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Contemporary ultraintense, short-pulse laser systems provide extremely compact setups for the
production of high-flux neutron beams, such as those required for nondestructive probing of dense
matter, research on neutron-induced damage in fusion devices or laboratory astrophysics studies.
Here, by coupling particle-in-cell and Monte Carlo numerical simulations, we examine possible
strategies to optimise neutron sources from ion-induced nuclear reactions using 1-PW, 20-fs-class
laser systems. To improve the ion acceleration, the laser-irradiated targets are chosen to be ultrathin
solid foils, either standing alone or preceded by a plasma layer of near-critical density to enhance the
laser focusing. We compare the performance of these single- and double-layer targets, and determine
their optimum parameters in terms of energy and angular spectra of the accelerated ions. These are
then sent into a converter to generate neutrons via nuclear reactions on beryllium and lead nuclei.
Overall, we identify configurations that result in neutron yields as high as~ 10'° n sr=1in ~ 1-cm-thick
converters or instantaneous neutron fluxes above 102 n cm~2 s~ at the backside of < 100-um-thick
converters. Considering a realistic repetition rate of one laser shot per minute, the corresponding
time-averaged neutron yields are predicted to reach values (> 107 nsr~1s~1) well above the current
experimental record, and this even with a mere thin foil as a primary target. A further increase in the
time-averaged yield up to above 108 sr=1 s~1is foreseen using double-layer targets.

Neutrons have very distinctive characteristics compared to ions, electrons or X-rays, making them unique tools
to investigate or modify the properties of materials. Their applicability extends far beyond nuclear physics, i.e., to
fields as varied as material science'~, medical sciences®, transmutation of nuclear waste®, laboratory astrophysics®,
security”®, biology® or archaeology'®!!. The tremendous progress seen in high-power laser technology within the
last decades'? enables one to design laser-based, bright neutron sources that could become complementary, and
potentially more feasible, alternatives to larger-scale conventional facilities such as high-energy particle accel-
erators or nuclear fission reactors'®. Moreover, laser-driven neutron sources are characterised by much higher
density and shorter pulse duration'*'*, which could allow currently unforeseeable applications to be developed.

In the last decade, the generation of intense neutron pulses has been demonstrated in many laser experiments.
The brightest sources reported so far have been obtained at the TRIDENT'® and PHELIX!"! facilities, both of
which deliver laser pulses of 100 J energy and ps duration, yet with a low repetition rate of about one shot per
hour. Both experiments were based on laser-acceleration of a deuteron beam from deuterated plastic targets
via the target normal sheath acceleration (TNSA)!*?° or breakout afterburner (BOA)**> mechanisms, and on
subsequent *Be(d, 1) nuclear reactions in a beryllium converter located a few mm behind the primary target. A
variant of this method, whereby deuterons are driven by the laser radiation pressure in a near-critical-density
plasma, has been recently investigated numerically under conditions relevant to the TRIDENT laser?.

The aim of this paper is, rather, to examine the neutron beams that could be produced using (p, n) or (d, n)
reactions triggered by 1-PW-class, few-femtosecond laser systems, such as Apollon** or the upcoming ELI facili-
ties in the Czech Republic* and Romania®*?’, and which are as well commercially available. These systems usually
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Figure 1. Numerical methodology. (a) In the first stage, 2D PIC simulations are performed, using the CALDER
code, to optimise proton (or deuteron) acceleration with either single- or double-layer targets (see text). (b) The
accelerated protons (or deuterons) are then sent to the 3D Monte Carlo FLUKA or MCNP-6 code to compute the
neutron generation in a secondary beryllium or lead converter.

operate at the frequency of one shot per minute. This limitation, however, is set by the internal nuclear safety rules
of those institutions rather than by technological constraints and, in fact, such systems could in principle run at
10 Hz?®. Provided that their temporal contrast can be much improved over present performance, through, e.g.,
the use of plasma mirrors®, we can surmise that those lasers, which already surpass the 102! W cm ™2 intensity
level***, can boost the ion acceleration to the 100 MeV range. One appealing prospect towards high-efficiency,
laser-based neutron sources would be to couple such energetic ion beams with heavy-ion converters to approach
the spallation regime of neutron generation, characterised by high neutron multiplicity®*.

Many schemes have been proposed to enhance the energy of the ions produced by ultraintense laser pulses,
and hence their neutron production efficiency. The most straightforward, albeit challenging as regards the laser
contrast, makes use of simple nanometer-thick solid foil targets*>**. This bears the promise of accelerating ions in
a hybrid regime, governed by radiation pressure® or light-sail acceleration®>*’ at early times, and then followed
by another mechanism (e.g. TNSA, breakout afterburner, or Coulomb explosion®®*°) that boosts the energy of
the ions. The energy gain in this scheme is predicted to be increased by the onset of relativistic transparency
during the laser-plasma interaction®*4.

