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Laser-driven beams of neutrons have been studied experimentally in the UK since the 1980s within the inertial 
confinement fusion programme. Only in the last two decades has there been dedicated effort to characterise and 
optimise the laser-driven concept of neutron source generation with a view to their use in scientific and industrial 
applications. Here, we present an overview of research in this field carried out in the last 5 years within the UK and 
highlight key developments in enabling technology required for exploitation of these beams for applications. We also 
introduce the PLATINUM project – a collaboration with industry aiming to assess the feasibility of using laser-driven, 
beamed neutrons for isotope inspection in nuclear waste barrels along with in-line imaging capability using 
laser-driven x-rays. With the recent delivery of high-peak-power laser technology operational at 10 Hz pulse rates, a 
laser-driven, multi-modal nuclear waste assay beamline installation within the waste management environment can 
now be envisioned. 
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1 Introduction 
Intense laser interactions with matter can drive extreme 
accelerating gradients at the plasma-vacuum interface 
[1,2] that inject high currents of suprathermal MeV 
temperature electrons [3,4] into solid material which 
subsequently emit bright, high-energy bremsstrahlung 
x-rays [5], and give rise to TV/m accelerating fields that 
deliver protons and ions with broadband energy 
distribution in MeV range [6,7]. The accelerated ion 
bunches can then be used for neutron generation [8] by 
inserting a convertor foil behind the accelerator foil or 
choosing a target material in which neutron generation 
occurs in tandem with the ion acceleration (see figure 
1).  

These micro-scale particle beam sources are an 
interesting innovation in accelerator technology - they 
offer a new versatile source that is highly flexible and 
responsive in the delivery of a choice of particle species 
and x-ray emission simply by switching targets at the 
back end of the beamline or tuning the laser parameters. 
Demand is growing for neutron sources for scientific 
and industrial applications such as materials science 

inspection, deeply penetrating probe beams for active 
interrogation by isotope identification and imaging, for 
nuclear materials damage test studies, and even in 
medicine for targeted cancer therapy. Laser drivers are 
rapidly evolving [9] in terms of repetition rate and 
power and laser-driven short pulse neutron sources 
could significantly increase the global capacity to meet 
the demands in various industrial, scientific and 
healthcare sectors. This paper explores the potential of 
laser-driven neutrons for contents inspection of 
intermediate level waste barrels in recognition that a 
combined laser-driven x-ray and neutron inspection 
technology is very attractive for improving an integral 
part of nuclear waste management - nuclear waste assay 
and containment inspection. We also provide an 
overview of UK activity in the last five years on 
laser-driven neutron beams from experiments employing 
the Vulcan laser at the Science and Technology 
Facilities Council (STFC) Rutherford Appleton 
Laboratory [10] and highlight recent developments in 
enabling technology.   
 
2. Innovation for nuclear waste management: the 
PLATINUM project 
Nuclear waste is an unavoidable side effect of our 
dependence on nuclear power to fulfill electricity 
demand. There is an absolute requirement for fast and 
effective inspection of nuclear waste containment 
vessels to assist in the waste management and 
decommissioning programme and to ensure structural 
integrity. Containers need to be assessed to create 
inventories of isotopic and element composition while 

Figure 1: Schematic of secondary radiation source 

generation from extreme laser-matter interactions 



also monitoring for signs of containment fatigue or 
failure. This presents a very challenging inspection 
scenario since the containment barrels are typically 500 
litre steel drums, or even up to 3 m x 3 m x 3 m cubes, 
filled with a grout mixture of ordinary Portland cement 
and blast furnace slag after waste materials are 
deposited. Gamma spectroscopy and passive - along 
with active - neutron interrogation technology is 
available commercially for inspecting the contents of 
the waste barrels. This is primarily achieved via 
detection of characteristic gamma and fast neutron 
emissions from the radioactive isotopes inside. A 
Mirion Technlogies combined waste assay system [11] 
is shown here for example (see figure 2). It is designed 
to perform a full assay of a 500 litre barrel within 40 
minutes and sweeps the barrel through passive and 
active (utilizing a pulsed neutron source) inspection 
stages. It comprises arrays of high-purity germanium 
detectors for high resolution gamma spectroscopy in 
order to detect elements via fission signatures† 1 . In 
addition, there is a pulsed neutron source along with 
fast neutron detectors for measuring the delay between 
pulsed neutron source and fast neutron emission from 
activated fissile isotopes via the technique of 
differential die-away analysis (DDA) [12], introduced 
below. The information collected helps to identify and 
estimate the abundance of different isotopes in the 

