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RECENT ADVANCES IN LASER-BASED 
NEUTRON SOURCES 

Markus Roth 
Technische Universität Darmstadt

Can lasers complement or even replace particle accelerators for radiation facilities?  
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Proton acceleration with lasers : 
Static electric fields
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Abbildung 2.1: Sketch of the TNSA-mechanism. The laser pulse coming from the left is focused into the
preplasma on the target front side generated by amplified spontaneous emission of the laser system (a).
The main pulse interacts with the plasma at the critical surface and accelerates hot electrons into the target
material (b). The electrons are transported under a divergence angle through the target, leave the rear side
and form a dense electron sheath. The strong electric field of the order of TV/m generated by the charge
separation is able to ionize atoms at the rear side (c). They are accelerated over a few µm along the target
normal direction. After the acceleration process is over and the target disrupted (⇥ns), the ions leave the
target in a quasi-neutral cloud together with comoving electrons (d).

After the fastest electrons have escaped at the rear side leaving the target positively charged, a strong
electrostatic potential is built up due to the charge separation, because the remaining electrons are trap-
ped by Coulomb forces. They are held back and forced to return into the target. Due to this mechanism
an electron sheath is formed at the rear surface of the target. The sheath can only extend over a thin
layer before it is completely shielded. The characteristic distance is called the Debye length, see equa-
tion (6.24). Typically, ⇥D is a few µm [21] for the laser and target parameter within the framework of
this thesis. The initial electric field strength in vacuum can be obtained analytically [89, 90] by solving
Poisson’s equation for the one dimensional case:

�0
⇤2�
⇤z2 = e ne. (2.15)

The electron density in vacuum follows a Boltzmann distribution, where the kinetic energy of the elec-
trons is replaced by the potential energy Epot = �e �:

ne = ne,0 exp
�

e �
kBTe

⇥
(2.16)

with an initial value of ne,0 ⇤ 1020 cm�3. The solution of equation (2.15) can be transformed to the
expression for the maximum electric field at z = 0 by solving E(z) = �⇤�/⇤z:

Emax =
⌅

2
kBT
e ⇥D

. (2.17)

A sheath field of 2 TV/m (or MV/µm) is calculated for kBTe = 1.3 MeV and ⇥D = 0.9 µm. However,
for later times the field strength is a function of the dynamics at the rear side, e.g. ionization and ion
acceleration.

12 2 Proton Generation by Laser-Matter Interaction
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Abbildung 2.1: Sketch of the TNSA-mechanism. The laser pulse coming from the left is focused into the
preplasma on the target front side generated by amplified spontaneous emission of the laser system (a).
The main pulse interacts with the plasma at the critical surface and accelerates hot electrons into the target
material (b). The electrons are transported under a divergence angle through the target, leave the rear side
and form a dense electron sheath. The strong electric field of the order of TV/m generated by the charge
separation is able to ionize atoms at the rear side (c). They are accelerated over a few µm along the target
normal direction. After the acceleration process is over and the target disrupted (⇥ns), the ions leave the
target in a quasi-neutral cloud together with comoving electrons (d).

After the fastest electrons have escaped at the rear side leaving the target positively charged, a strong
electrostatic potential is built up due to the charge separation, because the remaining electrons are trap-
ped by Coulomb forces. They are held back and forced to return into the target. Due to this mechanism
an electron sheath is formed at the rear surface of the target. The sheath can only extend over a thin
layer before it is completely shielded. The characteristic distance is called the Debye length, see equa-
tion (6.24). Typically, ⇥D is a few µm [21] for the laser and target parameter within the framework of
this thesis. The initial electric field strength in vacuum can be obtained analytically [89, 90] by solving
Poisson’s equation for the one dimensional case:

�0
⇤2�
⇤z2 = e ne. (2.15)

The electron density in vacuum follows a Boltzmann distribution, where the kinetic energy of the elec-
trons is replaced by the potential energy Epot = �e �:

ne = ne,0 exp
�

e �
kBTe

⇥
(2.16)

with an initial value of ne,0 ⇤ 1020 cm�3. The solution of equation (2.15) can be transformed to the
expression for the maximum electric field at z = 0 by solving E(z) = �⇤�/⇤z:

Emax =
⌅

2
kBT
e ⇥D

. (2.17)

A sheath field of 2 TV/m (or MV/µm) is calculated for kBTe = 1.3 MeV and ⇥D = 0.9 µm. However,
for later times the field strength is a function of the dynamics at the rear side, e.g. ionization and ion
acceleration.