Another route, which has attracted great interest in the past decade, is to exploit double-layer targets (DLTs).
In these, a near-critical density (NCD) plasma layer, having thickness of tens of um and serving as a lens to
focus the laser**, is attached to an overdense/solid, plastic or metal thin foil (with thickness from tens of nm
to a few um). Due to relativistic self-focusing in the NCD layer, the intensity of the laser pulse can rise multiple
times over its initial value*’. Meanwhile, a significant fraction of its energy can be converted into relativistic
electrons, either via direct laser-electron interaction***, resonant-type coupling of the laser and plasma fields***/,
or strongly nonlinear plasma wakefields*. The boosted hot-electron generation and laser focusing achieved in
DLTs can both contribute to increase the ion energy, by strengthening either the accelerating sheath fields at the
target surfaces or the laser radiation pressure. Predicted numerically**-**, the improved performance of DLTs has
been confirmed in a number of experiments****~>®, Practically, DLTs can be manufactured employing available
technologies, e.g., by deposition of nanostructures®>**->® or foams**“” on the irradiated side of the foil.

In this paper, using particle-in-cell (PIC) and Monte Carlo (MC) numerical simulations, we characterise in
detail the neutron beams resulting from the interaction of 1-PW, 20-fs laser pulses (modeling the pulses cur-
rently produced at Apollon*!) with single- (SLTs) and double-layer (DLTs) targets. By performing scans in the
laser focusing, primary target and converter parameters, we identify the conditions maximizing the yield, areal
density and peak flux of the neutron source. One major finding is that while the maximum number of neutrons
(~ 2.8 x 10'%) is obtained with DLTs combined with Pb converters, the maximum neutron yield per solid angle
(~ 1.6 x 10'% nsr~!) is achieved using a deuterated DLT and a Be converter. In addition, very thin (< 100 j1m)
converters are predicted to generate peak neutron fluxes in excess of ~ 10?*> cm~2 s ™1, which opens a path towards
applications in laboratory astrophysics®.

Results

Simulation setup. Our methodology is outlined in Fig. 1. We first use the particle-in-cell (PIC) CALDER
code (see “Methods”) to simulate in 2D3V (two-dimensional in space, three-dimensional in momentum space)
geometry, the laser-matter interaction and proton (or deuteron) acceleration from either SLTs or DLTs. In a
second step, the accelerated ions are transferred to a three-dimensional (3D) Monte Carlo code which describes
neutron generation in a secondary converter target (see “Methods”).

The laser parameters in the PIC simulations are chosen to match those already accessible at the Apol-
lon facility?, but assuming improved temporal contrast conditions—such as those expected from fielding a
plasma mirror system?—in order to enable efficient interaction of the laser pulse with nanometer-scale foils,
as investigated in the following. The laser is modeled as a Gaussian pulse of central wavelength A, = 0.8 um
and 71, = 20 fs full-width-at-half-maximum (FWHM) duration. It is focused to a Dy, = 5 um FWHM spot at
the front side of the target (i.e. the front side of the NCD plasma layer in the case of a DLT). Its peak intensity
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Figure 2. Relativistic self-focusing of a2 x 102! W cm2, 20 fs duration laser pulse in near-critical plasmas.
Spatial distributions of (a) the electron density #, (saturated colormap) and (b) E, electric field component for
an initial plasma electron density n, ncp = 1.06 n, at the simulation time t = 136.9fs, i.e., 99.3 fs after the laser
pulse maximum entered the simulation box. (c) Time evolution of the instantaneous peak intensity of the laser
pulse during its propagation through the plasma for eight different values of n, ncp. The horizontal dashed line

indicates the peak laser intensity in vacuum, Iy = 2 x 102! W cm 2. (d) Dependence of the maximum intensity

increase factor Imay /Io (blue triangles and solid line), focusing distance ; (green circles and dashed line), and
FWHM spot size Dy, (red crosses and solid line) of the laser pulse on the initial plasma density. The symbols
represent the PIC simulation results while the curves correspond to the formulas given by Pazzaglia et al.’. The
vertical dashed line indicates the plasma density yielding the best focusing according to analytical theory.

# Incp (wm) Isp (nm) 11e,NCD (ncr) SD material Npor Ny Ecutoft (MeV)
1 - 64 - CH, 1.29 x 10'2 128

2 - 115 - CH, 1.36 x 102 94

3 20.46 115 $01.06 CH, 1.46 x 1012 239

4 25.19 115 0.74 CH, 9.86 x 10'! 241

5 17.40 115 1.06 CH, 1.32 x 1012 218

3b 20.46 115 1.06 CD, 5.95 x 10! 224

Table 1. Parameters of the proton acceleration simulations. The physical parameters of the single- and double-
layer simulations are: Thickness of the near-critical density (NCD) carbon plasma layer (Incp), thickness of the
solid-density (SD) CH; (or CD>) layer (Isp), electron density of the NCD layer (n,Ncp), electron density of
the SD layer #.,sp = 200 n;, laser spot size at the front of the NCD layer (if present, otherwise at the front of
the SD layer) Dy = 5 um, dimensionless laser field strength ag = 30.6, total number of accelerated protons or
deuterons with energy above 1 MeV (N,, Ny), ion cutoff energy (Ecytoff)-

is I = 2 x 102! W cm™—2, corresponding to a dimensionless field strength ag = eEq/m.cor, = 30.6 (Eq is the
laser electric field, ¢ the light speed, e the elementary charge, m, the electron mass, and wy, = 27 ¢/ 41, the laser
frequency). PIC simulations are performed in the x — y plane. The laser pulse is linearly polarised along y and
propagates in the +x direction. In a realistic 3D geometry, the laser pulse energy and power would be of 22 J and
1 PW, close to the current Apollon parameters.