waste barrels. Storage of legacy nuclear waste has 
                                                   
1http://www.canberra.com/literature/gamma_spectrosco
py/application_notes/InSitu-ISOCS-M2352.pdf 

recently come under scrutiny after observations of 
deformation of the outer casing, indicating potential 
fatigue and failure of the containment. There are legacy 
nuclear waste storage facilities which have contained 
waste materials for extended periods with limited 
information regarding the initial condition and current 
corrosion state [13]. Formation of metallic corrosion 
inside the barrels is considered to be the main cause of 
containment deformation. It is a risk factor that needs to 
be assessed for and managed, especially in the case of 
pyrophoric corrosion growth such as uranium hydride 
[14]. Tomographic imaging of nuclear waste barrels is 
not commonly undertaken, despite being a highly sought 
after inspection mode, due to the long scanning time and 
poor resolution obtained when using conventional x-ray 
scanning machines, for instance a linear accelerator 
(linac) x-ray source and flat panel detector array. 
However, there is ongoing development of linac sources 
and detectors for this application [15]. Muon 
tomography using natural cosmic ray muons [16] is also 
a way forward for fast scanning of container vessels and 
is an effective inspection mode alongside x-ray 
tomography and neutron-driven DDA. A laser-driven 
source of pulsed neutrons together with in-line 
production of a penetrating, point-like source of x-rays 
for high resolution tomography is an innovative 
approach and highly complementary combination that 
can deliver a single beamline technology solution for 
this inspection challenge [13]. The Pulsed Accelerators 
for Inspection of NUclear Materials (PLATINUM) 
project is a collaboration between University of Bristol, 
Central Laser Facility and Queen’s University Belfast, 
and industrial partnership with Sellafield Ltd to carry 
out a proof-of-concept study and a technology transfer 
assessment where applicable of laser-driven beams as a 
multi-modal inspection capability for the task of 
tomography and active interrogation of intermediate 
level waste.   
 
2.1 Differential die-away analysis 
Active neutron interrogation is a technique that uses 
thermal neutrons to initiate a nuclear reaction in a 
material which then emits a gamma or neutron signal 
with a given energy and decay time constant that is 
characteristic of the nuclear reaction. This technique 
can therefore be used to trace back the isotopic 
identification of the material being probed. The method 
can identify small quantities of fissile contents within 
nuclear waste containers and is also used for 
interrogation for special nuclear materials in cargo 
[12,17]. While using a source of fast neutrons, the 
encasing concrete of the waste barrel moderates the 
neutrons to thermal energies in order to induce fission 
reactions in materials such as uranium and plutonium, 
thus generating a source of fast neutrons with a 

Figure 2: Image credit Mirion Technologies [11]. 

Photograph of the assay system during initial testing. 



characteristic emission lifetime during and after the 
reaction. Therefore the fast neutrons emitted from 
interactions with the waste material will show an 
emission profile that is significantly different from that 
of the typical diffusion time (die-away time, typically 
100s of milliseconds) of neutrons from materials inside 
the barrel that are not nuclear waste products. The 
neutron emission is greatly affected by the size, 
geometry, density and composition of the nuclear waste 
and therefore this technique – Differential Die-Away 
Analysis (DDA) – is a powerful tool for non-destructive 
assay (NDA). It was originally developed for nuclear 
waste assay in 1982 [18] and uses the detection of fast 
neutron emission as a fissile material identifier while 
the decay time of these fast neutrons compared to the 
incoming neutron probe beam decay time acts as an 
isotope signature. Compact pulsed neutron sources such 
as DT tubes, providing 108 fast neutrons/second, are 
currently employed for this application. As an example, 
the set up demonstrated by Kashyap et al [19] uses a 
source that operates at 400 Hz with pulse widths of 80 
µs and 300 s total acquisition time for probing through a 
900 mm diameter steel drum. Fast neutrons are 
moderated either using moderator materials surrounding 
the neutron source or by the shielding between the 
source and the object. Laser-driven neutron beams have 
been demonstrated to deliver high fluxes of 109-10 fast 
neutrons/pulse [20,21] which means with 10 Hz 
laser-drivers this emerging technology is well placed to 
compliment current schemes and perform at or above 
the current industry standard. In addition, laser-driven 
sources generate ultra-short pulse emission that is 
unmatched by alternative sources.  
           
