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ABSTRACT

Since their discovery over 90 years ago, neutrons have become one of the premier tools in the study of the structure and dynamics of matter
and materials. The main nuclear processes to generate a large number of free neutrons are fusion, fission, and spallation, which have been
well established for using neutrons in broad areas of physics, material science, engineering, life sciences, and elsewhere. The vast majority
of experiments that use neutrons as a probe require a directional, well-collimated beam of neutrons. Over the years, methods have been
developed to deliver such neutron beams sufficiently, but it is still much desired to improve the efficiency of neutron sources. With the
advent of high-powered lasers, laser-driven neutron sources suggest an attractive possibility. Laser photons can be converted to neutrons by
accelerating particles (electrons, protons, and deuterons) and then either utilize hard x rays from, for example, electron acceleration to create
photoneutrons or nuclear reactions, such as deuteron break-up. The maturity of such processes in recent years might have reached a state
where such neutron sources are becoming useful and beneficial to the neutron community. In the present report, the current state-of-the-
art of a laser-driven neutron source and its future development for neutron applications are presented, and existing sources are described.
The basic physical principles of laser-driven neutron production and the current state-of-the-art of production techniques are outlined. The
potential developments and the role of such sources in the landscape of neutron sources in the future are critically commented on.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0289016
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I. INTRODUCTION

Since their discovery over 90 years ago, neutrons have become
one of the premier tools in the study of the structure and dynam-
ics of matter and materials, with unique abilities to probe bulk
material properties, magnetism, and their exceptional sensitivity to
light elements, in particular, hydrogen. The main nuclear processes
to generate a large number of free neutrons are fusion,' fission,’
and spallation,” which are commonly applied in neutron generators,

research reactors, and spallation neutron sources. Nuclear reactors
and accelerator-based spallation neutron sources are exploited heav-
ily worldwide at large neutron user facilities offering broad access for
science and industry. A recent review article’ provides an up-to-date
overview of those neutron sources and their application in research
with neutrons.

The vast majority of experiments that use neutrons as a probe
require a directional, well collimated beam of neutrons. In order
to generate these collimated beams, in both cases, fission and
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spallation, one has to deal with inherent 4 m processes, wasting
most of the produced neutrons. Currently, accelerator-driven neu-
tron sources are being designed as an advancement of Compact
Accelerator-driven Neutron Sources (CANSs). These High Cur-
rent Accelerator-driven Neutron Sources (HiCANSs) do not aim at
the highest source strength but instead at a more efficient neutron
provision for beam line instruments to minimize neutron waste.

Over the years, methods have been developed to reduce this
inefficiency via neutron guide systems or complex moderator reflec-
tor assemblies. However, these techniques come with not insignifi-
cant costs. In addition, the ability of neutrons to penetrate materials
deeply, which allows one to study bulk properties, is not only an
advantage, but, on the downside, causes a much more challenging
radiation safety environment than, for example, photons. Because
of this, neutron sources come with a substantial infrastructure and
operational cost. A proton accelerator of a spallation source or a
nuclear reactor is a giant investment, a cost that is much higher
than the investment for an off the shelf lab-based x-ray source or
a neutron generator, and therefore not easily affordable for most
universities and research labs.

Laser-driven neutron sources (LDNSs) could present an option
for future affordable neutron sources for certain applications.
LDNSs have exceptionally short pulse duration and highly direc-
tional pulse characteristics that are very hard to achieve with conven-
tional particle accelerators or fission reactors. This makes LDNSs, in
particular, for time-of-flight methods interesting, where ~1 ns pulses
are needed using neutron energies where the moderation does not
dominate directional characteristics, nor the time resolution. The
technological maturity seems to have reached a state where such
neutron sources could become useful and have been referred to in
recent reviews.”’

In this report, the current state-of-the-art of laser-driven neu-
tron sources and their potential in future development for neutron
applications will be discussed. The basic physical principles of laser-
driven neutron production and the state-of-the-art of production
techniques are outlined. The applications of laser-driven neutron
sources will be presented, and existing sources described and the
potential developments and the role of such sources in the land-
scape of neutron sources in the future are critically commented on.
The report is based on discussions during a workshop by the League
of advanced European Neutron Sources (LENS) held in 2023 at the
European Spallation Source (ESS) in Lund, Sweden.

Il. LASER-DRIVEN NEUTRON PRODUCTION
A. Neutron generating reactions

Only a few basic nuclear reaction mechanisms produce neu-
trons when accelerated particles are applied: elastic break-up, com-
plete fusion (compound formation followed by neutron emission),
incomplete fusion (inelastic break-up or deuteron stripping), and
photoneutron generation.

1. Elastic break-up

Elastic break-up of an atomic nucleus occurs in the vicinity of a
converter atom, which does not partake in the reaction. Deuteron
break-up is one of the most commonly referred reactions in the
realm of neutron generation below 100 MeV. Deuterons dissoci-
ate in the Coulomb potential of converter atoms, thus producing

REVIEW pubs.aip.org/aip/rsi

a proton and a neutron. The generated neutron beam has a con-
tinuous energy spectrum similar to that of the incoming ion beam
and is forward-directed due to conservation of momentum. For
materials with low Z, such as beryllium and lithium, the Coulomb
potential is rather weak in comparison to the ion energies. This,
on the one hand, explains the low break-up cross section and, on
the other hand, enables interactions via the strong nuclear force as
the deuteron can approach closer to the nucleus. This increases the
likelihood of the deuteron stripping processes.

2. Complete and incomplete fusion

When a deuteron and a target atom form a short-lived com-
pound state, complete fusion occurs that then decays to a more
stable atom through emission of a neutron either before or after
equilibration.

A hybrid of elastic break-up and complete fusion is termed
incomplete fusion, whereby inelastic scattering of the incoming par-
ticles allows the projectile to knock out nucleons or break up the
target nucleus into fragments.

The generation of dense hot deuteron (D*) ion beams and real-
ization of compact neutron sources through interaction of several
ultra-intense femtosecond lasers with a deuterated pitcher—catcher
target have been demonstrated. Here, the laser fields are enhanced
in the target surface layer when the laser pulses impinge on the
front surface of the pitcher layer. As a result, the temperature of
the laser-driven hot electrons is significantly increased, and a strong
target-normal sheath acceleration (TNSA) field is induced for driv-
ing the D" ions to higher temperatures and densities. It is found
that the maximum neutron production rate per unit volume is con-
siderably higher than that from a single pulse of the same total
energy.’

Fusion neutrons are generated in laser produced plasmas by
large-scale laser facilities, usually in the context of inertial confine-
ment fusion (ICF) research. The fusion yield in such experiments
can be substantial; for example, nearly 5 x 10° DD fusion neu-
trons were produced in an ICF implosion by the Nova laser at the
Lawrence Livermore National Laboratory (LLNL) using about 30 k]
of laser energy.® Up to 6 x 10* thermonuclear DD fusion neutrons
have been observed from the irradiation of solid, deuterated plastic
targets by a 500 J, 5 ps laser.

When large clusters (>1000 atoms per cluster) are ionized, elec-
trons undergo rapid collisional heating for a short time (<1 ps)
before the cluster disassembles in the laser field. The laser rapidly
heats the electrons to a non-equilibrium state (with mean energies
of many keV). The escape of these hot electrons from the cluster
produces a strong radial electric field, which accelerates the cluster
ions. The deposited energy is therefore transferred from the light
electrons to the more massive ions. The consequence is that the
cluster can very efficiently absorb laser energy (often many tens of
keV per atom in the cluster), and this energy is ultimately released
in ion kinetic energy when the heated cluster explodes isotropi-
cally. If the ion energy is high enough (greater than a few MeV),
D* D nuclear-fusion events occur with high probability.®

In early experiments in 1999, about 10° n/pulse were produced.
This method has been improved, resulting in a yield of 10” n/pulse at
the Texas Petawatt Laser that can deliver 120 J in a fs pulse duration.
The source size in these experiments is of the order of only a few tens
of micrometers (which is the focal region in the cluster volume).
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3. Photoneutron generation

Photoneutron generation occurs when the photon energy
exceeds the nuclear binding energy of a loosely bound neutron.’
Neutron generation via high-energy electrons involves directing
electrons into high-Z targets, such as uranium, lead, or tungsten,
inducing the emission of bremsstrahlung gammas. These gammas
interact with target nuclei, leading to photo-nuclear reactions or
photo-fission events.'” When photon energies surpass the neutron
binding energy, processes such as the giant dipole resonance or the
quasi-deuteron effect'' with subsequent neutron emission are ini-
tiated. In the giant dipole resonance regime (up to 20-30 MeV),
neutron production occurs through photon induced oscillations of
nuclei, with isotropic neutron emission and neutron energy peak-
ing around 1 MeV. Beyond the giant dipole resonance, at photon
energies exceeding 20-30 MeV, neutron generation occurs via direct
reactions such as the quasi-deuteron effect. The quasi-deuteron
effect describes the interaction of photons with a neutron-proton
pair inside the nucleus, rather than the nucleus as a whole.'> Neu-
trons generated from this reaction commonly have energies between
the binding energy and half the energy of the incoming photon.
Thus, for high-energy electrons, a tail component with high energies
can be observed in the neutron spectrum. Another neutron generat-
ing reaction process is photo-fission, where the photon induces the
fission of the target nucleus.'”"” Materials with high photo-fission
cross sections include thorium, uranium, and other transuranium
elements.' >

B. Physical processes
1. Target-normal sheath acceleration (TNSA)

Laser photons can release neutrons by accelerating particles
(electrons, protons, and deuterons) and then either using hard x rays
from, for example, electron acceleration to create photoneutrons or
inducing nuclear reactions, such as deuteron break-up in so-called
pitcher—catcher methods. In the latter, a thin (100 nm-1 ym) target
is hit by a laser beam, heating the target electrons to MeV temper-
atures and accelerating them via the pondermotive force and other
mechanisms toward the rear side of the target. There, they build an
electron-sheath behind the target, which generates an electric field
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through the charge separation. This electric field is in the range
of TeV/m, and the field ionizes the ions at the rear surface, which
are subsequently accelerated to tens of MeV in the direction nor-
mal to the target surface. The process is illustrated in Fig. 1 and
is called target-normal sheath acceleration (TNSA), which was first
demonstrated by Hatchett et al. '>'°

In solid TNSA targets, the rear surface of the target is coated
with a contamination layer comprised of water and hydrocarbons,
which accumulate due to exposure to air. This layer contains a high
concentration of hydrogen atoms. Considering that protons have
the highest charge-to-mass ratio, they become the most efficiently
accelerated particles in this configuration. Within this mechanism,
the achievable maximum proton energy can mainly be boosted by
progressively increasing the laser energy coupled into the plasma.
Alternative acceleration mechanisms utilize field structures that
drive protons in a more coherent manner to further increase achiev-
able maximum energies. Recent experiments demonstrated that the
superposition or cascade of multiple acceleration mechanisms at tar-
get densities close to the relativistic transparency regime can result
in energies around or even well beyond 100 MeV.'"""