As detailed in Table 1, the simulated DLTSs consist of a submicron-thick, fully ionised plastic CH; (or CD>)
foil of solid density, preceded by a fully ionised carbon (C®*) NCD plasma layer of varying density (1, ncp)
and length (Incp) - The NCD parameters optimizing proton acceleration from DLTs have been investigated
both numerically and analytically by Pazzaglia et al.*’. In that study, the maximum proton cutoff energies were
attained for NCD layers of thickness close to the relativistic self-focusing length, and over a limited density
range. The following approximate formulas were obtained for the optimal length and density of the NCD layer
[see Egs. (23) and (24) in Ref.**]:
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where yp=4/1+a3/2 is the mean Lorentz factor of the laser-driven electrons and

feelem™3] = 1.1 x 102! AL 2[wm] is the nonrelativistic electron critical density. For our parameters, yp = 21.7,
neNcDp = 1.93ng and Incp = 14.1 pm. These values will provide reference conditions for our PIC
simulations.

Laser self-focusing in the near-critical plasma. To start with, we inspect the process of laser self-focus-
ing in the NCD plasma layer. To illustrate it, we consider the case of ne,ncp = 1.06n,. Figure 2a,b depict the spa-
tial distributions of, respectively, the electron density (1) and transverse electric field (E,) at a time (¢ = 151 fs)
when the laser has propagated about 21 wm in the plasma. An electron density channel has then formed along
the laser path: the laser pulse is concentrated into a D,, = 1.1 wm FWHM spot at the head of the channel, where
its peak intensity reaches ~ 7.4 x 102! W cm~2—an increase by a factor of ~ 3.7 over its incident value. Inside
the channel, we find (not shown) that a large fraction of the plasma electrons are accelerated by the laser wave
and/or wakefields**3°*8 to Lorentz factors as high as y =~ 300-400, largely exceeding the standard ponderomo-
tive scaling, () = yo.

Figure 2c plots the temporal evolution of the maximum intensity Imax = %(E,% +E2+ E;) achieved
within the simulation box for eight different initial electron densities in the NCD plasma, in the range
0.45 < neNeD/Mer < 2.10. All cases lead to a significant (by a factor of > 3), and quite comparable, enhancement
of the intensity compared to its value in vacuum (Ip = 2 X 102! W cm™2, shown as a dashed line). The maximum
intensity is reached after an interaction time of ~ 120-180 fs, decreasing with density. The #n,ncp = 1.06 nr
case, corresponding to Fig. 2a,b, is found to yield, though by only a very small margin, the highest intensity
amplification.

Figure 2d shows the variations with initial plasma density neNcp in the laser intensity amplification factor
Imax/Io as well as in the associated focal spot D, and length ;. For each value of n. ncp, those quantities are
recorded at the time and location corresponding to the peak instantaneous laser intensity. For comparison, the
theoretical estimates of D,, and Iy, based on the thin-lens approximation, and given by Eqs. (2) and (4) of Ref.*’
are displayed as solid red and dashed green curves, respectively. Also overlaid (blue solid line) is the intensity
enhancement factor I,y /Io, as obtained by solving numerically Egs. (7) and (8) of Ref.*’. The dashed line indi-
cates the density (n, ncp = 1.74 ngr) that maximises the intensity enhancement (Imax/Io = 4.1) according to
that model.

Opverall, the stronger lensing effect of the plasma at larger density is clearly demonstrated, and the theoretical
predictions match well with the simulation data. Consistent with Fig. 2¢, the simulated intensity enhancement
is found to weakly vary (by ~ 3.0-3.7) in the density range investigated, 0.45 < n,NcD/#er < 2.1. While Imax /Io
slightly decreases (from ~ 3.7 to ~ 3.3) when the plasma density is raised from #n,Nxcp = 1.06 n¢r to 2.1 ngy, it
drops relatively more abruptly when the plasma density is decreased from the optimal density of 1.06 n¢; (down
t0 Imax/Io =~ 3.0 at n,ncp = 0.45).

It is worth noting that the observed variation in I,y is weaker than that one would naively infer assuming
laser energy conservation (and hence Iax D;lz) from the concomitant variation in spot size. As the latter
quantity shrinks from D,, >~ 1.5 um to 2~ 0.8 um as n, Ncp increases, one would then expect I,y to increase by
a factor ~ (1.8/0.8)> ~ 3.5, at odds with the simulation data. This discrepancy points to the strong dissipation
undergone by the laser pulse during its propagation in the NCD plasma. Actually, in their model Pazzaglia et al.
made an attempt at taking into account laser dissipation into hot electron generation. While the simulations and
the model yield comparable maximum values of the intensity increase (Imax/Ip =~ 3.7 vs = 4.1), the correspond-
ing optimal plasma densities are significantly lower in the simulations (n,ncp = 1.06 ) than theoretically
predicted (n,Ncp = 1.5 — 2 ngr). These results suggest that, for our simulation parameters, the actual dissipation
is higher than described analytically, possibly due to fast electrons being energized much beyond the pondero-
motive level considered in the model*’. For instance, the excitation of strong plasma waves could provide an
efficient additional source of energy depletion of the laser pulse®¢!.