3. Review of recent developments 
Recent activity in the UK to develop and characterize 
laser-driven neutron sources has focused on enhancing 
the flux, monitoring the angular distribution of the beam, 
and moderating the beam energy. UK developments in 
enabling technology that directly impact the roadmap 
for a high-repetition rate laser-driven neutron system 
include the demonstration of a 10 Hz high peak and high 
average power laser driver [22], a cryogenic target 
delivery system [23] and an epithermal neutron imaging 
detector [24]. All of the following work was carried out 
using neutron beams from laser-solid interactions, for 
which the source generation mechanism is as follows. 
Intense laser interaction with matter drives the 
acceleration of electrons at the critical surface of the 
plasma expansion of the interaction. The MA current of 
suprathermal electrons leaving the interaction zone and 
streaming through the back surface of a foil target sets 
up an extreme potential with field strength of the order 
TV/m which subsequently propels forward a broadband 
-energy beam of ions of the target material and those 

found in the contaminant layers on the surface of the 
target. These pulses of protons and ions with several 
MeV beam temperature can then be used for neutron 
generation via nuclear reactions within a convertor 
suitable material.   
 
3.1. Source characterisation 
 
3.1.1. Monitoring angular distribution  
Experiments carried out using the Vulcan petawatt laser 
have captured the full spatial profile of the laser-driven 
neutron source by observing the neutron footprint 
imparted into CR39 particle track detector as well as 
bubble detector spectrometers [25]. Using a deuterated 
plastic (CD) target as the proton and ion source in 
combination with CD and graphite convertors 
positioned 3 mm apart, a neutron flux of 5 (± 2) x 108 
n/sr/pulse with neutron energy above 2.5 MeV was 
measured as being emitted in a beam with cone 70 
(±10) °. The neutron generation reactions dominating 
the resultant anisotropy of the beam were determined as 
d(p, n +p)1H and d(d,n)3He, with the beamed emission 
an effect of the high energy and directionality of the 
laser-driven ion beams. Alejo et al [26] developed a 
numerical model for predicting the divergence of a 
laser-driven neutron beam by simulating the transport 
and reactions of multiple ion beamlets injected from the 
laser-driven source into the convertor material, which 
agrees well with the measured value. The model also 
suggests that the neutron beam divergence decreases as 
the ion beam temperature and maximum energy 
increase.  
 
 

 
 
 
 
3.1.2. Flux enhancement 

Figure 3: Image credit New Journal of Physics [25] 

Schematic of the laser-driven neutron source with a) 

neutron beam footprint observed using CR39 

particle track detector and b) a close-up image of the 

pits left in the detector after etching. 