The two clusters of particles travel toward a converter where
the charged particles are decelerated, generating hard x rays
(1-10 MeV), which, in turn, may produce some photoneutrons if
appropriate target material is available (e.g., tungsten). Deuterons
with energies of 1-10 MeV may produce neutrons by nuclear reac-
tions, such as deuteron break-up,"m” preserving the momentum
of the deuterons and therefore producing a neutron pulse pre-
dominantly traveling in the direction of the initial laser pulse.”"*
A material with suitable cross sections for deuteron break-up is
beryllium.

As mentioned, the configuration of the primary target for the
laser and the secondary target or “converter” for the accelerated
particles is called pitcher—catcher configuration. A challenge arises
in providing suitable target material of the correct thickness at
repetition rates of 1-100 Hz, which is a current field of research
and a main inhibitor for deploying a laser-driven neutron source
capable of delivering neutron pulses at repetition rates suitable for
applications. The target thickness of the pitcher target needs to
be controlled to better than 100 nm and must match the laser
parameters; otherwise, orders of magnitude fewer neutrons than

accelerated ions
and electrons

LT
00000000

Coulomb
explosion

@jon
e electron

FIG. 1. The process of laser-driven ion acceleration. A laser pulse impinges on a target sheath and creates a plasma (a). A fraction of the laser energy is transferred to the
electrons, which create a sheath at the rear target surface (b). This charge separation creates a strong electric field that is capable of accelerating ions from the surface. If the
target is thin enough, the laser can propagate through the target and enhance the acceleration (c). [Reproduced and adapted with permission from M. Zimmer, “Laser-driven
neutron sources—A compact approach to non-destructive material analysis,” Ph.D. dissertation (Technische Universitat Darmstadt, 2020). Copyright 2020 Author(s), licensed

under a Creative Commons Attribution 4.0 license.]
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with proper thickness are produced. Secondary effects, such as the
so-called breakout-afterburner process, predicted in theory”’ and
demonstrated experimentally,”* may further enhance the neutron
yield by up to an order of magnitude. During the break-out after-
burner process, after electrons are already swept out of the target
material, the still ongoing coherent photons of the laser pulse cause
the remaining electrons to oscillate in their field, making them rela-
tivistically heavy. This, in turn, makes the remaining target material
transparent as the attenuation by “light” photons is reduced, which
allows us to further improve the interaction of the laser pulse with
the target material to accelerate particles to up to an order of magni-
tude higher energies to increase the cross section for the subsequent
neutron production. For such processes, the laser pulse shape and
target geometry need to be extremely well controlled. Laser yields
up to 10" neutrons per pulse were achieved with such methods.”"**

For the purpose of efficient laser-driven neutron generation,
continuously flowing (high-velocity >100 m/s) cryogenic jets are
ideal high-repetition sources for proton or deuterium beams.”
The small size of the refreshing target allows for controlled
in situ density tailoring enabling proton beams with energies up to
80 MeV from repetitive ultra-short pulse petawatt lasers.”® Recently,
a high-repetition-rate compatible platform was presented using a
pitcher—catcher setup with a planar cryogenic liquid deuterium jet
(pitcher) and an adaptable converter (lithium and/or beryllium)
to generate high-flux directed neutron beams at high repetition
rates.”” The combination of a high-pulse-rate laser with the quickly
replenishing target allows for operation at rates up to 1 kHz in
principle.

2. Laser wakefield acceleration (LWFA)

An alternative method for realizing LDNS involves laser wake-
field acceleration (LWFA). LWFA utilizes the interaction between
intense laser pulses and a plasma to accelerate electrons to high
energies.”® In LWFA, a high-intensity laser pulse is focused onto a
gas, typically a combination of hydrogen or helium and nitrogen
or oxygen.” Upon interaction, the laser ionizes the gas, creating a
plasma and driving a non-linear plasma wave, which is trailed by a
wakefield. Electrons can become trapped in this wakefield and thus
be accelerated to relativistic energies, forming an energetic electron
bunch that travels along the path of the laser pulse. The mecha-
nism of LWFA relies on the ponderomotive force induced by intense
laser fields, which displaces electrons in the plasma from regions
of high intensity to low intensity regions, creating large longitu-
dinal electric fields. The characteristics of the generated electron
bunches depend on various parameters, such as laser pulse intensity,
duration, and the properties of the target plasma. Based on the com-
bination of these factors, the resulting electron bunch can exhibit
either a continuous energy distribution similar to TNSA or a narrow,
quasi mono-energetic distribution with a full width at half maxi-
mum (FWHM) of around 25% or less of the peak central energy.’j’“‘31
Recent advancements in LWFA technology have led to the routine
achievement of electron energies exceeding 100 MeV, with reported
maximum energies reaching up to 8 GeV.””" Moreover, LWFA
electron beams can exhibit low divergence in the range of several
milliradians, making them highly collimated and suitable for var-
ious applications. In simulations, electron to neutron conversion
efficiencies up to 25% have been shown with laser-accelerated elec-
tron bunches, resulting in theoretical neutron currents of 107108
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n/pulse.”* LWFA therefore has the potential to mitigate some of the
problems with solid targets discussed below.

One of the key advantages of LWFA for LDNS is its scala-
bility and compatibility with laboratory scale setups. By utilizing
lower energy laser systems (e.g., at or above 100 m] class), effi-
cient electron acceleration and subsequent neutron generation can
be achieved.” ™ This scalability opens doors for smaller research
facilities to access neutron sources, which were traditionally limited
to larger, more expensive setups. Furthermore, LWFA-LDNSs offer
the potential for high repetition rates, enabling the production of
neutron pulses at kHz-level frequencies.

C. Target system

For a TNSA based laser-driven neutron source, the target
has to be thin enough to benefit from the effects of relativistic
induced transparency, should be available or produced in large
quantities, and has to be stably operated at a high repetition rate,
such as 10-100 Hz for thermal/epithermal neutron applications or
1-100 kHz for MeV neutron applications. Besides that, it needs to
be large enough to be reliably hit by the laser, and the target system
has to survive the laser impact. For high repetition rates, it is also
important that the target is mostly debris free to avoid deterioration
of the laser optics in the target chamber. Additionally, an operation
with protons as well as with deuterons should be possible.”

State-of-the-art target technology for current TNSA LDNS is
deuterated polymer foils in the sub-ym regime. These targets are
produced by dissolving deuterated polystyrene in butanol and apply-
ing it via spin-coating to a flat silicon wafer. With a variation in
rotation frequency and polymer concentration in the solution, the
thickness can be tuned. Although there are many advantages to this
type of target, there are also downsides to this technology. For exam-
ple, solid plastic targets produce more debris than liquid targets, and
the debris is often in the form of molten polystyrene, which coats
nearby optics and parts of the final focusing parabola. This reduces
the performance over time. Overcoming the limit of matrix targets,
itis possible to utilize a VHS tape for a TNSA target. Since the tape is
not deuterated, mostly protons and carbon ions are accelerated with
these targets.

Another option is to use a continuous, micrometer-sized cryo-
genic cylindrical or planar liquid jet as a laser target. The jets exhibit
a high laminarity and stability for centimeters and can theoretically
operate without interruption as long as they have a sufficient sup-
ply of processing gas (target material) and liquid helium as coolant.
They allow for the generation of single species particle beams,
determined by the choice of gas for target production. Apart from
hydrogen as a source of pure proton beams, other gases such as
deuterium, helium, argon, or neon can be used to deliver a con-
tinuous jet as a self-refreshing and debris-free target.*” For neutron
generation, deuterium jets provide a pure D* beam without the
contamination of protons that otherwise reduce the acceleration effi-
ciency in solid deuterated foil targets. The operation of such systems
in the harsh environmental conditions of high-power laser induced
plasma experiments has turned out to be challenging. Damage to
the jet target system during application of full energy laser pulses
has been prevented by the implementation of a mechanical chopper
system interrupting the direct line of sight between the laser plasma
interaction zone and the jet source.”’ It is also possible to operate
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liquid jets or synchronized droplets with water or ethylene glycol
at room temperatures, including deuterated target materials. This
enables a significantly higher hit rate as well as an increased pulse
to pulse reproducibility due to less influence of the laser pointing
stability.