12 2 Proton Generation by Laser-Matter Interaction
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Abbildung 2.1: Sketch of the TNSA-mechanism. The laser pulse coming from the left is focused into the
preplasma on the target front side generated by amplified spontaneous emission of the laser system (a).
The main pulse interacts with the plasma at the critical surface and accelerates hot electrons into the target
material (b). The electrons are transported under a divergence angle through the target, leave the rear side
and form a dense electron sheath. The strong electric field of the order of TV/m generated by the charge
separation is able to ionize atoms at the rear side (c). They are accelerated over a few µm along the target
normal direction. After the acceleration process is over and the target disrupted (⇥ns), the ions leave the
target in a quasi-neutral cloud together with comoving electrons (d).

After the fastest electrons have escaped at the rear side leaving the target positively charged, a strong
electrostatic potential is built up due to the charge separation, because the remaining electrons are trap-
ped by Coulomb forces. They are held back and forced to return into the target. Due to this mechanism
an electron sheath is formed at the rear surface of the target. The sheath can only extend over a thin
layer before it is completely shielded. The characteristic distance is called the Debye length, see equa-
tion (6.24). Typically, ⇥D is a few µm [21] for the laser and target parameter within the framework of
this thesis. The initial electric field strength in vacuum can be obtained analytically [89, 90] by solving
Poisson’s equation for the one dimensional case:

�0
⇤2�
⇤z2 = e ne. (2.15)

The electron density in vacuum follows a Boltzmann distribution, where the kinetic energy of the elec-
trons is replaced by the potential energy Epot = �e �:

ne = ne,0 exp
�

e �
kBTe

⇥
(2.16)

with an initial value of ne,0 ⇤ 1020 cm�3. The solution of equation (2.15) can be transformed to the
expression for the maximum electric field at z = 0 by solving E(z) = �⇤�/⇤z:

Emax =
⌅

2
kBT
e ⇥D

. (2.17)

A sheath field of 2 TV/m (or MV/µm) is calculated for kBTe = 1.3 MeV and ⇥D = 0.9 µm. However,
for later times the field strength is a function of the dynamics at the rear side, e.g. ionization and ion
acceleration.

12 2 Proton Generation by Laser-Matter Interaction
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Abbildung 2.1: Sketch of the TNSA-mechanism. The laser pulse coming from the left is focused into the
preplasma on the target front side generated by amplified spontaneous emission of the laser system (a).
The main pulse interacts with the plasma at the critical surface and accelerates hot electrons into the target
material (b). The electrons are transported under a divergence angle through the target, leave the rear side
and form a dense electron sheath. The strong electric field of the order of TV/m generated by the charge
separation is able to ionize atoms at the rear side (c). They are accelerated over a few µm along the target
normal direction. After the acceleration process is over and the target disrupted (⇥ns), the ions leave the
target in a quasi-neutral cloud together with comoving electrons (d).

After the fastest electrons have escaped at the rear side leaving the target positively charged, a strong
electrostatic potential is built up due to the charge separation, because the remaining electrons are trap-
ped by Coulomb forces. They are held back and forced to return into the target. Due to this mechanism
an electron sheath is formed at the rear surface of the target. The sheath can only extend over a thin
layer before it is completely shielded. The characteristic distance is called the Debye length, see equa-
tion (6.24). Typically, ⇥D is a few µm [21] for the laser and target parameter within the framework of
this thesis. The initial electric field strength in vacuum can be obtained analytically [89, 90] by solving
Poisson’s equation for the one dimensional case:

�0
⇤2�
⇤z2 = e ne. (2.15)

The electron density in vacuum follows a Boltzmann distribution, where the kinetic energy of the elec-
trons is replaced by the potential energy Epot = �e �:

ne = ne,0 exp
�

e �
kBTe

⇥
(2.16)

with an initial value of ne,0 ⇤ 1020 cm�3. The solution of equation (2.15) can be transformed to the
expression for the maximum electric field at z = 0 by solving E(z) = �⇤�/⇤z:

Emax =
⌅

2
kBT
e ⇥D

. (2.17)

A sheath field of 2 TV/m (or MV/µm) is calculated for kBTe = 1.3 MeV and ⇥D = 0.9 µm. However,
for later times the field strength is a function of the dynamics at the rear side, e.g. ionization and ion
acceleration.