The higher the flux per pulse, the shorter the timeframe 
required for reaching signal acquisition where 
measurements can be made in applications such as DDA 
and neutron imaging. This is a key figure of merit for 
industrial use where fast inspection throughput is 
required. To achieve the highest neutron flux possible 
one needs to optimize the conversion of laser energy 
into proton/ion source and carefully design the 
convertor target configuration for an efficient 
conversion from ions to neutrons. This in turn requires 
consideration of the balance between which nuclear 
reactions give the highest cross sections for neutron 
yield and the relative energy coupling to protons and 
heavier ions in laser-driven acceleration. For instance, 
while (d,n) reactions in Li, Be, etc have higher cross 
section for neutron emission and therefore result in a 
high neutron yield compared to (p,n) reactions, the 
conversion efficiency of laser energy into a deuterium 
beam is typically much less than that for protons for 
interactions with standard targets that have not been 
specially prepared. For boosting the proton beam 
brightness schemes such as the double-pulse sheath 
mechanism have been demonstrated as highly effective 
[27]. High-conversion efficiency of laser-to-proton 
energy up to 15 % was obtained when 180 J total energy 
is delivered onto the target in two pulses of 800 fs 
duration each, but arriving 1 ps apart, and in intensity 
ratio 1:10 [27]. For boosting the heavy ion yield 
cryotargetry [20, 28, 29] has been used to demonstrate 
enhanced deuterium ion emission. Using the Vulcan 
laser Krygier et al [29] showed that a 3 µm thick layer 
of frozen ‘heavy water’, D2O, grown on the rear side of 
a laser irradiated 10 µm thickness gold foil target sets 
up laser acceleration of an almost pure deuterium ion 
beam with peak energy 14 MeV/nucleon and estimated ~ 
10 % laser-to-deuterium energy conversion efficiency. 
Employing deuterated plastic (CD) as a test convertor 
target under these conditions, Alejo et al [20] obtained a 
high flux (~ 2 x 109 n/sr above 2.5 MeV) neutron beam 
with 70° cone angle emission with 200 J on target 
delivered in 750 fs at 2 x 1020 W/cm2 laser intensity. 
Using higher yield convertor targets, such as Li or Be, 
could deliver even higher fluxes of beamed neutrons.   
An extension of this is to consider a stack design 
convertor combining more than one material to fully 
utilize the broadband and multi-species ion beams and 
optimise neutron generation. For example, a 
lithium-copper combination (see figure 4) was shown to 
boost the neutron yield compared to using a lithium 
block convertor [5] following injection of a proton 
beam from the interaction of the Vulcan 100 TW laser 
pulse (60 J, 1 ps, ~ 8 × 1019 W/cm2) with a 10 µm Au 
foil. The proton beam was characterised using a stack of 
radiochromic film prior to insertion of the convertor 
target and found to have a typical sheath acceleration 

spectral shape – a Maxwell-Boltzmann distribution with 
peak energy of ~ 20 MeV. A stack combination target 
consisting of 4 mm thick lithium foil followed by 1 mm 
thick copper foil was designed to take advantage of the 
cross-section peak for Li7(p,n)Be7 for low energy (~ 2-5 
MeV) protons in tandem with the high cross-section of  
Cu63(p,n)Zn63 reaction for high energy (~ 10 - 15 MeV) 
protons [5]. FLUKA simulations of protons with energy 
> 13 MeV injected into the two convertor target designs 
supported the experimental observations of an increase 
in flux by a factor 3-4 with the Li-Cu combination 
convertor design compared to using the lithium block 
alone [5]. 

 
3.1.3. Neutron moderation 
For most industrial applications of neutrons - including 
neutron radiography and active interrogation – the 
spectral emission needs to be in the thermal to 
resonance energy range (0.025 - 300 eV). Moderation of 
the fast (> 1 MeV) neutrons that are emitted from a 
laser-driven source to epithermal energies was recently 
demonstrated with the Vulcan laser [30]. Fast neutrons 
in this experiment were produced by using protons from 
a 10 µm thick gold foil, irradiated by the Vulcan 100 
TW laser with ~ 50 J delivered onto target in ~ 1 ps at 
intensity ~ 5 x 1019 W/cm2. The subsequent proton beam 
then impinged on a 2 cm thick lithium block convertor. 
The emitted fast neutrons entered into a compact 
moderator design consisting of a 5 cm x 5 cm x 4 cm 
block of high density polystyrene to slow down MeV 
neutrons as well as lead and tungsten layers acting as 
reflectors to the moderated neutrons. A 2 mm cadmium 
layer was placed at the exit plane to absorb low energy 
neutrons and generate a pure epithermal neutron beam. 
The background subtracted neutron flux produced 
during a single shot with neutron energy 0.5 – 300 eV 
was ~ 5 x 105 n/sr. The moderator in this first 
demonstration of epithermal laser-driven neutrons was 

Figure 4: a) Schematic of the laser-driven source 

showing protons emitted from the ‘pitcher’ target 

and (p,n) reaction neutron generation in the 

‘catcher’ – a lithium-copper combination convertor 

and b) a photograph of the experimental 

arrangement showing Au foil proton source targets 

and the convertor target placed close behind 



positioned 11 cm from the neutron generation point. 
However, optimal positioning with the moderator placed 
in contact with the neutron convertor will result in two 
orders magnitude improvement in the epithermal 
neutron flux.  