However, target systems for electron-based LDNS are com-
pletely different. To achieve efficient laser wakefield acceleration
(LWFA), gas targets are used as a medium in which the high-
intensity laser generates the necessary plasma.* These gas targets
come in various forms, including supersonic gas jets, gas cells, or
capillary discharge waveguides, each tailored to specific experimen-
tal requirements and target parameters.””***** By injecting gases
such as a combination of hydrogen or helium and nitrogen or oxy-
gen, among others,” into the path of the laser and adjusting gas
pressure during injection, researchers can control plasma density,
influencing electron acceleration and beam divergence. Gas jet or
nozzle targets, in particular, offer precise control over plasma density
gradients, crucial for enhancing beam quality and stability.”***"*
Moreover, the choice of gas target influences the injection mech-
anism of electrons into the wakefield, with options ranging from
ionization injection to density ramping or colliding pulse injection,
each impacting the resulting electron beam properties.*

One significant advantage of gas-based targets over TNSA tar-
gets is their inherent compatibility with high repetition rates and low
debris generation. With laser energies exceeding 1 J, stable operation
at frequencies up to 1 Hz over extensive pulse counts of over 100 000
pulses has been demonstrated using gas targets.”® Furthermore,
advancements in LWFA have enabled operation at kHz-level repeti-
tion rates, even at lower laser energies around 10 m], h1ghhght1ng the
versatility and scalability of gas targets for LDNS applications.””"*
The stability and reliability of gas targets make them ideal candidates
for long-duration experiments.

D. Technical requirements

TNSA based LDNSs operate by accelerating protons and
deuterons through the interaction of high-intensity laser irradi-
ation (intensities exceeding 10" W/cm?) with sub-micrometer-
thick targets. These accelerated ions are subsequently directed
onto a “catcher” material, which initiates neutron emission via
nuclear processes (see Fig. 2). Charged particles in a LDNS with a

pitcher catcher
(1. stage) (2. stage)

proton or deuteron I .

beam (E >> 1 MeV)

short laser pulse

plasma
pulsed (directional)
neutron beam

low-Z solid material
(e.g. Li, Be, C)

target material
(e.g. d-loaded plastic)

FIG. 2. Schematic of a laser-driven neutron source utilizing pitcher—catcher con-
figuration. [Reproduced and adapted with permission from Vogel et al., EPJ Web
Conf. 231, 01008 (2020). Copyright 2020 Author(s), licensed under a Creative
Commons Attribution 4.0 license.]
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pitcher—catcher configuration only travel distances of centimeters
rather than a few meters as in compact accelerator-based neu-
tron sources or even hundreds of meters as in spallation neutron
sources. This removes the need for magnets to keep charged particles
together, a considerable part of the investment and energy con-
sumption of accelerator-driven sources. The duration of the entire
neutron generation process is less than a nanosecond, enabling
inherently short neutron pulses requiring otherwise investment
into proton storage rings to achieve pulse lengths of hundreds of
nanoseconds at spallation sources, while compact accelerator-driven
neutron sources are limited to initial neutron pulse lengths of tens of
microseconds. This makes LDNSs, in particular, useful for neutron
techniques requiring time-of-flight techniques.

Utilizing this approach, LDNSs have demonstrated the genera-
tion of neutrons spanning initial energies ranging from 100 keV to
as high as 100 MeV. Recent experimental endeavors have showcased
the achievement of short neutron pulses, yielding up to 10™ n/s, with
pulse durations of less than 1 ns. Requirements and problems of such
systems are as follows:

e Reliable lasers with sufficient:

- Energy: 10-1000 J to achieve neutron production rates
of at least 10" n/s for meaningful neutron measure-
ments with the repetition rates discussed below.

- Pulse duration: fs to ps pulses. Too long pulse dura-
tions lead to reduced efficiency of the ion acceleration
process and hence a decreased neutron production.

- Focus: minimal focus spot size of down to 1.35 ym
(FWHM),” limited by diffraction of the laser pulse
with itself. This puts demand on the lenses and
deformable mirrors.

- Contrast: amplified spontaneous emission or pre-
pulses should not cause ionization or, in the worst case,
destroy the target (not exceeding ~10'> W/cm?).

- Repetition rate: 1-100 Hz for thermal/epi-thermal neu-
trons, higher rates applicable for MeV neutron time-
of-flight applications. Repetition rates below 1 Hz are
only useful for proof of principle experiments, while
repetition rates above 100 Hz are not compatible with
thermal/epi-thermal neutron flight times due to pulse
overlap.

o Pitcher systems with appropriate:

- Thickness: target thickness needs to be suitable for the
laser parameters, in particular, laser contrast and inten-
sity. Mismatch of target thickness and laser parameters
by tens of nm can decrease neutron production by
orders of magnitude.

- Target Area: lateral dimensions of the target need to
exceed the laser spot size (several ym).

- Material Composition: light elements (preferably
hydrogen nuclei) are required for efficient acceleration
and neutron production.

- Target position along the laser direction: position needs
to be reproducible in the focal spot of the laser as any
deviation greatly decreases the production efficiency
due to decreased intensity on target.
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- Debris: the target should not produce substantial
debris contaminating optical components in the target
chamber.

- Repetition: providing suitable targets fulfilling the
aforementioned criteria at the necessary repetition rates
has proven to be a substantial technical problem. Some
approaches to solve this problem are discussed below.

o Catcher system:

- Neutron yield: the material needs to be chosen depend-
ing on the neutron production cross sections for the
given ion type and energy.

- Chemical hazards: typical catcher materials, such as
beryllium or lithium, may pose handling hazards
requiring special safety measures, such as providing the
material as a compound rather than pure.

- Radiological hazards: target materials such as tungsten
or uranium may activate during operation.

- Operational hazards: efficient target cooling to avoid
thermal destruction of the target, avoidance of blister-
ing, and avoidance of debris during operation.
-Avoidance of blistering is challenging due to the broad
energy spectrum of the particle beam, which hampers
established solutions.

In newer laser systems, advancements in laser diode pump-
ing and the incorporation of active cooling systems have enabled
significantly improved heat removal efficiency. As a result, these sys-
tems exhibit substantially elevated repetition rates. For instance, the
Extreme Light Infrastructure (ELI) L3 beamline™ is poised to oper-
ate at 1 PW with a pulse duration of 30 fs and an energy of 30 J,
maintaining a repetition rate of 10 Hz. Similarly, the proposed Scal-
able High-power Advanced Radiographic Capability (SHARC) laser
system at the Lawrence Livermore National Laboratory (LLNL) is
projected to deliver 150 J over a pulse duration of 150 fs at a repeti-
tion rate of 10 Hz.”' In this configuration, neutron current exceeding
5 x 10" n/s is anticipated, affording a neutron flux suitable for
relevant applications.

For this LDNS type, a debris free target is required to prevent
a degradation of the optics over time, reducing the neutron produc-
tion. The target also needs to be self-renewing at a rate faster than
the laser repetition rate to ensure an undisturbed and stable target
present once the laser hits the target. Morrison et al.”> demonstrated
that a liquid leaf target theoretically can fulfill these conditions for
laser ion acceleration up to the kHz range, even though with limited
pulse energies of 5 mJ, which resulted in a 70 ys recovery time. Tre-
ffert et al. used a similar liquid leaf with up to 5.5 J at the ALEPH
laser to accelerate protons 3.5 MeV and deuterons up to 1.9 MeV
per nucleon with a repetition rate of 0.5 Hz.”” Experiments of the
TU Darmstadt have reached over 16 MeV using a liquid leaf at the
Vega 3 system, but results have not been published yet.

Using intense heavy ion beams, a compact neutron generator
source has been proposed based on the kinematic focusing tech-
nique and direct plasma injection scheme.”® Here, a dense and highly
ionized plasma (e.g., "Li’*) is produced by a laser ablation. The
plasma expands to a radio-frequency quadrupole (RFQ) linac and
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the ions are extracted at the entrance. Then, the ions are bunched
and accelerated and guided to a proton containing beam target
to release neutrons. With a proposed repetition rate of 100 Hz
and a pulse width of 10 ys, an average neutron flux from the tar-
get of 10° n/cm?/s has been predicted.”” The proposed compact
neutron generator could be applied in many fields, for example,
nuclear data measurement, non-destructive inspection for security,
the defect detection of buildings, isotope production, or fast neutron
therapy.

E. Neutron moderation

As the binding energy of neutrons in the nucleus is commonly
a few MeV, free neutrons usually have initial energies in the MeV-
regime. Except of fast (MeV) neutron imaging techniques, clas-
sical neutron scattering and spectroscopic methods require much
lower energies in the range of a few eV down to meV or below
(thermal and cold neutron). To decrease the energy by more than
6-9 orders of magnitude, moderators are used.* A benefit of LDNS
with respect to moderation is the generation of neutrons predomi-
nantly in the direction of the laser pulse, which may enable improved
target/moderator coupling compared to, for example, spallation
sources. While proof of principle LDNSs producing thermal neu-
trons typically used solid plastic as a moderator, even with the
catcher target embedded, to the best of our knowledge, no full design
of target, target chamber, and moderator optimized for this specific
source type has been reported.

The lighter the nuclei of the scattering material are, the higher is
the amount of energy transferred in every collision. For that reason,
materials with a high total scattering cross-section, such as hydro-
gen, beryllium, or carbon, are preferable for neutron moderation.
Although a fast slowing down is desirable, a good moderator also
has to have a low neutron absorption cross section X, to keep the
yield of cold and thermal neutrons from the moderator high.

In Table I, several common moderator materials are compared,
showing the moderation (slowing down) power and the moderat-
ing ratio, which is the ratio of the slowing down power and the
absorption cross section.

TABLE 1. Parameters for different moderation materials. An efficient moderator needs
to have a high moderation power and a high moderation ratio to minimize the mod-
eration time tyog. Nmog is the average number of collisions to thermalize and tg;
is the diffusion time before neutrons are absorbed. [Reproduced and adapted with
permission from M. Zimmer, “Laser-driven neutron sources-A compact approach
to non-destructive material analysis,” Ph.D. dissertation (Technische Universitat
Darmstadt, 2020). Copyright 2020 Author(s), licensed under a Creative Commons
Attribution 4.0 license.]

