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Abstract

Kinetic modeling of laser-ion beam generation from the “break-out afterburner” (BOA) has
been modeled for several deuteron-rich solid-density target foils. Modeling the transport of
these beams in a beryllium converter shows as much as a fourfold increase in neutron
yield over the present state of the art through the use of alternative target materials.
Additionally, species-separation dynamics during the BOA can be exploited to control the
hardness of the neutron spectra, of interest for, for example, enhancing penetrability in
shielded material in active neutron interrogation settings.

Introduction

Short-pulse laser neutron sources [see, e.g., (Alvarez et al., 2014) and references therein] enable
compact neutron pulses suitable for a variety of applications, including fusion materials prop-
erties (Perkins et al., 2000), biological studies (Zaccai, 2000), condensed matter physics (Ma
et al., 2013), detection of contraband non-nuclear (Buffler, 2004), and nuclear material
(Favalli et al., 2009, 2016a). Two leading approaches exist to making laser-based neutron
sources. The first is to irradiate a sample of material rich in deuterium (and possibly tritium
or 3He), raising the target to a high enough temperature to induce fusion reactions (Toupin
et al., 2001; Izumi et al., 2002; Karsch et al., 2003; Davis & Petrov, 2008; Bang et al., 2013)
This leads to an isotropic source of nearly monochromatic neutrons, though relatively low
yields (�107 n, or �106 n/sr). Alternatively, laser-accelerated ion beams can be directed into
a converter composed of lithium or beryllium (Davis et al., 2010), a “pitcher–catcher” config-
uration, to induce neutron-producing nuclear reactions, such as various p-Li, d-Li, d-Be chan-
nels. The resulting neutrons from these direct nuclear reactions will, as a consequence of
kinematics, be dominantly forward-directed. This has potential advantages, as reducing the
solid angle over which the neutrons are emitted can lead to increased neutron fluences (in
n/sr) and reduced needs for shielding. Early experiments in laser-based neutron sources
(Lancaster et al., 2004; Higginson et al., 2010, 2011) used ions from target normal sheath accel-
eration (TNSA) (Hatchett et al., 2000; Maksimchuk et al., 2000; Snavely et al., 2000; Hegelich
et al., 2002, 2006; Roth et al., 2002) whereby an intense (I > 1018W/cm2) laser pulse incident
on a ∼10 μm thick foil generates an electrostatic sheath on the rear of the foil that acts as a
virtual cathode and accelerates the ions.

Recent experiments have shown dramatic improvement to laser-based neutron source yields
(Jung et al., 2013a; Roth et al., 2013, 2016; Favalli et al., 2016b) through the application of “next-
generation,” ion acceleration mechanisms. In these experiments, an acceleration mechanism
called the “break-out afterburner” (BOA) was employed that relies on laser–plasma dynamics
occurring during relativistic-induced transparency (RIT) in thin (∼100 nm thickness) targets
(Yin et al., 2006, 2007; Henig et al., 2009; Palaniyappan et al., 2012; Hegelich et al., 2013;
Jung et al., 2013b, c, 2015a, b). While such thin targets do not survive interaction with the pre-
pulses and pedestal of a typical high-intensity high-power short-pulse laser, laser systems such as
the LANL Trident laser (Batha et al., 2008) have been modified for high pulse contrast (Shah
et al., 2009) making the BOA possible. Unlike TNSA, in the BOA the predominant ion accel-
eration occurs volumetrically in the target in regions of highest electron density during RIT.
By choosing a deuterated laser target material such that ionic species separation prior to the
onset of RIT is modest, the peak longitudinal electric field in the target can be made to coincide
with the locations of the deuterons, allowing the BOA process to accelerate them to high energy
(>100 MeV) efficiently. Recent experiments demonstrated this by using the high-contrast
Trident short-pulse beam with plastic (CH2) and deuterated plastic (CD2) target foils of a
range of thicknesses and a copper-shielded beryllium converter to produce neutrons from the
ion beams through deuteron breakup, (d,n), and (p,n) reactions in the converter. With thin tar-
gets (400 nm CD2) in the BOA acceleration regime, record neutron yields (�5× 109 n/sr in a
∼ns pulse width) and energies (up to ∼ 80 MeV) were measured (Roth et al., 2013); a subsequent
campaign with an improved tungsten-beryllium converter improved upon these yields
(�2× 1010 n/sr) (Favalli et al., 2014) [Davis & Petrov (2008) reported neutron yields in their
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simulations of up to 107 neutrons per Joule of laser energy.
Experiments on Trident exploiting the BOA produced more than
twice that yield (Roth et al., 2013).]