We conclude this part by mentioning that in an actual 3D configuration, relativistic laser self-focusing is
expected to lead to even stronger intensification of the laser pulse, as previously shown in Ref.#.

Proton acceleration from single- and double-layer targets. We now assess the performance of SLT-
or DLT-based ion acceleration setups in generating intense neutron fluxes from secondary converter targets.
Table 1 summarises the parameters of the six SLT and DLT simulations we have carried out. Runs #1 and #2
represent SLT configurations. The thickness of the CH, foil in run #1 is that predicted to optimise the proton
cutoff energy under our irradiation conditions according to Refs.**¢* [see Eq. (4) in “Methods”]. The 115-nm-
thick CH, foil in run #2 is optimised for the maximum intensity of 7.8 x 10*! W cm~2 achieved during the laser
propagation in the NCD plasma. This foil is about twice thicker than in run #1 but still partly transparent; a
higher number of protons should then be produced but at lower energies. Runs #3-5 use DLTs with NCD layers
of different densities or lengths, coated on the same CH foil as in run #2 to account for plasma lensing. In runs
#3 and #4, the NCD layer thickness is set to the laser focusing length in order to achieve the highest possible
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Figure 3. Visualisation of the proton acceleration process. Number density (a,c) and local average energy (b,d)
of protons in runs #2 (a,b) and #4 (c,d), 207 fs after the laser pulse maximum has reached the solid foil. The
dashed black line marks the position of the virtual detector where the quantities shown in Fig. 4 are measured.
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Figure 4. Properties of accelerated protons from 2D PIC simulations. (a) Energy and (b) angular spectra of
protons tracked at the virtual detector, 26.2 um behind the target [marked by the vertical dashed line in all the
panels of Fig. 3].

laser intensity, and thus to maximise proton energies. The combinations of the #.xcp and Lncp values in runs
#3 and #4 are those yielding the strongest laser intensities [see Fig. 2c]. Run #5 is similar to run #3 but uses a
shorter Lycp to examine how the final proton and neutron beams depend on the NCD layer length. Finally, run
#3b has the same parameters as run #3 but protons are here fully replaced with deuterons (i.e. the solid foil is
made of CD,). We acknowledge that our comparison of DLTs with CH; and CD; solid foils is somewhat ide-
alised because, in reality, (i) there would be proton-rich contaminant layers on either side of the foil, whatever
its composition and (ii) deuterated targets used for laser-plasma acceleration often contain a > 1% fraction of
hydrogen within their bulk'.

In all PIC simulations, a virtual detector is placed at a distance of 26.2 um behind the rear side of the target.
When an accelerated proton crosses this “plane’; its position, momentum and time of arrival are stored. A rela-
tively close detector position is chosen in order to interrupt the acceleration process. This is a common practice
because 2D PIC simulations are known to overestimate the final proton energy®. Our choice of distance relies
on a comparison between 2D and 3D PIC simulations™.

Figure 3 displays the spatial distributions of the proton number density (a,c) and average energy (b,d), 207 fs
after the laser pulse maximum has hit the solid foil. The top and bottom rows correspond to SLT run #2 and
DLT run #4, respectively. In both cases, the target protons are fully evacuated from the laser spot region and
preferentially accelerated in the forward direction due to the combined effects of RPA and TNSA (see Fig. 3a,c).
Compared to the SLT case, the tighter laser focusing achieved in the DLT translates into a more energetic (by a
factor of ~ 3), yet more divergent, proton beam originating from a narrower source (cf. Fig. 3b,d).

Figure 4a compares the energy spectra of the protons (or deuterons) that reached the detector plane [marked
by vertical dashed lines in Fig. 3 for the six configurations considered. The absolute maximum proton energy
(~ 240 MeV) is recorded in DLT runs #3 and #4, as expected from the associated laser intensification (see Fig. 2).
By comparison, the SLT cases yield significantly lower proton energies: ~ 130 MeV in the optimised run #1 and
~ 95 MeV for the about twice thicker foil of run #2.
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Figure 5. Proton transport through a Pb converter. (a) Time-resolved energy spectrum of the protons crossing
the virtual detector as recorded in SLT run #2 (see Table 1). (b) Dashed lines: dissipated fraction of proton beam
energy due to inelastic collisions as a function of the Pb converter length , in SLT case #2 (orange) and DLT case
#4 (red). Solid lines: transmitted fraction of proton beam energy in SLT case #2 (orange) and DLT case #4 (red).

As already mentioned, the flip side of the fastest protons produced in DLTs is their increased angular spread,
due to strong focusing and partial transmission of the laser pulse through the foil. Actually, their angular spectra
plotted in Fig. 4b, turn out to be double-peaked at ~ &+ 15-20° and to extend up to angles as large as ~ + 40°.
By contrast, SLTs can provide more collimated protons and also in greater numbers (see Table). Run #2 indeed
yields a proton angular spectrum peaking on axis and with an FWHM spread of ~ 12.5°.