Moderating Moderating

Material power §X¢  ratio &Ze/Zabs tmod (4S) Mmod  taifr (5)
Water 1.36 62 10 20 2x107*
Heavy water 0.18 5000 46 27 2x107!
Beryllium 0.16 145 67 86 4x107°
Graphite 0.06 165 150 114 1x107°
Polyethylene 3.26 122 5-10 20 1x107*
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In the case of laser neutron sources or accelerator-driven
sources, a solid moderator is preferred as it has a higher compatibil-
ity with the required vacuum systems. Based on efficient moderator
coupling of a LDNS, the pitcher—catcher configuration could deliver
a higher fraction of neutrons moderated for experiments.

F. Shielding and infrastructure requirements

Laser-based neutron sources offer the possibility of developing
compact beamlines, closely coupled to the moderator, thanks to the
significantly less hostile environment offered by a laser-based system
compared to reactor and spallation neutron facilities but comparable
to CANS and HiCANS.*

For spallation sources, the neutrons produced by the intranu-
clear cascade process reach energies up to the proton energy
(e.g., ~1 GeV). While the fraction of neutrons with those highest
energies is small, however, the shielding demands are driven by this
small fraction of neutrons released with the highest energies. Mod-
ern spallation sources therefore have their closest sample position

FIG. 3. The Texas Petawatt laser facility, which occupies a clean room area
of 140 m? for the laser system and a total floor space of about 600 m?5”
(Public domain image, courtesy of The University of Texas at Austin. Source:
https://texaspetawatt.ph.utexas.edul/facility-layout.php).
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outside the bulk shield at about 15-20 m, e.g., the high-pressure
beamline SNAP at the SNS has a moderator to sample distance of
~15m.”* At LANSCE, a neutron source about an order of magnitude
less powerful than the SNS, the bulk shield ends at 4.5 m with the
closest possible sample position that allows some collimation being
around 6 m. Similar distances are present at reactor-based sources.
Flux on sample, a main driver for count time requirements, scales
with 1/L* unless beam guides for cold and thermal neutrons can be
used. Volume of target and beam path shielding is a considerable
cost factor for a neutron source.

In comparison, laser-driven neutron sources require signifi-
cantly less shielding of ~1 m, which allows compact and efficient
placement of neutron optical systems and saves significant cost spent
on necessary radiation protection measures. In this respect, laser-
driven neutron sources are similar to the accelerator-driven sources
with low ion energy, the so-called CANS and HiCANS facilities. For
such sources, requirements on space, infrastructure, and power are
far less in comparison to, for example, accelerator based spallation
neutron sources (e.g., SNS, J-PARC, and ESSJ"SS).

lll. CURRENT STATE AND APPLICATIONS
OF LASER-DRIVEN NEUTRON SOURCES

A. Examples of laser-driven neutron sources
and installations

Laser-driven neutron generation was demonstrated at several
facilities, typically with pitcher-catcher configurations, and the pro-
duction of 10" neutrons per pulse with 70 J lasers has therefore
been reproduced at different facilities. Those facilities include the
TRIDENT laser at the Los Alamos National Laboratory,” the Texas
Petawatt Laser at the University of Texas in Austin (Fig. 3),”’
the PHELIX laser at the Gesellschaft fiir Schwerionenforschung in
Darmstadt,” the VULCAN laser at AWE in the U.K.,”” and others.
These lasers can produce single pulses and do not operate at rep-
etition rates suitable for data collection for some 100-1000 pulses
or so. Lasers with a repetition rate of 1 Hz or more, such as the
DRACO laser in Dresden,® the BELLA laser at Lawrence Berkeley

TABLE II. Basic parameters of current laser facilities with reported or estimated neutron production.

Neutron production Laser Repetition Laser pulse

Source rate (n/pulse) energy (J) rate (Hz) duration
TRIDENT LANL’%¢ 5x10° 80 NA ~600 fs
Texas Petawe{tt Laser’%* 1.6 x 107 180 NA 170 fs
PHELIX GSI™*% ~10" 120 NA 0.4-20 ps
VULCAN RAL”% ~107 ~400 NA ~500 fs
DRACO HZDR*¢7¢¢ ~10° 30 NA 30 fs
Apollon LULI® ~10° 40 NA 24 fs
BELLA LBLH¢%¢ ~10%° 30-40 1Hz 50-200 fs
ALLS INRS 5% 10° 3 0.5 Hz 22 fs
ALEPH CSU*%*7! 7.2 % 10° 5.5 0.5 Hz 45 fs
ELI ALPS">"* 2.1 x 10* 0.023 10 Hz 12 fs
SHARC LLNL" 150 10 Hz 150 fs
LFEX UOsaka’> ~10" ~1000 NA 1.5ps
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Laboratory,’ or the ALEPH laser at Colorado State University,®
provide at least an order of magnitude less laser energy. An overview
of these laser facilities is given in Table I1.

Target systems allowing neutron production at increased rep-
etition rate were demonstrated at such laser systems””’® and can be
deployed once lasers providing 100 J or more at repetition rates of
1 Hz or more are available. However, no laser has been designed
specifically for the purpose of ion acceleration to enable neutron and
x-ray production for material characterization. The aforementioned
laser systems are all designed and operated as multi-purpose laser
user facilities, in the United States accessible through LaserNET,””
but serve many more purposes than particle acceleration for neu-
tron or x-ray production. Therefore, each time beam time is awarded
to develop, for example, laser-driven neutron sources, target cham-
bers have to be re-configured, requiring laborious alignment and
installation of control electronics into vacuum chambers, etc.

B. Applications

Neutron pulses from a laser-driven neutron source are
extremely short <1 ns’® compared to conventional neutron pulses
from spallation sources with proton storage rings (e.g., 270 ns at
LANSCE, 700 ns at SNS, 3 ms at ESS) and conventional com-
pact neutron sources, such as the RIKEN Accelerator-driven Com-
pact Neutron Systems (RANS) source (>8 ‘us).’_M] The FRANZ
project proposes a high intensity short micro-bunch of 1 ns for
neutron capture cross-section measurements.*” Given the moder-
ation time (as measured by the neutron pulse width emitted from
the moderator) of, for example, >20 s for thermal (<0.4 eV) and
1 us for epithermal neutrons (10 eV, shorter with increasing neutron
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energy)®’ and the requirement that the neutron pulse length must
be negligible compared to the moderation time to avoid the neutron
pulse length to contribute to the instrument resolution, laser-driven
neutron sources are best suited for time-of-flight methods. Above
1 eV, LDNSs can achieve higher energy resolutions compared to
spallation sources due to their short pulse width.*"*

An overview of requirements on neutron source current and
application parameters is given in Table ITI.

1. Imaging/radiography

Applications of neutron radiography span the market of non-
destructive testing, for example, aerospace, aircraft and military
components, turbine blades, and welding. Commercial as well as
public institutions offer such services.”"” LDNSs can be used for
safety and performance assessment for critical components, detect-
ing defects, and ensuring optimal functionality. As a potentially
mobile device, it can be used for bridge inspection, identifying
weaknesses by detecting faults in the structural components while
at the same time identifying the corrosion level inside the bridge
material via prompt gamma neutron activation analysis (PGNAA).%
In hydrogen fuel cells and battery technology, neutron radiography
can be used to identify internal processes during operation to mon-
itor local hydrogen production or the formation of dendrites. This
improves R&D speed as well as the component lifespan. For proto-
type inspection, 3D printed objects are prone to have defects from
the manufacturing process. Neutron radiography and tomography
can be used to identify internal defects, voids, or incomplete fusion
of metal parts. Fast neutron imaging and PGNAA using LDNS
can be used to non-destructively identify the content of shielded

TABLE lll. General neutron applications and required neutron energies, resolution, and source current (or source strength).

Neutron energy Energy Neutron source
Application range resolution current
Imaging (not white beam)
- Radiography, tomography 0.0l eV <E<1keV <2%
- Bragg-edge imaging, 0.1eV<E<0.5keV <1% 10" n/s
resonance imaging leV<E<1keV 5%
Medical applications
- Boron neutron capture therapy 0.1eV<E<1keV
- Tissue irradiation 0.1eV<E<1keV None 10275 n/s
- Isotope production 0.1eV<E<1keV
Irradiation
- Single event effects 1-30 MeV
- Silicon doping <10 keV None 10171 n/s

- Activation analysis

l1eV<E<1keV

Material processing and scattering

- Stress and strain measurements, <0.1eV <0.3%, <1%
phase analysis <0.01 eV
- SANS 0.0l1eV<E<0.2eV 10%
- Diffraction 0.001eV <E<0.03eV  <0.1%, <10% >10"7"5 n/s
- Neutron spectroscopy leV<E<10keV <1%
- Resonance spectroscopy 1eV<E<10keV <0.3%
- Activation analysis (PGAA) l1eV<E<1keV <0.3%
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FIG. 4. A proposed configuration (not to scale) for a laser-based combined
x-ray/neutron imaging facility. The facility is configured for a 100 Hz, 25 fs, 1 J/pulse
laser with a mirror system that will feed either the x-ray generator or the neutron
generator for concurrent x-ray and neutron imaging. The footprint of the imaging
facility is estimated to be 2 x 3 m?.

nuclear waste drums.*” As these types of containers are shielded
against gamma radiation, standard x-ray radiography is ineffective.
Neutron radiography can penetrate the lead shielding and provide
information about the internal content.

For imaging applications, laser-driven neutron and x-ray
sources provide unusually small, nearly point-like source sizes,
enabling divergent cone beam imaging or magnification geometries
providing superior spatial resolution. This is due to the small laser
spot size (~ym) generating a small cloud of accelerated particles on
the order of 10 ym that are ultimately converted to neutrons or
x rays. For neutrons, this spatial resolution is, of course, only true
for unmoderated MeV neutrons.”” Once moderated, the origin and
size of the neutron source are, besides the neutron pulse structure,
indistinguishable, whether it is a reactor, spallation, DD generator,
or laser-driven neutron source. The sketch shown in Fig. 4 is config-
ured for a 100 Hz, 25 fs, 1 J/pulse laser with a mirror system that will
feed either the x-ray generator or the neutron generator for concur-
rent x-ray and neutron imaging. An operational goal is stroboscopic
imaging with a high temporal resolution x-ray imaging, simultane-
ously supported by cold neutron imaging. The anticipated results
would allow the detection of crack opening and closing during the
load cycle and then the correlation of the crack activity with hydro-
gen concentration. An unresolved parameter is the time structure of
the two laser beams. The default time structure is not simultaneous
but rather beam switching between the two paths with a frequency
0f 0.01 Hz or slower.