In this paper, we revisit BOA laser-based neutron sources and
examine using VPIC kinetic plasma simulations (Bowers et al.,
2008a, b, 2009) the advantages in terms of neutron yields and
spectra of using different laser target materials.

Kinetic modeling of laser-ion acceleration and neutron
production from CD2 targets

We model the relativistic laser–plasma interaction in a manner
that has been validated with past Trident laser experiments in
the BOA regime (Hegelich et al., 2013). Specifically, we employ
a uniform, two-dimensional (2D), Cartesian mesh with a domain
of size 100 μm in x (longitudinally) by 45 μm in z (transversely)
with absorbing particle and field boundary conditions. The
laser is an S-polarized (i.e., laser electric field polarized along y)
Gaussian beam of wavelength 1.0 μm launched from the left of
the domain with a peak field a0≡ eE0/meω0c = 10.4 (I0 = 3.3 ×
1020 W/cm2) with laser electric field profile at best focus Ey∼ exp
(−z2/w2) with w = 5.12 μm. This choice of polarization has been
shown to provide a closer match in both timing of onset of relativ-
istic transparency and ion beam energy to 3D simulations than 2D
P-polarization (Stark et al., 2017). A sine-squared temporal enve-
lope I(t) = I0 sin2(tp/t) is employed, where τ = 2 × FWHM=

1080 fs. For these laser parameters, the incident laser power
is P(t) = 2pImax(t)

�1
0 r exp(−2r2/w2)dr = (p/2)w2Imax(t) where

Imax is the laser intensity on axis. The incident laser energy is
E = �

dtP(t) = (p/4)tw2I0 � 73 J, comparable to the 70–80 J of
energy available in a typical pulse from the C (short pulse) beam
of the Trident laser. The target foil is placed 10 μm from the
left simulation boundary and has initial thickness 240 nm and
density ρ = 1.02g/cm3 (electron density ne0 = 280ncr, where
ncr = mev

2
0/4pe

2 is the critical density for a laser of angular fre-
quency ω0). The plasma is taken to be fully ionized with 2800 par-
ticles/cell/species and initial temperatures Te = 100 keV and Ti =
10 eV for both ionic species. Realistic mass ratios are used for elec-
trons and ions. The simulation domain is 50,000 × 9000 cells, suf-
ficient to resolve both initial skin depth d0 = c/v0

pe and Debye
length l0De = [kBT0

e /4pn
0
e e

2]1/2: δ0≈ 5Δx, δ0≈ 2Δz, l0De ≈ 2Dx,
and l0De ≈ 1Dz, where Δx and Δz are the mesh sizes in x and z,
respectively, and superscripts “0” denote quantities at t = 0. We
run our simulations until the laser has left the simulation volume
(t = 1400 fs).

In Figure 1, we show contour plots of carbon (left) and deu-
teron (right) ion energy at three different times. The top panels
are at time 491.7 fs, near the onset of RIT. The center panels
are at intermediate time 793.1 fs and the bottom panels are at
time 1348.2 fs, near the end of the simulation, when most of
the ion acceleration has occurred. The colors denote ion kinetic
energy per nucleon. As the BOA progresses, the most energetic