Deuterons in DLT run #3b attain a similar, albeit slightly lower, cutoff energy (~ 225MeV) than protons
in a similar setup (run #3), but their number is about 2-4x lower in the high-energy (> 100 MeV) part of the
spectrum. Their angular distribution also peaks off axis but with a less pronounced on-axis minimum than in
the proton cases. We note that while the absence of surface protons in our simulations is expected to favour, to
some extent, the deuteron acceleration, it was shown experimentally’® that a large majority of the ions accelerated
from 300 nm CD, foils were deuterons despite a deuterisation level only as high as 90%.

Proton transport and neutron generation through the converter. The accelerated protons (or
deuterons) recorded by the virtual detector in the PIC simulations are used as inputs to the Monte Carlo simula-
tions of their transport through the neutron converter target. The latter, located 26.2 jum away from the laser tar-
get, consists of a lead (298pp) or beryllium (°Be) cylinder of 3-cm radius and varying length (J). This procedure
is illustrated in Fig. 5. Figure 5a displays the time-resolved energy spectrum of the outgoing protons in SLT case
#2: it is characterised by a maximum energy of >~ 95 MeV (i.e., the lowest cutoff energy among our simulations),
and a root-mean-square pulse duration of > 190 fs (the time interval between the incidence of the first and last
protons with energy above 1 MeV is 770 fs). The dashed orange curve in Fig. 5b plots the fraction of energy lost
(via inelastic collisions) by those protons in the Pb converter, as a function of its length. The dashed blue curve
plots the same quantity for the proton beam generated in DLT case #4, associated with the highest (~ 250 MeV)
cutoff energy. The orange and blue solid lines represent, respectively for cases #2 and #4, the (complementary)
fraction of proton energy transmitted across the converter’s backside. For case #2 (resp. case #4), the beam
energy dissipation remains negligible (< 1%) in Pb converters thinner than >~ 250 pm (resp. 2 2 mm), while it
is almost complete (> 90%) for I > 3 mm (resp./ > 3 cm).

Figure 6 details the variations with the converter length of the properties of the neutron sources generated
in beryllium (left column) and lead (right column), for the ion-acceleration setups listed in Table 1. Only the
neutrons leaving the backside of the converter are recorded (i.e., those escaping from the front and lateral sides
are excluded). Figure 6a,b show that the highest absolute neutron yield, N,, >~ 2.8 x 1019, is achieved in a 1-cm-
thick Pb converter exposed to the protons generated in DLT run #3—the setup generating the greatest number
of fast protons. Other DLT runs #4 and #5 give very close results. The higher energy and number of protons
accelerated in DLTs translate into a ~ 40% greater total yield in Pb than in Be. The enhanced performance of Pb
converters coupled with DLTs can be partly ascribed to a larger 2%8Pb(p, 1) cross section, which reaches ~ 1 bat
a~ 13 MeV proton energy and keeps on rising at higher energy, exceeding ~ 10 b at ~ 100 MeV**. This is unlike
the 9Be(p, n) cross section which peaks around ~ 5MeV with a value of ~ 0.2 b, and drops at higher energy,
falling below ~ 10 mb above ~ 100 MeV®.

When using SLTs, by contrast, the total neutron yield is in general larger in Be, by tens of per cent in run #1
and by up to three times in run #2 the one giving the slowest protons). The maximum yield (N,, ~ 1.2 x 101°)
is then recorded in a 0.8-cm-thick Be converter using proton source #1.

For a given ion beam, the N, vs. [ curve peaks around the beam penetration distance in the converter. The
decreasing trend at larger I mainly originates from neutrons escaping from the lateral sides of the converter;
such side losses become significant when the transverse size of the neutron beam, w, (plotted vs. [ in Fig. 6¢,d),
approaches the converter’s diameter. The beam size is obtained by fitting to a Gaussian the neutron fluence profile
at the backside of the converter. Within the range of converter lengths considered, w,, is approximately equal to
I, except in very thin converters (I < 100 wm), where it is mainly set by the initial transverse proton beam size
and divergence to a lower value of ~ 150 wm. The impact of the converter’s shape and size on the neutron yield
in accelerator-based spallation neutron sources is discussed in Ref.*".
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Figure 6. Properties of the neutron source as a function of the converter length. (a,b) Total yield, (c,d)
transverse beam size, (e,f) peak instantaneous flux and (g,h) on-axis yield per unit solid angle. The first three
quantities are measured at the backside of the converter while the latter is recorded on axis, 20 cm behind the
converter. The left and right columns correspond to the Be and Pb converters, respectively. The labels of the
different curves are as listed in Table 1.

In Pb converters of thickness I < 1 cm, the total neutron yield is maximised in DLT runs #3 and #5, while
the three DLT setups give similar results for / > 1 cm. For thin Be converters (I < 2 mm), the neutron yield is
maximised, to within small differences, in SLT runs #1 and #2 and DLT runs #3 and #5. For 0.2 <[ < 3cm,
runs #3 and #5 perform the best and produce the maximum absolute value N, >~ 2 x 10! around ! ~ 2 cm. In
thicker Be converters N, steadily decreases and is optimised in the deuteron-based run #3b.