12 2 Proton Generation by Laser-Matter Interaction

Laser Breakout Afterburner – Mechanism

a) Target Normal Sheath Acceleration (TNSA) phase
b) Intermediate phase
c) Laser Breakout Afterburner (BOA) phase

17.11.2011 | TUD (IKP) | M. Roth | 3
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Why are we interested in Neutrons?

Neutrons: 
A special gift for science

„Neutrons tell us
where the atoms are
and how they move.“
o macroscopic functionalities of materials

Clifford Shull
Nobel Prize Physics 

Neutrons are rarely the first,
but often the last probe
for new materials or new phenomena. 
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Applications for neutrons

The rendering image of non-destructive inspection of 
bridges with compact neutron source and data 
analysis system (RIKEN)! 12!

D. Detailed Technical Approach 
 
D.I  Introduction: The Need for Compact, High Flux Neutron Sources and Our Proposed Path  
 
It is well known that neutron imaging yields information in non-destructive evaluation (NDE) that 
other techniques are incapable of delivering [1,2].  Unlike x-rays, neutrons can penetrate thick (tens 
to hundreds of cm), of mid- to high- Z metals, such as aluminum, steel or titanium.  On the other 
hand, neutrons are strongly scattered by low Z elements (hydrogen or boron, say) which allows 
neutrons to interrogate or image hydrogenous structures in thick materials which are otherwise 
opaque to optical or x-ray probes.  The unique probing ability of neutrons has been exploited in 
many areas for NDE, including, for example, in the critical study of corrosion in military and 
commercial aircraft [3,4].  In this application the problem arises because many critical components 
are made of thick aluminum honeycomb.  When aircraft descend from altitude moisture can be 
pulled into leak paths, leading to corrosion and structural failure.  Fuel leaks also pose problems 
which can be detected with neutron imaging.  A complementary technique, neutron scattering, also 
yields quantitative information on hydrogen concentrations, an indicator of metal embrittlement. 
 
The power of neutrons as a diagnostic is well illustrated by the thermal neutron radiograph of two 
typical jet engine turbine blades in figure 1.  In the blade on the left a defect in manufacturing is 
clearly visible in the upper left part of the image.  Residual ceramic remains, clogging the cooling 
channel of this blade.  Such a defect would lead to over heating of the blade and catastrophic failure 
of the jet engine.  X-rays are inadequate to observe the presence of such low Z materials in metals.  
In addition to straightforward imaging, neutron diagnostics are powerful because of their sensitivity 
to the presence of hydrogen in a material.  For example, neutron tomography has been implemented 
and shown to detect hydrogen impurities in engine compressor blades down to 200 ppm [4].  The 
power of neutrons for NDE is widely recognized but the move from laboratory to industry or the 
field has been severely hampered by the lack of available neutron sources.  Virtually all useful 
neutron diagnostics to date have been performed in MW-class TRIGA  (Training, Research, 
Isotopes, General Atomics) nuclear reactors.  Given the limited availability of these devices and the 
obvious lack of portability, widespread implementation of neutron based NDE has not occurred. 
 
 
  

 
 

Figure 1: Thermal neutron radiograph of two jet engine turbine blades 
 Thermal neutron radiograph of 

two jet engine turbine blades 

Neutron radiography of a 
motorcycle engine. FRM II/ANTARES

 Y. Seki et al.  /  Physics Procedia   60  ( 2014 )  324 – 326 325

rejected by time-of-flight measurement. We have already started to develop the fast neutron imaging 
system for concrete structures at RIKEN Accelerator-driven compact Neutron Source (RANS).  

In this paper, we make a brief study of the fast neutron source in the system for efficient imaging. 