Fig. 1. Spatial profiles of carbon (left) and deuteron (right) energy per nucleon from simulations of BOA acceleration of ions in a CD2 laser target. Shown are profiles
around the time of the onset of RIT (top panels), a time mid-way through the acceleration (center panels), and at the end of the RIT phase (bottom panels), when
most of the ion acceleration has occurred. The colors indicate relative ion kinetic energy per nucleon at each time shown; for the bottom two panels, an absolute
scale of ion energy per nucleon is indicated by the color bars.
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ions are found near the right of the simulation domain. Note that
because the two ionic species have the same charge-to-mass
ratios, the kinematics of the deuterons and carbon ions are iden-
tical and, not surprisingly, the two accelerate with identical spatial
and energy profiles. In the left panel of Figure 2, we show energy
spectra of carbon ions (black) and deuterons (red) at time
1348.2 fs in a 1 μm cut through the center of the simulation
domain and the two ion species indeed possess identical spectra
(to within statistical error inherent with the particle-in-cell
algorithm.)

As discussed Roth et al. (2013) and Favalli et al. (2014), this
beam of laser-generated ions can be directed into a beryllium con-
verter in a pitcher–catcher neutron source configuration to sam-
ple a variety of neutron-producing nuclear processes. We now
consider alternative laser target options for neutron production
chosen according to the following criteria: (1) the target must
be “deuteron rich,” meaning a high mass fraction of deuterium
within the bulk target plasma, (2) the charge-to-mass ratios of
the non-deuteron ions in the bulk target plasma must be compa-
rable (though not necessarily identical) to that of the deuterons,
and (3) the target must be sufficiently thin that the BOA occurs
with the onset of RIT near the peak intensity of the laser pulse.
The first criterion, not surprisingly, ensures that the acceleration
of deuterons will be efficient, as the higher the mass fraction fD
of deuterons in the target, defined as fD = mDnD/

∑
i mini

where mi and ni are the masses and number densities of atoms
of species i in the targets, the larger the fraction of laser energy
that will go into acceleration of deuterons as opposed to other
species. [This is somewhat analogous to a published effect of
increased proton density in TNSA (Robinson et al., 2006).] The
second ensures incomplete species separation from electrostatic
fields in the target prior to the onset of RIT. As discussed by
Yin et al. (2007) and inferred experimentally (Jung et al.,
2013c), the presence of dissimilar charge-to-mass ratio species
can lead to species stratification as the higher charge-to-mass spe-
cies under the laser spot are expelled from the target, moving
away from the target in the direction of the laser propagation
and leaving behind lower charge-to-mass species to receive most
of the acceleration from the laser. If the expelled ions are deuter-
ons (Z*/A = 1/2 = 0.5), as might be expected for, for example, a
deterium-loaded palladium target (Z*/A∼ 25/106 = 0.24 for initi-
ating RIT using Trident-like parameters), the peak electrostatic

field would likely preferentially accelerate the heavier palladium
ions, with the deuterons accelerated only indirectly through iner-
tial tamping of the primary species [as with the protons in Jung
et al. (2013c)]. Note that this expulsion of high charge-to-mass
ratio is not always complete, particularly when high concentra-
tions of these ions are present in the bulk. This was the explana-
tion provided and later confirmed in kinetic simulations for the
high proton energies measured in the experiments of Hegelich
et al. (2013) and Jung et al. (2015b) (a feature of the dynamics
that we will exploit shortly). The final criterion ensures that
BOA acceleration dominates. The BOA has been shown to be
robust experimentally, provided one has sufficient laser pulse con-
trast, and couples a large fraction of the laser beam energy into
the ions (Jung et al., 2013b).

Alternate target materials

To compare neutron yields from different target materials in our
study, we keep the laser parameters fixed and choose our target
thicknesses in our simulations in such a manner that the areal
density of electrons beneath the laser spot is held constant,
equal to that of a reference, solid-density, CH2 target foil
(ne/ncr = 280), the optimal target thickness with the laser param-
eters given above having been found to be 240 nm from prior
studies. In practice, this prescription leads to reasonably accu-
rately estimates of the target thicknesses yielding BOA ion
beams with maximal energies. The parameters for the targets in
our study are given in Table 1. With the exception of 7LiD, the
target materials’ ions have identical charge-to-mass ratios.
Consequently, the deuterons and the other ions (6Li, 12C, 14N)
accelerate as in Figure 1, with nearly identical spatial and energy
profiles for the different ion species, with profiles qualitatively
similar to those shown in Figure 1. However, this is not so for
7LiD, for which the deuterons have slightly larger charge-to-mass
ratios than the 7Li ions. As shown in Figure 3, the ion species sep-
arate prior to RIT (see the top panel). As BOA acceleration pro-
ceeds, the fastest deuterons continue to propagate ahead of the 7Li
ions (see the middle and lower panels). This results in a prepon-
derance of deuterons at higher energies, evident in the energy
spectra in the right panel of Figure 2, where energy spectra of
7Li (black) and deuterium (red) are shown from a 1 μm wide