 
3.2. Enabling technology development 
Advanced engineering schemes will be an integral part 
of an industrially ready system for laser-driven neutron 
generation, especially since high repetition rate of at 
least 10 Hz will be the initial operational base point. 
There are numerous engineering challenges that need to 
be overcome and then integrated into a rugged, 
long-lifetime machine that can be operated by trained, 
but not specialist, users. In this section we present 
examples of recent activity in the development of 
enabling technologies that are key for constructing a 
laser-driven neutron inspection system. 
 
3.2.1. Target engineering 
Any target design and source-convertor combination 
developed to boost the neutron yield needs to have a 
feasible technology roadmap for mass production and 
fast loading of targets to the laser focal position that 
performs at the proposed minimum repetition rate of 10 
Hz. A pulsed cryotarget layer deposition system that 
meets this standard has been developed at the Central 
Laser Facility [23] and is a proven technology for 
deuterium emission enhancement [28]. This and another 
similar system [29] are capable of depositing controlled 
thickness deuterium ice layers onto the rear surface of 

substrate foils to produce either pure deuterium ion 
beams [29] or spectrally peaked emission ion beams 
[28]. Cryogenic targetry is a proven technology for 
generating high-flux neutron emission [20] by 
optimizing the target conditions for efficient 
laser-to-ion energy conversion efficiency. 
 
3.2.2. Detectors 
Detector technology is another crucial part of being able 
to utilize laser-driven neutron beams for applications. A 
significant effort has been devoted to the development 
and calibration of diagnostics for fast as well as 
moderated neutrons. The in-situ generation of bright 
x-rays and suprathermal electrons presents a challenge 
for neutron detectors that are sensitive to this 
high-energy prompt emission. The relative speed of fast 
(> 1 MeV) neutrons is much less compared to the speed 
to x-rays, hence an appropriate time-of-flight (ToF) 
arrangement can provide a meaningful mechanism to 
discriminate these signals against each other. A 
calibration of EJ-232Q plastic scintillators, used as ToF 
detectors, against Bubble Detector Spectrometers (BDS) 
was conducted to enable the diagnostic signal to be used 
to extract an absolute neutron spectrum [31]. The 
relative response of the detectors as a function of 

neutron energy was estimated using a model developed 
by Mirfayzi et al employing Monte-Carlo calculations 
[31]. Neutrons with energy < 0.1 MeV can be diagnosed 
via nuclear reactions in proportional counters, i.e. BF3, 
3He or with inorganic scintillators such as 6Li. The 
latter detector has an excellent response to the 
impinging neutrons and has been found to have a faster 
recovery time from the bombardment of laser-driven 
x-rays [32]. A rapid avalanche process in gas detectors 
is triggered by laser-driven x-rays, blinding the detector 
for several milliseconds after the pulse arrives, thus 
rendering these as suboptimal. An epithermal neutron 

Figure 6: (left) photograph of the cryogenic target 

system inside the experimental chamber and (right) 

shadowgraph images showing controlled deuterium 

ice growth on the surface of a substrate foil target 

Figure 5: Image credit Applied Physics Letters [30] 

The design of the epithermal moderator 

superimposed on the neutron flux distribution (in the 

range of 1 eV–1 keV) across the mid-plane of the 

moderator, obtained from MCNPX simulation, for 1 

MeV neutrons entering the moderator from the left 

side (shown by red arrow). Detectors 1 and 2 were 

positioned 5 cm from the source in the simulation and 

were used to characterise the predicted anisotropy of 

the epithermal neutron emission. 



imaging detector scheme that is insensitive to x-ray and 
electron emission, based on alpha particle tracking after 
boron-neutron capture, was designed by Mirfayzi et al 
[24] and demonstrated using the Vulcan laser. Boron 
nitride (BN) of 1 mm thickness was placed in contact 
with a non-borated cellulose nitride film particle track 
detector. The BN film converts the epithermal neutrons 
to alpha particles via the boron capture reaction n + 10B 
à 7Li + 4He. Only alpha particles generated at the very 
rear of the BN film are detected by the track detector 
since the stopping length of the 1.5 MeV alphas 
produced by the neutron capture is only a few microns 
in BN. An image of an epithermal ‘footprint’ on the 
detector was observed when layering a small piece of 
BN on top of the track detector.   