The peak neutron flux, F,, plotted in Figs. 6e,f is a relevant parameter for certain purposes such as laboratory
studies on r—process nucleosynthesis®**%’. It is calculated as

4 an,
" oaw? dt

, €)

where dN,,/dt is obtained from our extended FLUKA routine at the converter’s backside. It is seen that neutron
fluxes exceeding 10?*> n cm =2 s~! can be attained using Be or Pb converters a few 10 pum thick only, in which the
neutron source is the narrowest and the shortest. In an actual experiment, it would then be important to place
the converter as close as possible to the ion-generating target, while not hindering the ion acceleration process,
as is the case in our simulation setup. Note that target assemblies consisting of two solid foils separated by tens
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Figure 7. Neutron fluence profile across the converter and energy-angle spectrum of the outgoing neutrons. (a)
Spatial distribution of the neutron fluence through a 2-cm-long lead converter. The white dashed lines indicate
the front and rear sides of the converter. The primary protons, injected from the left side, are those accelerated
in PIC run #3 (see Table 1). The yellow line is a Gaussian fit (with a FWHM width w;,, = 2.3 cm) of the neutron
fluence as recorded at the converter’s backside (x = 2 cm). (b) Energy-angle spectrum of the outgoing neutrons.

of microns have already been employed in laser-based ion acceleration experiments, notably in order to tune
the cutoff energy of TNSA ions®.

The record peak flux (~ 6 x 10%* ncm™2s7!) is achieved, though by a very short margin, in DLT case #3
with a ~ 25-pm-thick Pb converter. Other DLT cases yield very similar results while the SLT cases perform
only slightly less well. For ~ 1 cm converter lengths maximizing the neutron yield, the peak flux drops to
10" — 10 necm ™! s71, with a larger difference between SLT and DLT data in Pb than in Be.

To assess the dependence of the neutron flux on the distance (d) between the laser target and the converter,
we have performed two additional Monte Carlo simulations using the ion source from DLT case #3 but with a
Pb converter located 1 mm away from the laser target. The peak flux at the backside of a thin (25 pm) converter
is then reduced to F,, >~ 9.1 x 1022 ncm 257}, i.e., ~ 15 % of the value achieved in our baseline configuration
(d = 26 um). For a 2-cm-thick converter, we obtain F,, >~ 2.1 x 108 nem=2s7L ie,, ~ 75 % of the value attained
previously.

Figure 6g,h display the neutron yield per unit solid angle, ®,, i.e., the important quantity for most applica-
tions. @, is measured on axis 20 cm away from the rear side of the converter. When using protons, ®,, is maxim-
ised with DLTS. Specifically, one finds that &, reaches similar peak values (=~ 8 x 10° nsr™!) in ~ 2-3-cm-thick
Be or Pb converters exposed to proton beams from DLT case #3. It is worth noting that the lower-energy protons
from both SLT cases are only slightly less efficient in Be (®,, ~22.5-4 x 10° nsr~!) than DLT protons but perform
significantly poorer in Pb (¥, >~ 0.8-2 x 10°nsr™h). A major finding, however, is that for Apollon-class laser
parameters, the highest absolute neutron yield per solid angle (,, =~ 1.6 x 10'° nsr~!) is achieved by deuterons
from DLT run #3b in a 3-cm-thick Be converter (see Fig. 6g). This twofold increase in ®, may seem surprising
as deuterons produce an approximately three times lower neutron yield than DLT-accelerated protons in Pb.
The origin of this result is the pronounced forward directionality of deuteron breakup neutrons for deuteron
energies above ~ 2.2 MeV®70,

Figure 7a depicts the neutron fluence profile through the converter when coupling proton source #3 with a
2-cm-thick Pb converter (i.e. the proton-based setup maximizing N, and @, in Pb). The front and rear boundaries
of the converter are indicated by white dashed lines. Neutron fluences exceeding 10'? n cm =2 are found at depths
x < 2 mm around the proton beam axis. At the backside (x = 2 cm), the neutron fluence drops to ~ 10! n cm 2
over a ~ 2.3 cm FWHM transverse width. Figure 7b shows the corresponding energy-angle neutron spectrum.
As only neutrons escaping from the rear side of the converter are considered, the angular spectrum is restricted
to solid angles < 27. Two neutron populations can be distinguished: (i) an approximately isotropic group of
low-energy (< 3 MeV) neutrons, which amounts to ~ 70% of all generated neutrons; (ii) a group of much more
energetic neutrons (up to ~ 160 MeV), the divergence of which decreases at higher energy.

Figure 8 details the temporal evolution of the neutron distribution produced from a 100-pum-thick Pb
converter by proton source #3. This configuration generates a total number of N,, >~ 1.2 x 10° neutrons. The
plots in the left- and right-hand side columns visualise, respectively, the short (< 50 ps) and long (< 3 ns)
duration profiles of the neutron source. The early-time neutron burst, with a peak instantaneous flux of
F, >~ 2.3 x 102 ncm™2 57}, contains the most energetic neutrons (up to ~ 230 MeV) and is delivered within
a few picoseconds (see Fig. 8a,b). The outgoing neutron flux steadily decreases afterwards, yet remains above

~ 102 nem =2 s (resp. ~ 10 necm ™2 s7!) till  ~ 270 ps (resp. t =~ 0.9 ns).