Fig. 2. Ion energy spectra of carbon ions (black) and deuterons (red) from simula-
tions of BOA acceleration of ions in a CD2 laser target at time 1348.2 fs (left).
Spectra for 7Li ions (black) and deuterons (red) from simulations of BOA acceleration
of ions in a 7LiD laser target at time 1341.6 fs (right). In both cases, shown are data
binned within a 1 μm-wide cut through the center of the simulation domain. In CD2,
the two ion species have the same charge-to-mass ratios, so they possess nearly
identical spectra. In 7LiD, the energy spectra of deuterons have a preponderance
of ions at high energy (>50 MeV/nucleon) as a result of species-separation kinematics
during BOA acceleration.

Table 1. Simulation parameters and yields for different target materials. A
240 nm deuterated plastic 12CD2 target serves as a reference; other materials
have comparable or larger deuteron mass fractions fD. Target thicknesses w
were selected to have the same electron areal density as the reference. Yd,rel
is the relative number of deuterons entering the Be converter. Relative
neutron yield Yn,rel ; Yn/Yn,CD2 (Yn and Yn,CD2 are neutrons per source
deuteron for target and reference materials, respectively) are obtained from
MCNP 6.1.1 tallies of neutron leakage from a 16.5 cm wide, 1 cm radius Be
cylinder with point sources of deuterons directed along the axis at base of
the cylinder with spectra obtained from VPIC calculations. The first three
targets are solid at room temperature; the latter two require cryogenic
conditions

Material w (nm) ρ (g/cm3) fD ne/ncr Yd,rel Yn,rel

12CD2 240 1.02 0.25 280 1.00 1.0

7LiD 300 0.942 0.22 226 1.09 3.9

6LiD 300 0.837 0.25 226 1.21 2.0

14ND3 255 0.961 0.30 263 1.17 1.4

12CD4 463 0.529 0.40 145 2.13 2.9
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cut through the center of the simulation volume at time 1341.6 fs,
near the end of the RIT phase when most of the ion acceleration
has taken place.

Relative to the 12CD2 reference case, the VPIC simulations
reveal two different approaches to increasing neutron yield: The
first is to use a target material such as deuterated methane or
ammonia with the same Z*/A = 0.5 as deuterium but a higher
mass fraction of deuterons (fD = 0.30 and 0.40 for deuterated
ammonia and methane, respectively). Such targets couple a larger
fraction of laser energy into the deuterons as opposed to the other
ions. The second is to use a target such as 7LiD which, despite a
lower fD than the reference 12CD2 target, nevertheless has higher
mean deuteron energy. Higher energy deuterons have longer stop-
ping ranges in the converter and may sample higher cross-
sections for some neutron-producing nuclear reactions. Both
increase neutron yield per deuteron over the 12CD2 reference case.

To compare neutron production from the different ion beams
via the multiple primary [deuteron breakup, (d,n), etc.] and sec-
ondary [(p,n), e.g.] processes within the converter, we used the
Monte Carlo N-Particle Transport code (MCNP version 6.1.1)
(Werner 2017). The neutron beryllium converter was modeled
as (1) 16.5 cm and (2) 4 mm long, 1 cm radius beryllium cylin-
ders of density 1.85 g/cm3. The incident deuteron source was a
parallel beam directed toward the base of the cylinder along the
axis with energy spectra obtained from VPIC calculations. The