Radiography with laser-driven sources implemented with both
thermal neutrons and x rays was reported in Refs. 90 and 91. Laser-
driven x-ray radiographies have been performed by Refs. 22 and
92. Comparable experiments using a single LDNS pulse for neu-
tron radiography were shown in Refs. 22 and 84. Radiography
images were obtained with a single pulse of the LDNS, while most
radiography studies took data from multiple pulses to obtain an
integrated radiography image. Recently, a concept for a multimodal
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x-ray/neutron imaging platform at single pulse and high repeti-
tion rate was presented.”” Considering the features of short pulses
of LDNS, it is promising that a “snapshot” for the investigation of
high-speed phenomena inside matter can be achieved via using a
laser-triggered radiography system. Using a Be cube as a neutron
generator and a stack of CR-39 solid trackers in the radiography
shot to record the number of fast neutrons,”””" radiographs of a
nickel-cadmium (Ni-Cd) battery, a nickel-metal hydride (Ni-MH)
Cd-free battery, and a boron carbide (B4C) powder were obtained.
The results highlight the advantage that neutrons have in diagnosing
materials that cannot be recognized by x rays.”

Furthermore, short-pulse sources enable diffraction-contrast
imaging™ utilizing the so-called Bragg-edges,”” which can be used
to, for example, map in 2D and by tomographic methods also
in 3D the phase fractions’® or strains’ present in a sample.
Combined with resonance methods, which can be conducted simul-
taneously, this allows for unique and hitherto rarely applied charac-
terization capabilities.'”’ A proof-of-concept of neutron resonance
imaging with lasers was applied to identify cadmium in a sam-
ple arrangement by scanning through resonant and non-resonant
energy ranges.** If constant wave (CW) or longer pulse sources are
required, e.g., for white beam neutron radiography, DD or DT neu-
tron generator sources provide reasonable neutron fluxes and are
established technologies.

Utilizing short neutron pulses moderated into the epithermal
neutron energy regime for imaging applications, epithermal neu-
tron imaging, for example, can be applied to identify and map
isotopes'’"'* and quantify their density.'””'"" Despite the chal-
lenge to detect fast neutrons because of their low cross sections,
detection efficiencies above 25% (2 MeV neutron energy) can be
achieved.””'"”'"" Due to the small source sizes in the order of
millimeters, LDNS could provide a high spatial image resolution.

Fast and epithermal neutrons can also play a crucial role in
the evaluation of the structural integrity and the isotope distribu-
tion of activated materials, e.g., fuel rods in nuclear reactors. They
can be used to non-invasively inspect meter-sized closed waste con-
tainers or cargo and detect light materials, such as residual water or
explosives, even behind heavy shielding.*

2. Nuclear physics and astrophysics/nuclear
cross-section measurements

Cross-sections measurements'”’ require neutrons in the

epithermal neutron energy range (0.4 eV to 100 keV). While still
requiring moderation, these measurements benefit, in particular,
from the sub-nanosecond pulse length of the initial neutron pulse
prior to moderation. Besides neutron absorption-based neutron
radiography, such measurements would benefit from a laser-driven
neutron source if neutron fluxes are surpassing, e.g., the flux of
3.4 x 10" n/s in 10 ns long pulses at 800 Hz at the electron-driven
GELINA facility. "

The neutron energy spectrum also plays a key role in nuclear
astrophysical experiments. The neutron energy spectra obtained
with those configurations have peaks around 1 MeV. Depending on
what nuclear astrophysical process one wants to study, the energy
of the particles at play can vary considerably. The temperature at
which the r-process is estimated to happen is around 1.2 GK. If we
assume a Maxwell-Boltzmann distribution, it gives a mean energy
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of 100 keV, which is not so far from the peak energy obtained by
Martinez et al.'"”

High-flux, short-pulse neutrons would make possible the direct
measurements of neutron capture and -decay rates related to the
r-process of nucleosynthesis of heavy elements. They would also
allow for nuclear measurements in a hot plasma environment,
which would be beneficial for s-process investigations in astro-
physically relevant conditions. This could, in turn, finally allow
possible reconciliation of the observed element abundances in stars
and those derived from simulations, which at present show large
discrepancies.'"’

3. Neutron resonance spectroscopy

High-energy neutrons are necessary to be moderated for appli-
cations where epithermal or thermal energies are preferable. One
of these is neutron resonance spectroscopy (NRS), which, among
others, allows us to identify the elemental and isotopic compo-
sition of bulk materials that have pronounced resonances in this
energy regime.'”*''" In NRS, the attenuation of neutrons through
a sample is measured using the time-of-flight of a short-pulsed
neutron source. Absorption resonance Doppler-broadening to map
a bulk temperature’ or the quantification of the density of gas
nuclei to measure the gas pressure were also performed at the
accelerator-driven neutron sources.'’”

Higginson et al. proposed the feasibility of laser-driven NRS
for temperature measurements by Doppler broadening of neutron
absorption resonances with a neutron yield of 1.8 x 10° neutrons
in a picosecond pulse on the condition that the moderator has to
slow down fast neutrons and direct them toward the sample.''? Fer-
nandez et al. laid out the requirements of a LDNS to measure the
bulk temperature of a sample with a single neutron pulse, for exam-
ple, during a shock experiment probed with other means, such as an
x-ray free electron laser.'' '

With the efficient generation of epithermal (0.1-100 eV) neu-
trons, single-shot analysis of composite materials by neutron res-
onance transmission analysis (NRTA) has been demonstrated for
the first time''” with a LDNS at a time-of-flight distance of 1.78 m
with sufficient energy resolution for element identification. The
laser-driven NRS setup has been utilized to demonstrate a transpar-
ent temperature measurement of a metal sample from the Doppler
broadening of the resonance signal.''®

4. Neutron activation analysis

Neutron activation analysis (NAA) is a non-destructive method
to determine the isotopic composition of materials based on the
neutron capture or (n, y) reaction. There are two categories of
NAA: the direct gamma de-excitation right after the neutron capture
or prompt gamma neutron activation analysis (PGNAA) and the
radioactive decay of the unstable nuclei afterward or delayed neu-
tron activation analysis (DNAA).'"” NAA is used in a wide range of
applications in industry, such as mining, concrete production, and
nuclear waste, in agriculture to identify trace elements in soil, or in
cultural heritage for non-destructive chemical analysis of artifacts.
With a short-pulse neutron source, the neutron time-of-flight may
allow us to identify the energy of the captured neutrons, which, in
conjunction with the energy of the emitted gammas, may allow us
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to identify the absorbing nucleus.''® In the decay phase, short-lived
decay lines might be collected with acceptable counting statistics on
an extremely low baseline.'”” For delayed neutron activation anal-
ysis, laser-driven neutron sources do not provide the significant
benefit of CW sources.

5. Radiation/irradiation

Particle interactions can lead to destructive interactions in the
material. The displacement damage reaction is a nuclear process that
results in the displacement of a lattice atom, leaving a hole or defect
in the formation, that initializes various other effects that alter the
properties of the material.'?’

With the prospect of a demonstration of a nuclear fusion reac-
tor within the next 20 years, it is imperative to study the effects of
neutron bombardment on the materials that will be used for these
devices.

An increasing concern is single event effects (SEEs) in modern
semiconductor technologies as devices are designed to be as small
as possible.'”"”'”” In particular, semiconductors such as chips and
SRAMs, used in flight operations on Earth and in space, receive
neutron radiation.'”’ Neutron fluxes in the range from 10* to
10° n ecm™ 57! at neutron energies of 1-4 MeV are of interest to
investigate SEEs on components. With the introduction of LDNS, a
new solution arises for SEE tests.

High-repetition-rate laser-driven neutrons also provide oppor-
tunities for radiobiological investigations using a neutron beam with
unique characteristics, such as short bunch duration and high dose
rate. Recently, experiments with zebrafish embryos and glioblas-
toma human cell lines were performed at the ELI ALPS laser-based
neutron source.””

Another aspect is the production of medical radioisotopes by
neutron capture for diagnostic and therapeutic applications.® Alter-
native routes for the production of radioisotopes as **™Tc or '”"Lu
is of general interest to stabilize the resilient production of these
medical isotopes when nuclear reactors are not available.'** There
may also be the advantage of producing the radioisotopes closer to
the hospital using many decentralized LDNS, as the distance to the
production site is a problem for short lived isotopes.

6. Small angle neutron scattering

Scattering applications, besides neutron imaging, are likely the
most desirable for end users (Table I1T) Since there are countless
neutron scattering techniques that could be implemented we dis-
cuss here as an example for neutron scattering applications to a
first generation laser-based neutron source, a possible design of a
pulsed SANS beamline similar to the compact SANS currently under
construction at LSU'?* has been proposed.

To mitigate the reduced source intensity per pulse, the source
repetition frequency can be increased, leading to either a short base-
line pulsed setup or above roughly 200 Hz to a SANS beamline
whose characteristics are practically continuous. For a 200 Hz source
frequency, a very compact SANS setup with about 2 m distance
between the moderator and detector allows a neutron band width
of 1-10 A and together with a 0.5 m diameter detector, resulting
in about two orders of magnitude in Q-range (about 0.01-1 A™h.
For the first-generation laser-based SANS setup, the resolution and
Q-range of the instrument must likely be reduced in favor of more
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intensity, aiming for a measurement duration of 24 h or less per
sample. For weakly ordered materials, the data point density and
statistical certainty per point in the analysis can be reduced, reduc-
ing the required measurement time by several orders of magnitude.
Together, these measures will limit the range and resolution of
the SANS experiments as well as classes of samples to be mea-
sured in such an instrument, but measurements within a day are
possible.