2. Simulation and discussion 

2.1. Effective absorption coefficient of concrete 

We start the discussion by considering the interaction between neutrons and concrete. Ordinary 
concrete (OC) is primarily composed of SiO2, Al2O3, CaO, Fe2O3 and their hydrates. Fig. 1 shows the 
ratio of atomic numbers in OC. The most abundant element is oxygen followed by hydrogen and silicon. 
From this ratio and cross section data, the effective absorption coefficient of OC for neutrons can be 
calculated (Fig. 2). The energy dependence of the absorption coefficient is roughly determined by that of 
oxygen. The absorption coefficient is relatively small in the range of 2 to 3 MeV and there is also a local 
dip around 2.3 MeV. Using neutrons in this energy range, we can realize clear radiographic measurement 
of concrete with less absorption and scattering.  

 
 
 
 
 
 
 
 
 
 

Fig. 1. Ratio of atomic numbers in OC.                                             Fig. 2. Effective absorption coefficient of OC. 

2.2. Energy and angular distribution of fast neutrons generated by 9Be(p, n) reaction 

The fast neutron source in the system will employ the nuclear reaction 9Be(p, n), which is practically 
used in RANS. This reaction has the advantages that high intensity neutron beams are available with low 
production threshold and the activation of materials in the source equipment is controlled in low level. 

Although it is generally difficult to simulate low energy nuclear reactions accurately, we can refer 
some experimental data. Fig. 3 evaluates the energy and angular distribution of neutrons produced by 
9Be(p, n) reaction with 4.7 MeV incident protons. These plots are interpolated from the measured values 
with 4.0 [1] and 5.0 [2] MeV incident protons. There are forward broad peak in the range between 2 to 3 
MeV which is suitable for non-destructive measurement of concrete structures. This peak also continues 
gently in the range between 0 to 30 degrees. This flat angular distribution enables us to irradiate 
efficiently the large-area sample at one time. 

Using PHITS (Particle and Heavy Ion Transport code System), we carried out the simulation of 
radiographic measurement of OC with fast neutrons produced by the above reaction. The beam source 
was Gaussian shape with an root mean square radius of 5 cm. The energy and angular distribution were 
assumed to be in the range of 2 to 3 MeV and 0 to 30 degrees, respectively. The sample OC was 100 cm 
high, 100 cm wide, 30 cm deep, and located 250 cm apart from the source. There were some air gaps with 
a volume of 3 cm cubed arranged at 20-cm grid spacing inside the sample. The simulation result of 
transmitted neutron flux is shown in Fig. 4. The whole area of the large sample was irradiated by a small 

0 0.1 0.2 0.3 0.4 0.5

C

Mg

Fe

K

Na

Ca

Al

Si

H

O

Ratio of number density

0

0.1

0.2

0.3

0.4

0.5

0.6

0 1 2 3 4

A
b

so
rp

ti
o

n
co

ef
fi

ci
e

n
t

[c
m

-1
]

Neutron energy [MeV]



 |Crete | 2017

Compact neutron sources

Highly penetrating

GKSS, Geesthacht
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Compact neutron sources

Highly penetrating

GKSS, Geesthacht

CSIRO. Fast neutron and gamma-ray interrogation of air cargo containers

Main Steps for Image Processing System

+

γγγγ image

Several n images! Data preconditioning, registration, and 
geometry distortion corrections

! Correct scattering, cross-talk, and 
background radiation

! Noise removal (smoothing) and 
increase definition (sharpening)

! Determine composite R value and map 
it to hue, and map gamma attenuation 
to lightness

! Background subtractionCSIRO. Fast neutron and gamma-ray interrogation of air cargo containers

Main Steps for Image Processing System

+

γγγγ image

Several n images! Data preconditioning, registration, and 
geometry distortion corrections

! Correct scattering, cross-talk, and 
background radiation

! Noise removal (smoothing) and 
increase definition (sharpening)

! Determine composite R value and map 
it to hue, and map gamma attenuation 
to lightness

! Background subtraction

CSIRO. Fast neutron and gamma-ray interrogation of air cargo containers

Main Steps for Image Processing System

+

γγγγ image

Several n images! Data preconditioning, registration, and 
geometry distortion corrections

! Correct scattering, cross-talk, and 
background radiation

! Noise removal (smoothing) and 
increase definition (sharpening)

! Determine composite R value and map 
it to hue, and map gamma attenuation 
to lightness

! Background subtraction

CSIRO. Fast neutron and gamma-ray interrogation of air cargo containers

Main Steps for Image Processing System

+

γγγγ image

Several n images! Data preconditioning, registration, and 
geometry distortion corrections

! Correct scattering, cross-talk, and 
background radiation

! Noise removal (smoothing) and 
increase definition (sharpening)

! Determine composite R value and map 
it to hue, and map gamma attenuation 
to lightness

! Background subtraction

Complementary to X-rays

Who needs ultra-short pulsed fast neutrons?