lengths of the converters were chosen as follows: the 16.5 cm
length (case 1) exceeds the stopping range of the highest energy
deuterons in the simulations (260 MeV from the 7LiD targets,
with a range of 16.2 cm as calculated by the Stopping and
Range of Ions in Matter (SRIM) code (Ziegler et al., 2010); the
4 mm length (case 2) is the stopping range of the mean-energy
(33 MeV) deuterons from the 7LiD spectra. The neutron production
was tallied in two ways: as total neutron leakage over the converter
surface or as forward-directed neutrons emitted (leaked) in a cone
of half-angle 24° centered in the base of the cylinder where the deu-
terons impinge upon the converter. [This angle was chosen because
for a deuteron of energy 33 MeV, 24° is the half-width of the angular
distribution of neutrons produced by deuteron stripping (Serber,
1947).] The neutron production was tallied by means of the F1
Tally from 2 × 109 source deuterons sampled from the respective
calculated VPIC energy spectra. ENDF/B-VII cross-section tables
(Chadwick et al., 2006, 2011) were used for neutrons with energy
below 20 MeV and protons with energy below 113 MeV. An
improved version of the Cascade-Exciton Model (CEM3.03) was
used for higher energy reactions. The Los Alamos Quark Gluon
String Model (LAQGSM3.03) (Mashnik et al., 2005) as imple-
mented in MCNP version 6.1.1, was also used at all energies for
heavy and light ion interactions. The calculated neutron energy
spectra resulting from each of the deuteron distributions multiplied
by the relative deuteron yield in each ion spectra are shown in

Fig. 3. Spatial profiles of 7Li (left) and deuteron (right) energy per nucleon from simulations of BOA acceleration of ions in a 7LiD laser target. Shown are profiles at
t = 494 fs, around the time of the onset of RIT (top panels); t = 883 fs, mid-way through the acceleration (center panels); and at t = 1342 fs, near the end of the RIT
phase (bottom panels) when most of the ion acceleration has occurred. The colors indicate relative ion kinetic energy per nucleon at each time shown; for the
bottom two panels, an absolute scale of ion energy per nucleon is indicated by the color bars.
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Figure 4. In Table 1, we report comparisons of total neutron yield
for the 16.5 cm converter. The 7LiD target produces nearly four
times as many neutrons as a 12CD2 target; similarly, the forward
neutron production with the 7LiD target was calculated to be 4.3
times higher than with the 12CD2 reference target.

Conclusions

In summary, we have modeled several variations of neutron
sources based upon the pitcher–catcher concept using the BOA
mechanism to accelerate ions. Our simulations point to two
approaches to enhancing neutron yield through choice of laser
target materials: use of targets composed of materials with higher
fractional mass densities of deuterons and the use of targets that,
inherent to the kinematics of the BOA mechanism, lead to higher
deuteron energies and thus higher neutron yields. Several candi-
date target materials have been identified and assessed for
Trident-like laser parameters that appear promising for increasing
neutron yield relative to the present state of the art, which
employed CD2 targets on the Trident laser system. While our
study has focused on Trident-like conditions and, as the
Trident laser is in the process of decommission and re-siting else-
where, therefore our specific simulated parameters may not be
directly applicable to other systems, we nevertheless expect that
the dynamics we report upon will be applicable to other high-

contrast, high-power, short-pulse laser systems. We also showed
that neutron spectra can also be controlled in these experiments.
For instance, the use of a laser target such as 7LiD generates a
hardened neutron spectrum, that is, a preponderance of neutrons
at higher energy, which would be of value for applications requir-
ing enhanced neutron penetrability, for example, active neutron
interrogation in shielded material. While we recognize that 7LiD
poses challenges for target fabrication, other target materials
(e.g., 13CD2 plastic or

18OD2 ice) have fD and Z*/A ratio properties
similar to those of 7LiD and should evince similar advantages.
Finally, as evidenced by the results of a 4 mm thick converter
(the top panel of Fig. 4), we note that according to application
needs, converter geometry and target material can be optimized
to balance possibly conflicting requirements on neutron yield
and neutron energy spectra.
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