Figure 5 shows the output of simulations of SANS intensi-
ties with realistic resolution functions for (i) a conventional high-
performance pinhole SANS instrument (with AQ/Q = 5%) and (ii)
a compact first-generation laser-based SANS using slit collimation
(with 1 A™* slit resolution height and 5 x 107> A~! width). Here, per-
fect spheres and featureless fractals were chosen as demonstration
objects. The lines in the graph represent spheres of different radii.

Compact SANS
low-Q limit

simulated Intensity [1/cm] 1gg

1E-2

0.001 0.01

Q[1/Ang] 0.1

FIG. 5. Simulated SANS intensities of objects of different shapes: perfect spheres
(lines) and fractals (dots). Each object was simulated at two setups: a conventional
SANS setup with resolution AQ/Q = 5% and a compact LDNS SANS setup with
resolution with slit collimation (1 A=" slit resolution height and 5 x 10=2 A~" width)
and low-Q limit Q > 0.01 A=". Blue lines: 500 nm spheres, black dashes: 200 nm
spheres, red lines: 50 nm spheres, violet dots: volume fractals, and olive dots:
surface fractals. For the compact LDNS SANS setup, features in the simulated
curves are diminished.
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For each shape, two simulations are shown in the same color for
the SANS geometries—for conventional high-performance SANS
and compact LDNS SANS. The limited q-range (Q > 0.01 A™") of
the compact LDNS SANS design excludes the Guinier-regions of
the scattering pattern for larger objects; hence, studies concern-
ing the overall size of, for example, protein aggregates likely will
not be possible in this setting. For smaller objects, such as nano-
magnets or micelles, the Guinier-region is covered by both designs,
and the overall size can be determined, but for the compact LDNS
setup, features in the simulated curves are diminished. This is a
result of the reduced point density in the simulations as well as the
use of a slit-shaped optics. This is reversible, and a pinhole resolu-
tion could also be achieved in compact LDNS geometries.'*® Taken
together, the simulated data show that it will likely be preferred
to use instruments with higher intensity, higher resolution, and
wider Q-range, but the simulations also demonstrate that for smaller
nanoparticles and locally disordered and fractal samples, a first-
generation laser-based SANS could be able to provide meaningful
measurements.

C. Comparison with applications at reactor
and spallation based sources

Spallation sources and pulsed nuclear reactors have the highest
neutron yield in the order of 10"°-10"® n/s, which is several orders of
magnitude higher than CANS and photofission sources (Table IV).
Present day LDNSs have a comparably low neutron yield in the
order of 10''-10'? n/s, which is, however, still two to three orders of
magnitude higher than portable neutron generators. If these num-
bers are compared to the actual thermal or epi-thermal flux at the
detector position, these relations change drastically. Unlike for cold
neutrons, current state-of-the-art neutron guides have limited bene-
fits for thermal neutrons with a wavelength of less than 1 A and show
no benefit for epi-thermal neutrons. For this particular case, reactors
might still have the highest average flux in the order of 10° n/cm?/s
at the detector, but this is measured without any energy resolution.
Close to reactors, accelerator based HiICANS sources are expected
to deliver comparable values. Spallation sources are left here at the
highest detector flux rate of up to 10° n/cm?/s thermal neutrons,
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TABLE IV. Comparison of basic parameters between different neutron sources. [Reproduced and adapted with permission
from M. Zimmer, “Laser-driven neutron sources—A compact approach to non-destructive material analysis,” Ph.D. dissertation
(Technische Universitat Darmstadt, 2020). Copyright 2020 Author(s), licensed under a Creative Commons Attribution 4.0

license.]
Thermal flux

Neutron at detector Min. Pulse
Source yield (n/s) (ng/cm?/s) length Size (m)
Neutron tube 10%-10" <10’ 5us 1
LDNS 5 x 10" ~10° <ns 15
Electron linac 3x 10" ~10° 1 ns 1-200
CANS 10 ~10° 139 us 10-50
HiCANS 108-10" ~10° 1-1000 ps 30-100
Reactor 10%-10'8 ~10° 1-10 ms 10-30
Spallation 10%°-10" ~10° 125 ns-625 ys 200-1000
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which is several orders of magnitude higher than for LDNS as well
as for CANS and electron linacs (Table I11).*

The two orders of magnitude difference in detection and mod-
eration efficiency between spallation sources and LDNS comes from
two major factors. The neutron energies produced by laser accel-
eration are much lower. This reduces the absorption of neutrons
inside the moderator material as well as the overall size of the
moderator-reflector structure due to the compact source size. With
a smaller moderator and a better energy resolution at an LDNS, neu-
tron guide systems and detectors can be placed much closer to the
source. A major limiting factor for applications is the pulse length.
For all applications that rely on time-of-flight for energy differenti-
ation, it is required that the flight time is large in comparison to the
pulse length.

Comparing performances of different applications at different
facilities has always been tricky and difficult because all sources,
spallation sources, reactor sources, compact neutron sources, etc.,
are all to some degree unique. Even a comparison between only
spallation sources is not really straightforward. At best, one could
conclude that all the sources are more complementary rather than
competitive. Nevertheless, to better understand what part of sci-
ence laser-driven neutron sources could serve in the near future,
an attempt is made to compare them to other neutron sources. The
first question here is what metric one should use for that compari-
son. From a public/funding agent point of view, this metric should
be related to the scientific output of the facility. While this is the
ultimate metric, this kind of metric is extremely difficult and often
very controversial to define. Going to the other extreme, one could
use the brightness on the moderator surface as a performance met-
ric. While this is much simpler, it ignores the fact that instrument
designs are fundamentally different, e.g., a high-power spallation
source, such as ESS,'””'?® and a source with a compact source target,
such as the high brilliance source project HBS.'* In case of ESS, the
closest an instrument guide can be brought to the moderator source
is 2 m, whereas in the case of the HBS, the guides are envisioned
to be only a few tens of cm from the moderator surface. By bring-
ing the guides that are closer to the moderator source, more useful
neutrons can be captured and transported to the sample location.
A compromise between these two options is the flux on the sam-
ple. While this metric does not account for items such as detec-
tor coverage, it does account for the neutron transport from the
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moderator to the sample location. There are also caveats in this
case because one should compare instruments with the same reso-
lution, Q-range, etc. Here, we will attempt to compare instruments
that are as similar as possible. It has to be pointed out that the con-
clusions we attempt to draw for the laser-driven neutron sources
will be based on an order of magnitude comparison but not more
detailed.

Table V shows a comparison of fluxes on the sample position
between HBS, ESS at 2 MW, and ILL for various instruments: small
angle scattering, reflectometry, disordered material diffraction, cold
chopper spectrometer, macromolecular diffraction, and imaging. It
can be seen from the table that for most instruments at ILL and ESS,
the flux on the sample is on the order of 10’-10° n/cm?/s, with the
exceptions being the cold chopper spectrometers, which are on the
order of 10° n/cm?/s. However, one needs to keep in mind that the
reduction of flux on the sample in the case of the cold chopper spec-
trometers does not come from differences in the source but from
how these kinds of instruments work. Comparing these fluxes to the
ones expected for the high brilliant source HBS,'”’ it shows that the
fluxes on the sample at HBS are between very competitive and about
an order of magnitude below the high-power sources.

In case of the laser-driven neutron sources, the flux on samples
that are currently feasible is on the order of 2 x 10° n/cm?/s. While
this is quite a difference, if one compares the laser-driven neutron
sources to current university sources, instead of regional and inter-
national sources, the comparison becomes more favorable. In the
case of the Low Energy Neutron Source (LENS)'*! at Indiana Uni-
versity, USA, the flux of the sample for the local SANS instrument
is about 10* n/cm?/s. This means that the currently expected fluxes
for the laser-driven neutron sources are in the range of interest for
universities or industry.

IV. TECHNICAL DEVELOPMENTS AND UPCOMING
REQUIREMENTS

A. Development of laser sources

Laser technology to amplify and compress pulses has evolved
dramatically since the first evidence of neutron production by lasers
and at present. Strong magnetic and electric fields are accessible
by intense laser pulses to enhance neutron production.”” TW or

TABLE V. Comparison of neutron flux on the sample for certain applications at different neutron sources. Note that while the
values for ILL are determined experimentally, %0 the values for ESS'?"2® and HBS'2? are from simulations, and for HBS as
a first-of-its kind HICANS, the instruments are not yet fully optimized.

ESS

ILL"Y n/cm?/s (2 MW) #7128 n/cm?/s HBS'” n/cm?/s
D22 1.20 x 10 LOKI 4.00x 10° SANS 4.10x 107
Figaro 1.00x 10° ESTIA 6.00 x 10° HorRef reflectometer 1.00 x 107
D20 9.80 x 107 DREAM 1.00 x 10° TPD diffractometer 1.60x 10°
IN5 6.80 x 10° CSPEC 4.00 % 10° CCS spectrometer 3.40 x 10°
LADI 1.10x10%(1w)  NMX 1.00 x 10° NMD diffractometer 1.80 x 107
NeXT 3.00 x 10° ODIN 1.20x10° C-NI imaging 3.00 x 10°
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FIG. 6. Laser-driven neutron numbers vs laser intensity. The neutron numbers of
the directed neutron beam per laser pulse are compared to a conventional isotropic
(into 47t) neutron source. Results in red indicate short pulse lasers below 100 fs,
blue are high energy lasers with around 0.5 ps pulse duration, and the yellow
marks indicate the prospect for upcoming systems currently under construction.
The top black line indicates the single, 250 ns pulse and neutron yield at the
converter target, produced at the LANL LANSCE facility spallation source. [Repro-
duced and adapted with permission from Osvay et al., Eur. Phys. J. Plus. 139, 574
(2024). Copyright 2024 Author(s), licensed under a Creative Commons Attribution
4.0 license.]