X-ray absorption cross section

Neutron absorption cross section

H         D    C     O       Al        Si            Fe

Ishay Pomerantz / U. Texas
Thursday, November 14, 13

Eberhardt, CSIRO
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Compact neutron sources

Highly penetrating
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CSIRO. Fast neutron and gamma-ray interrogation of air cargo containers

Main Steps for Image Processing System

+

γγγγ image

Several n images! Data preconditioning, registration, and 
geometry distortion corrections

! Correct scattering, cross-talk, and 
background radiation

! Noise removal (smoothing) and 
increase definition (sharpening)

! Determine composite R value and map 
it to hue, and map gamma attenuation 
to lightness
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IAEA-TECDOC-1439

Development opportunities for small
and medium scale accelerator 

driven neutron sources
Report of a technical meeting

held in Vienna, 18–21 May 2004

February 2005

Development opportunities for small scale and medium scale 

accelerator driven neutron sources [IAE04]:  

Foreword: „[...] Small and medium power spallation sources will 

become more important as many small neutron producing 

research reactors are being phased out. [...] In addition to basic 

research theses alternate neutron sources will be important for 

educational and training purposes. [...] Neutron applications in 

life sciences will be a rapidly growing research area in the near 

future. Neutrons can provide unique information on the reaction 

dynamics of complex biomolecular systems, complementing other 

analytical techniques such as microscopy, X rays and NMR. There 

is a general belief in the life sciences community that neutron 

methods are an emerging technique and not exploited to their full 

capacity. This is partly due to the fact that useful neutron beams 

can only be generated at advanced research reactors and/or high 

energy neutron spallation sources.“  
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different mechanisms
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Electron driven neutron generation
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Pomerantz I. et. al, submitted
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Presentation name12

Neutron Economy at SNS

• 1.4 MW SNS produces:   2 ×1017 n/s 
• Thermal neutrons at beamline start: 2×1012 n/s 
• Neutrons at sample position (white): 2×1011 n/s 
• Neutrons at sample (chopped):  2×1010 n/s 
• Neutrons scattered:                          2×108 n/s 
• Neutrons counted:    5×107 n/s 

Neutron counted/Neutrons produced: 3×10-10 
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Previous attempts on laser driven neutron 
production (not including fusion)

Laser generated neutron source for neutron resonance spectroscopy
D. P. Higginson,1,2 J. M. McNaney,2 D. C. Swift,2 T. Bartal,1,2 D. S. Hey,2 R. Kodama,3,4

S. Le Pape,2 A. Mackinnon,2 D. Mariscal,1 H. Nakamura,3 N. Nakanii,1,3,4

K. A. Tanaka,3,4 and F. N. Beg1
1Department of Mechanical and Aerospace Engineering, University of California-San Diego, La Jolla,
California 92093, USA
2Lawrence Livermore National Laboratory, Livermore, California 94550, USA
3Institute of Laser Engineering, Osaka University, 2-6, Yamada-oka, Suita, Osaka 565-0871, Japan
4Graduate School of Engineering, Osaka University, 2-1, Yamada-oka, Suita, Osaka 565-0871, Japan

!Received 6 May 2010; accepted 9 August 2010; published online 14 October 2010"

A neutron source for neutron resonance spectroscopy has been developed using high-intensity,
short-pulse lasers. This technique will allow robust measurement of interior ion temperature of
laser-shocked materials and provide insight into material equation of state. The neutron generation
technique uses laser-accelerated protons to create neutrons in LiF through !p ,n" reactions. The
incident proton beam has been diagnosed using radiochromic film. This distribution is used as the
input for a !p ,n" neutron prediction code which is validated with experimentally measured neutron
yields. The calculation infers a total fluence of 1.8!109 neutrons, which are expected to be
sufficient for neutron resonance spectroscopy temperature measurements. © 2010 American
Institute of Physics. #doi:10.1063/1.3484218$

A concrete understanding of material equation of state
!EOS" is of underlying importance in many fields !e.g., plan-
etary physics, geophysics, shocked matter physics, and
warm-dense matter physics". One of the most fundamental
quantities in EOS measurement is temperature, which is
rarely measured. A major hurdle to temperature measure-
ments is that conventional optical diagnostic techniques can-
not be used to probe the interior of opaque materials, such as
metals, while surface or interface techniques are inherently
complex. A technique known as neutron resonance
spectroscopy1 !NRS" avoids this problem by using neutrons
to diagnose temperature.

