe (W))

In figure 8(b), the difference between the transmission
from MC simulation in each pixel and the expected one

(B1)

(net of scattering contributions) is reported as coloured
points. The black lines represent the fit performed with
the asymmetric Gaussian (B1). Overall, the selected en-
ergy dependence for C(FE,,) well fits the scattering contri-
bution 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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