 
3.2.3.High peak power lasers 
It is finally worth highlighting the significant 
advancement in laser-driver technology that has 
occurred in the last decade. High repetition rate 
PW-class laser systems are the key enabling technology 
for realizing industrial exploitation of laser-driven 
neutrons. The emergence of national laboratory projects 
such as the US HAPLS system [33] and industry 
products such as the THALES PW systems† 2  are 
breaking down the repetition rate limitation barrier. 
Building a > 1 Hz petawatt peak-power laser is a 
complex mission due to the necessity to manage the 
extreme thermal load on the gain media and optics that 
are performing very close to damage threshold. For 
most applications the neutron flux per second is a key 

                                                   
2https://www.thalesgroup.com/en/worldwide/group/mar
ket-specific-solutions-lasers-science-applications/petaw
att-multi-petawatt  

figure of merit as this determines the exposure time 
required and therefore throughput rate. The flux of 
protons scales as EL

2, where EL is the laser energy, and 
the threshold for ion acceleration is ~ 1018 W/cm2 [34]. 
One therefore needs to carefully consider different 
combinations of laser energy and pulse duration and the 
realistic expectations of repetition rate of each 
combination. Furthermore, for each design mode one 
has to assess the performance of the resultant 
laser-driven neutron source and cross-reference this 
with the price point and time-to-market. In the UK, the 
Central Laser Facility has recently developed the 
DiPOLE100 system - producing 100 J laser energy 
pulses at 10 Hz - and has demonstrated very stable 
energy output (1% RMS) over many hours of operation 
[22]. The core amplifier technology is 
diode-pumped-solid-state-laser (DPSSL) and the 
DiPOLE design utilizes stacked slabs of ceramic 
Yb:YAG as the gain media with cryogenic He gas 
cooling to extract the thermal load [35]. The 
diode-to-laser optical efficiency of the system - 21 % 
efficiency recently demonstrated by Banerjee et al [35] 
- is significantly high compared to traditional 
flash-lamp amplifier technology. The system currently 
operates in nanosecond pulse duration mode but pulse 
shortening to the order few picoseconds duration - a 
requirement for driving a neutron source - is feasible 
with additional development work. The first 
DIPOLE100 unit is installed at the HiLASE facility in 
Czech Republic and is shown in figure 8. It has not been 
designed for compactness but this is clearly an area that 
needs consideration before readying for the industrial 
environment.    

 
4. Summary and future work 
 
The UK is an active member of the global effort [36, 37, 
38] to develop laser-driven neutron sources for 
applications, with a focus at present on nuclear waste 
inspection of intermediate level waste via the 
PLATINUM project. In the last five years there have 
been significant advances in enabling technology as 
well as key demonstrations for applications 

Figure 8: Image credit Optica [22] Technical drawing 

of the DiPOLE100 system installed at the HiLASE 

facility in Czech Republic. 

Figure 7: Image credit JINST [24] Schematic of the 

stack detector design and the experimental data 

recorded in the particle track detector film. The 

dashed rectangle shows the position of the BN 

converter and the colour scale indicates the alpha 

particle flux on the detector. 



development in neutron moderation, beam anisotropy 
and flux enhancement. The next steps are now to 
consider the neutron yield performance against 
available and close-to-market laser technology. For the 
DDA technique it is valuable to explore how the 
spectral output of laser-driven sources affects 
performance for this nuclear waste inspection technique 
compared with alternatives sources such as DT tubes 
and cyclotron-driven sources. A simulation desk study 
is sufficient as a base level comparison but ultimately a 
proof-of-concept experiment will be necessary.  
 We are entering a new paradigm with high 
peak power lasers now achieving high average power. 
This clears the path for applying laser-driven neutron 
and x-ray beamlines for challenging inspection 
scenarios found in the nuclear sector. A complete 
system for advanced non-destructive inspection of large, 
dense objects that can be integrated into the 
environment of industrial inspection facilities is an 
inspiring goal.   
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