Discussion

By coupling particle-in-cell and Monte Carlo simulations, we have investigated numerically the possibility of
generating high-flux neutron sources by 1 PW-class, 20 fs laser pulses as are now available at the Apollon
facility®®. Such sources rely on nuclear reactions triggered in a light (°Be) or heavy (2%¥Pb) converter by fast (up
to ~ 100-200MeV) ions (protons or deuterons) driven from the laser target. Inspired by current trends in the
laser-plasma community, we have examined the potential of double-layer targets—comprising a few-micron-
scale, near-critical plasma layer attached to a nanometric-scale solid foil—in enhancing ion acceleration and
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Figure 8. Temporal variations in the neutron source. (a,b) Time-resolved energy spectrum and (c,d)
instantaneous flux of the neutrons crossing the rear side of the converter. Neutrons are here generated by
sending the proton beam #3 into a 100-um-thick Pb converter. Panels (a,c) detail the variations in the outgoing
neutron flux over the first 50 ps while panels (b,d) show its evolution (with a cruder resolution) over a

3-ns timespan.

the resulting neutron production. Our simulations predict that in specially designed DLTs, the peak intensity
of the plasma-focused laser pulse can be increased nearly fourfold, entailing more than doubled maximum
proton energies compared to those obtained with plain thin solid foils. This translates into approximately four-
fold increased neutron yields (whether measured per unit solid angle or angle-integrated) from cm-scale Pb
converters, in which ~ 10 — 100 MeV protons benefit from large (~ 1-10b) (p, n) cross sections. It should be
noticed that besides intensifying the laser light and boosting proton acceleration, the NCD layer in DLTs can be
beneficial in shielding the ultrathin solid foil against the laser pedestal or prepulses’’.

By contrast, when employing a Be converter, more comparable neutron yields are predicted to be released
by proton beams accelerated from SLTs and DLTs, due to decreasing (p, n) cross sections at proton energies
> 5MeV. Interestingly, we find that the overall maximum neutron yield per unit solid angle achieved with
protons (be it in Pb or Be converters) can be surpassed about twofold with deuterons by using a deuterated DLT
and a Be converter.

Our simulation study also indicates that Apollon-class systems should be capable of generating peak neutron
fluxes in excess of 10%* n cm™2 s~ ! using either SLTs or DLTs. Converter targets of a few tens of microns would
then be required to limit the pulse duration and lateral spread of the emitted neutrons.

The above sources, and especially those utilising DLTs, compare favourably with previously reported
experimental'®'® or numerical® works on laser-driven neutron sources but using much longer (t >~ 0.5-1ps)
and more energetic (~ 4-14x) laser pulses. This is shown in Table 2 which summarises the results of these past
works and ours, detailing in each case the laser parameters, the nature of the projectile and converter material,
and the (measured or simulated) features of the neutron source.

The highest neutron yield per unit solid angle obtained in our study (®, =~ 1.6 x 10'° nsr~!in deuteron-
based DLT case #3b) is very close to the current experimental record (®,, ~ 1.4 x 10'% nsr!) reported in Ref."".
Moreover, our optimum proton- and deuteron-based setups #3 and #3b are predicted to produce neutron yields
per unit laser pulse energy of ®,,/Er, ~ 3.4 — 7.0 x 108 nsr~! J=!, exceeding the record-high values (®,,/Ey, ~
0.95-2.5x10% nsr~! J=!) achieved at the PHELIX facility'”'¥, and performing similarly to the scheme (based on
radiation pressure acceleration in overcritical CD; foams by a circularly polarised laser pulse) recently proposed
in Ref.?.

Our numerical results appear even more promising as regards the time-averaged neutron yield per unit
solid angle, that is, the product of the neutron yield and the laser shot repetition rate. This comparison evidently
implies that our target setups can be adapted to the relatively high repetition rate (one shot per minute) allowed
by Apollon-class systems. When combining the CH; SLT #1 and a Pb converter of optimum length (~ 1cm),
a time-averaged neutron yield of fj,®, ~ 3 x 10" nsr~!s™!is expected, a value about ten times higher than
measured experimentally so far. When attaching an optimum-density plasma layer to the optimum-thickness
solid CH, layer (DLT case #3), this value can rise to f ®,, >~ 1.2 x 108 nsr~! s~!. Finally, using the same DLT
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Reference or simulation # | Er (J) | 7. (fs) | fi (Hz) Configuration | ®, (n st™) | ®,/EL (] sr™Y) | fi®, (nsTsrTY)
Roth et al.'® 80 600 2.8x10~% |d+Be 4.4x10° 5.5x107 1.2x10°
Kleinschmidt et al.'” 150 500 1.8x107* | d+Be 1.4x101 | 9.5%x107 2.6 x10°
Giinther et al.'® 180 750 1.8x107* | p+Au 5.2 x10° 2.7 %108 1.5x10°
Huang et al.>® 282 1000 | 2.8x10~* |d+Be L7x10"  |6.0x108 4.7 x107
#1 22 20 1.7x107% | p+Pb 1.8 x10° 8.4x107 3.1x107
#3 22 20 1.7x107% | p+Pb 7.4x10° 3.4x10% 1.2x108
#3b 22 20 1.7x107% | d+Be 1.6x10 7.0 x 10 2.6 x10%

Table 2. Comparison of the optimum neutron sources studied in this work with state-of-the-art published
results. The first column details the reference or simulation case considered (experimental works are
highlighted in bold). The next three columns present the corresponding laser pulse energy (Er,), duration (tr,),
and the shot frequency (f1). The fifth column details the ion projectile and the converter material, and the last
three columns summarise the total neutron yield per unit solid angle (®,,), the neutron yield normalised to the
laser energy (®,/Er) and the time-averaged neutron yield ( f;, ).

with a solid CD layer (case #3b), a further increase to fi, ®, ~ 2.6 x 10® nsr~! s~ !is foreseen. If experimentally
confirmed, this would constitute a two-orders of-magnitude improvement over the state of the art.