PW systems trigger nuclear reactions with the resulting production
of millions or billions of neutrons per laser pulse (Fig. 6). Large
laser laboratories are able to produce 10'® n/pulse, whereas table-top
systems generate a more modest fluence of some 10° n/pulse.

With the use of solid target foils of submicrometer thickness
and high contrast laser systems, the neutron yield has increased fur-
ther by orders of magnitude compared to the earlier Target Normal
Sheath Acceleration (TNSA) based attempts. With the enhancement
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of the laser contrast and the exploration of the relativistic trans-
parency regime, laser-driven sources have now entered a per-pulse
yield level that is on the level to reach out for real-world applica-
tions. The basic parameters of most current developed laser-driven
neutron sources are summarized in Table VI.!%?

Based on the current experimental findings, a 200 J/10 Hz laser
with high contrast could already provide around 10" n/s. Due to
the compact size of the system, the neutron flux density close to the
converter could exceed 10’ n/cm?/s.

B. Developments of targets/converters

The choice of an adequate target system strongly impacts the
performance of an LDNS. The target has to be reasonably thin to
benefit from the effects of relativistic induced transparency, stable,
possible to produce in large quantities, and capable of operation at
a high repetition rate. It also needs to be large enough to be reliably
hit by the laser, and the target system has to survive the laser impact.
For high repetition rates, it is also important that the target is mostly
debris free. Furthermore, an operation with protons as well as with
deuterons should be possible. In addition, the impact of target thick-
ness can significantly affect the acceleration process. The number of
limitations makes finding a suitable system not an easy task.”’

1. Control of target material, heat deposition

The state of the art target technology for current LDNSs is
deuterated polymer foils in the sub-um regime. It was possible to
reliably produce 5 x 10" neutrons per single pulse at the PHELIX
laser system.'** These targets are produced by dissolving deuter-
ated polystyrene in butanol and applying it via spin-coating to a
flat silicon wafer. With a variation in rotation frequency and poly-
mer concentration in the solution, the thickness can be tuned. For
most experiments, these targets are exchanged manually and are
replaced after each pulse. A solution is to attach the target foil to

TABLE VI. Parameters of laser-driven neutron sources at current. [Reproduced with permission from INTERNATIONAL
ATOMIC ENERGY AGENCY, Compact Accelerator Based Neutron Sources, IAEA-TECDOC-1981, IAEA, Vienna, (2021).].

Neutron parameter

Parameter range

Spectrum

Neutrons per bunch
Spatial distribution
Opening angle
Forward neutrons
Temporal structure

Energy range from thermal to >100 MeV

Energy spread 100%
>10'%/sr (up to 2 x 10 in 47)

Isotropic component and fourfold enhanced forward beam

~90°
2 x 10'/sr

Bunch duration initially sub-nanosecond
Repetition rate: equals the laser drive rate

Pitcher (deuterated plastic) + catcher (Be) + W reflector

Neutron generation scheme

. . 2
Deuteron-to-neutron conversion efficiency: >10

Co-moving particles: e~ (MeV), gamma (MeV)
Ions (depending on thickness of the converter)

Laser parameter
Energy
Pulse duration

Target: Thin, deuterated foil (200-800 nm)

Parameter range
0.1-500]
Picosecond
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a target matrix where each hole is functioning as a single target.
A prerequisite of this method is the protection of neighboring targets
from debris and shock waves during a pulse, which could disturb the
integrity of the thin foils. Solid plastic targets produce more debris
than liquid targets, and the debris is often in the form of molten
polystyrene, which coats nearby optics and parts of the final focus-
ing parabola. This reduces the performance over time.” Similarly,
polymer aerogel-foams with a mean density of 2 mg/cm’ and sub-
millimeter thickness of 6.2 x 10'° neutrons per single pulse were
obtained.'*

Overcoming the limit of matrix targets, a VHS tape for a TNSA
target can be utilized. These tapes consist of 15 ym thick Mylar
with embedded iron oxide particles and are placed on two spools.
In between the spools, the tape is unwrapped and fixated in posi-
tion by four highly polished stainless-steel bolts and can be targeted
by the laser.”” The main advantage of this system is its simplicity.
A single VHS tape could last between 8000 and 20 000 pulses.

In order to minimize the debris of solid target materials, a lam-
inar jet of cryogenic hydrogen as a target material can be used. The
benefit of these jets is that they can theoretically operate without
interruption as long as they have a sufficient supply of hydrogen
and liquid helium as coolant. Using a deuterium jet also provides
a pure D™ beam without the contamination of protons.”” A cryo-
genic hydrogen jet works by cooling H, or D, down to temperatures
between 17 and 24 K inside a cryostat by the use of liquid helium
to regulate the temperature. Experiments with cylindrical jets from
5 to 10 ym as well as rectangular jets with up to 2 x 40 ym have
been conducted. With these latest results, the usage of a cryogenic
jet might be promising for low energy, high-intensity laser systems.*
An argument against this target type for an LDNS is the high degree
of complexity and the early development stage.

To overcome the main difficulties of cryo-jets, the operation
of liquid jets or synchronized droplets with water or ethylene gly-
col at room temperatures has been demonstrated. In the colliding
leaf target system, two ethylene glycol jets collide at an angle, form-
ing a liquid leaf. This target system enables a significantly higher hit
rate as well as an increased pulse to pulse reproducibility. Under cer-
tain laser conditions, an upper repetition rate of 10 kHz could be
reasonable. Hence, ethylene glycol liquid leaf jets represent a debris-
free, sub pm, self-renewing target system for operation up to 1 kHz,
respectively, 10 kHz, depending on the laser parameters.*

2. Catcher material

Lithium has the highest neutron gain for low proton energies
below 15 MeV, while vanadium is optimal for high energetic ions.
To gain an advantage from both materials, it is possible to create a
stacked catcher with lithium in the front and vanadium or beryllium
in the back. Stacked catchers produce more neutrons, which are also
shifted to lower energies.*”

Besides the catcher material, its geometry can also play an
important role in maximizing the neutron yield. To move the neu-
tron production further into the catcher, a recess in the shape of a
cone can be drilled into the surface. Such a structure is known to
reduce the backward flux for fast neutrons.*

C. Requirements on neutron moderation

While a few applications use high-energy neutrons, such as
MeV neutron radiography, for most applications, epithermal or
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thermal energies are preferable. To provide neutrons with these
energies, they have to be slowed down in a dedicated material.

As mentioned above, moderation of fast neutrons is based
on energy loss during scattering reactions. Laser-driven neutron
sources provide neutrons in the low-energy range due to the expo-
nentially decaying spectrum. The goal of moderating laser-generated
neutrons is to maximize the neutron yield in the desired energy
range for the specific application. This includes the appropriate
choice of the moderator material as well as its geometry and the
right combination with an adequate catcher material and geometry,
respectively.'”* In addition, moderators are placed within reflector
materials (e.g., beryllium) to increase the neutron yield in the desired
energy range by scattering fast neutrons back into the moderator.

Using nuclear reactions at lower energies, laser-driven ion
sources can also produce softer neutron energy spectra because the
ions at hundreds of keV to several MeV are produced in abun-
dance with well-established ion acceleration methods. For instance,
using near-threshold reaction via 7Li(p,n)7Be in TNSA, a fast neu-
tron beam at around tens of keV has been achieved using a smaller
moderator system with a shorter pulse duration.'”

Moderators are designed to slow down neutrons without
absorbing them. They contain light elements, such as hydrogen, deu-
terium, carbon, and beryllium, to maximize the mean energy loss
per collision. On the other hand, the materials should exhibit low
neutron capture cross sections to preserve a high neutron flux.

To moderate neutrons in the forward direction of a laser-
driven neutron source, in a basic design, a graphite moderator
has been placed directly behind the catcher.** As moderated neu-
trons are scattered in these directions, the low-energy neutron flux
is enhanced. In another setup, high density polystyrene designed
to slow down ~MeV neutrons to the epithermal range has been
applied.'**

By directing fast neutrons of above some MeV into a cryo-
genically cooled H2 moderator, a cold neutron flux of ~2 x 10’
n/cm?/pulse was reached'® (Fig. 7). The experiment demonstrated
the feasibility of driving pulses of cold neutrons with short pulse
lasers.

By placing the catcher within the moderator reflector assembly
and using a compact arrangement similar to CANS and HiCANS, a
very compact and efficient moderated neutron provision is feasible.
Such a setup, arranging the catcher within the moderator, has been
demonstrated,''” minimizing the pulse duration of moderated neu-
trons in order to realize a time-of-flight spectroscopy over a short
distance.

With the possibility of deploying samples in the proximity of
the moderator and with the minimal radiation shielding require-
ment and the rising prospects of high repetition rate laser systems,
laser-based sources could move further to reach a crucial stage in
their development for being applied in neutron science and applica-
tions, and adequate sources might be placed at small laboratories in
universities and industries.

D. Diagnostics/detectors

In the context of laser-driven neutrons, bubble detectors are
widely used®® for characterizing the neutron production, since they
are insensitive to y-rays and cover a large energy range from thermal
to fast neutrons with a relatively flat response, and their electronics
is not affected by EMP produced in the laser-plasma interaction.
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FIG. 7. Setup of the cold neutron source at the Osaka laser-driven neutron source (LDNS). [Reproduced with permission from Mirfayzi et al., Sci. Rep. 10, 20157 (2020).

Copyright 2020 Author(s), licensed under a Creative Commons Attribution 4.0 license.]

Chemical Vapor Deposition (CVD) diamond detectors are
applied most recently as they provide a faster response, making them
a suitable choice for time-of-flight applications that require a high
temporal resolution. In the case of fast neutrons, the electron-hole
pairs are produced in the active body of the detector by the
C recoils from neutron elastic scattering or by the products of
nuclear reactions, such as 2C(n,a).'*’

In the case of detecting thermal or epithermal neutrons, a con-
verter material is needed. Most often, materials containing boron or
lithium are used to utilize the °B(n,a)”Li and the ®Li(n,t)*He reac-
tion. Lithium glass scintillators are used, while boron is used inside
borated micro-channel plates.