Methods

Simulations of laser propagation in near-critical plasmas. Laser self-focusing in near-critical-
density (NCD) plasmas was investigated through 2D3V simulations (two dimensional in space, three dimen-
sional in momentum space) performed with the PIC caLDER code’ The simulation box had dimensions

Ly x Ly = 63.7 x 38.2 um?>. It was composed of 10,000 x6000 cells of size Ax = Ay = 6.37 nm. The laser
pulse maximum entered the left side of the simulation domain at ¢ = 40.3 fs. A moving window technique was
employed in cases where the laser pulse propagated a larger distance than the longitudinal box size.

The NCD plasma was made of electrons and fully ionised carbon ions (C°). It was initialised with a uniform
density profile, starting at x = 9.5 um, and represented by 15 macroparticles per cell and species. The electron
density n,,ncp was varied from 0.45 ne to 2.1 ne; over eight simulations.

Simulations of proton acceleration. Ion acceleration from both SLTs and DLTs was modeled in 2D3V

geometry with the PIC CALDER code. The size of the simulation domain was Ly x L, = 63.7 x 50.9um?, discre-
tised into 10,000 x 8000 cells with Ax = Ay = 6.37 nm. A full 3D simulation of the problem with the same level
of discretisation remains well outside our computational reach. The laser pulse maximum entered the simulation
boxatt = 40.32 fs. These simulations captured both the self-focusing of the laser pulse through the NCD carbon
plasma layer (if present) and its interaction with the solid-density (SD) CH; or CD;, layer, from which originate
the protons or deuterons used for neutron production.

'The SD layer was modeled by 50 macroparticles per cell and species (electrons, C°*, and H* or D) while

15 macroparticles per cell and species were used in the NCD layer (electrons, C®+). Fourth-order shape factors
were used for the macroparticles.

According to the PIC simulation results of Refs.**¢2, the thickness of the SD layer that optimises the cutoff
ion energy with a femtosecond laser pulse is given by

Rer

lopt = 0.5a9 AL (4)

Ne SD
where n,sp is the electron density of the SD layer. For the density . sp = 200 n., used in our simulations, we
obtain lopy > 62 nm. This value served as a reference to design our SD targets.

Simulations of neutron generation. The 3D Monte Carlo FLUKA code’>”* was employed to describe the
neutron generation from the fast protons reaching the virtual detector in the 2D3V caLDER PIC simulation. To
this goal, we extended FLUKA with two new modules allowing the code to accept as inputs the macro-particles
tracked in the PIC simulation.

The first module enables the input particles to be injected with the same temporal profile as recorded in the
PIC simulation. The second module converts the set of macro-particles into an axisymmetric distribution. In
detail, each macro-particles position (x, y) and momentum (py, py) is rotated by a random azimuthal angle.
Moreover, to obtain the number of physical particles represented by the macro-particle in 3D geometry, its
original (2D) statistical weight (a linear density in 2D geometry) is multiplied by 27y, where yy is its initial
distance to the axis in the unperturbed target (prior to the laser irradiation). A similar procedure was adopted
by Jiang et al.” to inject a 2D-PIC-simulated electron distribution into a 3D hybrid-PIC code. We note that this
post-processing modifies the absolute laser-to-ion conversion efficiency: it is evaluated to be of ~ 9% which is
higher than, yet comparable with, the value of ~ 5% directly extracted from the 2D simulation. These values are
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consistent with the ~ 10% conversion efficiency reported experimentally by Higginson et al.”® in relativistically
transparent foils, albeit using a higher-energy (~ 2007), longer-duration (~ 0.9 ps) laser drive.

Each FLUKA simulation made use of a minimum of 3.6 x 10® particles to model the incident proton or
deuteron flux. According to convergence tests, this choice ensured the statistical accuracy of the output data.
Additional simulations were also conducted to assess the contribution to neutron production of photonuclear
reactions induced by fast electrons escaping the laser target. Under our conditions, this mechanism was found
to be negligible compared to proton-induced neutron generation.

As FLUkA does not yet include models for deuteron transport, we resorted to the Monte Carlo MmcNp-6 code””
to simulate deuteron-induced neutron generation. These simulations did not provide output on the temporal
profile of the neutron pulse.

In all Monte Carlo simulations, the converter target was a 3-cm-radius, finite-length cylinder, made of beryllium or
lead. The former material is that used in state-of-the-art laser experiments while the latter is representative of high-Z
converters, susceptible to spallation-type neutron generation for proton energies above ~ 200 MeV>"7,

Data availability
All data needed to evaluate the conclusions in the paper are present in the paper. Simulation results are available
from the corresponding author upon reasonable request.
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