In addition, *He tubes utilize the > He(n,p) 3H reaction and are
used widely for neutron scattering experiments but have lost rele-
vance due to the high cost of *He. Thermal and epithermal neutron
measurements often rely on time of flight measurements and, there-
fore, on event time tracking. New detector developments based on
event mode data acquisition enable spatial and temporal tracking of
neutron events at high efficiencies and moderate cost, significantly
enhancing neutron-based measurement capabilities.'** These detec-
tor types can achieve high resolutions below 100 ym and are mostly
limited by the scintillator thickness, read-out pixel size, and source
resolution.

For MeV neutron radiography, the most promising detector
type is a combination of a scintillating screen coupled with an
intensified gated camera system. As scintillators, typically organic
scintillators based on polyvinyl toluene and stilbene crystals are
used. The camera system needs to be outside the neutron beam to
avoid radiation damage. For this reason, these detector types typ-
ically have a high-reflective mirror that enables placement of the
camera at 90° toward the neutron beam. Prominent examples of this
detector type have been developed by Mor et al.'*” Highly sensitive
variants of this type utilize scintillating fibers to capture a higher

fraction of neutrons during operation, typically at a cost of a spa-
tial resolution, delivering a pixel size of 0.5-1 mm. Detector versions
that aim for higher resolution utilize thin scintillating screens in the
100 ym range.

E. General technical risks

The materials mentioned for LDNS applicable for neutron gen-
eration also exhibit limiting factors on their overall applicability.
Beryllium is toxic and can cause cancer if inhaled in the form of
dust. As laser ion irradiation causes ablation at the catcher surface
from the high velocity impact of the expanding plasma, this can
cause pulverization of the beryllium surface and cause health haz-
ards. For this reason, a beryllium catcher is usually protected by a
thin, robust, and exchangeable ablation shield. As these shields stop
a large fraction of the ions below 20 MeV, this reduces the total effi-
ciency of a beryllium converter.”” Additionally, beryllium is known
to suffer from blistering, the formation of small hydrogen bubbles
inside the material that leads to tensions and material failure over
time. This problem is usually circumvented by reducing the beryl-
lium thickness slightly below the stopping range so that the protons
are stopped inside a material behind the converter, where the result-
ing hydrogen can be transported away. This is not possible with
LDNS as the spectrum has a wide range of energies, all with different
stopping ranges.

Lithium has to be shielded from air and moisture due to its high
reactivity, or it is subject to rapid oxidation and material degrada-
tion. Even though in a vacuum chamber this does not cause severe
problems, it excludes, for example, the simultaneous operation of a
water-based liquid jet in combination with a lithium catcher.

The energy of the laser that is converted into fast ions will
be deposited inside the catcher with every pulse. The heat transfer
inside such a system is rather complex. With no air present in the
vacuum chamber, the main contribution of a non-cooled system is
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via radiative cooling of the front surface. The maximum surface tem-
perature the catcher can have is equal to its melting temperature.
For a lithium catcher with a 1.5 cm radius and the target chamber
at 20 °C, this energy is only 1 mW due to the low emissivity and
melting temperature.”” Therefore, such laser systems with a repeti-
tion rate above 0.1 Hz are capable of reaching the melting point of
lithium and require active cooling. Beryllium has a higher melting
point at 1287 °C. Under similar conditions, the maximum repetition
rate at which it could be operated without melting would be 5.1 kHz.
For vanadium with an even higher melting temperature of 1910 °C,
this repetition rate is further increased to 150 kHz. A thin stacked
lithium-vanadium catcher with active cooling has shown the most
promising results as a catcher for a high repetition neutron source.”

V. POTENTIAL FOR FUTURE LASER-DRIVEN
NEUTRON SOURCES

For decades, neutron sources have shown their relevance and
impact on the development of our science and innovation driven
society. As a unique analytical tool to probe the structure and
dynamics of matter in most developed countries, a sustainable and
efficient ecosystem of neutron sources was established and used
intensely. To tackle future challenges and requirements in our soci-
ety, the continuous development and sustainable access to this
ecosystem of neutron sources have to be maintained."'*’

The possibility of developing a thermal neutron source with
ultra-short neutron pulses could be of interest for ultrafast dynamic
studies in material science and condensed matter physics. In fusion
energy research, ultrafast studies may allow us to trigger and visu-
alize in real time the production and evolution of radiation damage
at the atomic scale. Short bursts of neutrons would also be a pow-
erful probe to obtain crucial information about the state of matter
under extreme conditions, such as those found in inertial confine-
ment fusion.'”! In addition, an interesting application would be the
use of a compact source of pulsed, mono-energetic MeV neutrons
delivering above 10'° n/cm?/s for security measures at checkpoints
for investigation of large cargo containers by using the MeV neutron
radiography technique, where the nature and location of the threat
can be identified by simultaneously measuring scattered neutrons
and time of flight of the induced gamma radiations.'"!

The different communities have to be merged to harvest syn-
ergies between, for example, the laser and neutron communities
at universities and facilities. Based on recent progress and future
developments, a benchmark demonstrator of a laser-driven neu-
tron source/beamline to prove the maturity of the approach is
highly desirable. A dedicated facility for future research and devel-
opment could be realized with such a demonstrator, opening new
perspectives and applications with neutrons.

Laser-driven neutron sources are an exciting new opportu-
nity for neutron research.”® Based on the technical and scientific
descriptions given here, one can distinguish between applications
requiring

(i) a high average flux of thermal neutrons in a large volume
(e.g., radionuclide production, silicon doping, and radiation
damage studies),

(ii) precision physics, mostly with high density of ultracold neu-
trons (e.g., studies of neutron lifetime, neutron electric dipole
moment, gravitational physics, etc),

(iii)
(iv)

()

(vi)

(ii)

(iii)

(iv)

REVIEW pubs.aip.org/aip/rsi

application of epithermal and high energy neutrons (e.g., for
imaging and analytics),

various specialized uses of neutron beams [for example, mate-
rials testing for fusion reactor cladding or medical appli-
cations, such as Boron Neutron Capture Therapy (BNCT),
which is not yet available in Europe but is enjoying a fast
growth in Japan],

high brightness cold, thermal, and epithermal neutron beams
for beamline instruments (e.g., materials and active agent
research with diffractometers, large scale structure instru-
ments, imaging, analytics, and spectrometers), and
combination of x-ray/neutron imaging with the high spatial
resolution of x rays and the hydrogen sensitivity of neutrons.

Looking at the current situation,

Applications requiring high average neutron flux are by far
best realized in the water moderator of a research reac-
tor. Accelerator- or laser-driven sources are most efficient in
pulsed operation, where high peak fluxes can be achieved,
while the source strength, as a time-averaged parameter, gen-
erally lags behind that of high-flux research reactors, with the
exception of large flagship facilities, such as the ESS. However,
facilities using high-energy proton beams offer some addi-
tional possibilities compared to research reactors, namely,
the production of radionuclides produced by proton-induced
reactions.
Applications in precision physics can be realized in both
research reactors and accelerator-driven sources, since cold
neutrons can be stored, and high densities can be achieved by
successive filling from a pulsed source.
Applications of epithermal and high energy neutrons for
imaging and analytics are still underrepresented, mainly
because the research reactors with their water tanks, which
have been the most common sources in Europe, were not
well-suited to provide intense beams of high energy neutrons.
This situation might change significantly in the coming
years. Both HICANS and laser-driven sources are well-suited
to provide the necessary beams. High energy neutrons are
very penetrating. They offer enormous potential for quality
control in the manufacture of large, expensive engineering
structures and for elemental analysis in the raw materials and
recycling industries. The combination of imaging and time-
of-flight elemental analysis requires very short pulses in the
s to ns range. Such pulses can be realized for high-energy
neutrons where no moderator is present. This is the domain
of laser-driven sources, whereas linacs do not yet reach the
sub-nanosecond pulse regime.
Applications of high-brightness thermal neutron beams, it
is fair to say that laser-driven neutron sources are not yet
competitive with sources driven by conventional accelerators.
Compared to HiCANS, they will provide several orders of
magnitude lower flux at the sample. At present, two features,
in particular, hinder the efficient production of useful neu-
tron beams for these applications: the rather broad energy
spectrum of the protons hitting the converter, which makes
the optimization of the converter difficult, and the short
pulses, which are not long enough to efficiently feed the
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moderators. These aspects can be addressed in development
projects.

The rapid increase in the performance of modern laser systems
offers the prospect that such systems can drive small local neutron
sources for training of students, method development, and dedi-
cated experiments, e.g., SANS or neutron imaging. Opportunities
exist for groups at universities or research institutions with exper-
tise in both laser systems and neutron beam applications to advance
the development of laser-driven CANS.

VI. CONCLUSION

In summary, laser-driven neutron sources already provide
exciting opportunities for imaging, scattering, and analytics with
epithermal and high energy neutron beams. In-depth development
efforts are needed to demonstrate the usefulness of such sources
for materials science applications that rely on cold, thermal, and
epithermal neutron beams. These efforts are best undertaken at
small laser-driven compact neutron sources (LD-CaNSs), while for
the foreseeable future, larger neutron user facilities will be best
served by conventional accelerator technologies.
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NOMENCLATURE

BNCT boron neutron capture therapy

CANS compact accelerator-based neutron source
CVD chemical vapor deposition
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CwW constant wave

DNAA delayed neutron activation analysis

HiCANS  high-current accelerator-based neutron source
ICF inertial confinement fusion

LDNS laser-driven neutron sources

LWFA laser wakefield acceleration

NAA neutron activation analysis

NRS neutron resonance spectroscopy

NRTA neutron resonance transmission analysis
PGNAA  prompt gamma neutron activation analysis
RFQ radio-frequency quadrupole

SANS small angle neutron scattering

SEE single event effect

TNSA target-normal sheaths acceleration
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