In NRS, a beam of neutrons, with energies of 1–100 eV,
is sent through a sample made of or doped with a material
possessing strong neutron absorption resonances at these en-
ergies !e.g., W and Mo". When passing through, the material
neutrons are absorbed by nuclear resonances in the ions,
which can be seen as negative-peaks in the resulting neutron
spectrum. From these peaks, the spectral broadening and
shifting can be measured, enabling determination of ion tem-
perature and velocity, respectively.

So far, NRS experiments have been performed using
spallation neutrons from a proton accelerator ring. These ex-
periments probed a shocked Mo target doped with W and
inferred a corrected temperature2 of around 700 K with error
bars of "100 K, these error bars are lower than currently
demonstrated with other nonoptical measurement techniques
!e.g., x-ray Thomson scattering". However, in order to pro-
vide shocked states for EOS investigation at these facilities,
detonation of chemical explosives accelerates flyer plates
into the material of interest. This technique is difficult and
expensive to employ. On the other hand, nanosecond lasers
have been used extensively to study shocked3 and warm-
dense matter.4 Many of these laser facilities are equipped

with high intensity, short pulse lasers that can be used con-
currently with the nanosecond laser pulse.

The use of high power, high intensity laser beams to
accelerate protons has been well studied.5–9 In 2004 Lan-
caster et al.,10 according to our knowledge, were the first to
show the conversion of these laser-generated protons into
neutrons by directing these protons on a LiF slab and taking
advantage of the 7Li!p ,n"7Be reaction. More recently, Davis
et al.11 showed numerical modeling of the 7Li!d ,xn" reaction
using laser-accelerated deuterons. This work shows signifi-
cant potential for creating a large amount neutrons with high
energy !#15 MeV" using a petawatt class laser.

In the NRS scheme, the laser-generated neutrons are
moderated down to appropriate epithermal energies. The pi-
cosecond scale pulse length of the laser !as with the accel-
erator beam" and the ability to dope only a given section of
the material, enables temporal and spatial effects !e.g., rar-
efaction" to be minimized. In this letter, it is shown that
neutrons produced through !p ,n" reactions with laser accel-
erated protons are a route to performing NRS measurements
in laser shocked materials.

The experiment was performed on the Titan Laser of the
Jupiter Laser Facility at the Lawrence Livermore National
Laboratory. The Titan laser is a Nd:glass laser with $laser
=1054 nm, used at best focus !spot diameter of 7 %m with
20% of energy" and shortest pulse length, 0.7 ps. The laser
was focused on Cu foil of 25 %m thickness, which acceler-
ated high energy electrons in the forward direction setting up
an electric field that accelerated a quasineutral proton beam
from a hydrocarbon debris layer on the rear of the target. In
phase I, these protons were incident on a radiochromic film
!RCF" stack !see phase I of Fig. 1" to measure the proton
distribution or, in phase II, they were incident on a 0.9 mm
LiF converter foil !see phase II of Fig. 1". The LiF converter
foil contains large cross-sections for !p ,n" reactions !see

PHYSICS OF PLASMAS 17, 100701 !2010"
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Production of neutrons up to 18 MeV in high-intensity, short-pulse
laser matter interactions
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The generation of high-energy neutrons using laser-accelerated ions is demonstrated experimentally
using the Titan laser with 360 J of laser energy in a 9 ps pulse. In this technique, a short-pulse,
high-energy laser accelerates deuterons from a CD2 foil. These are incident on a LiF foil and
subsequently create high energy neutrons through the 7Li(d,xn) nuclear reaction (Q¼ 15 MeV).
Radiochromic film and a Thomson parabola ion-spectrometer were used to diagnose the laser
accelerated deuterons and protons. Conversion efficiency into protons was 0.5%, an order of
magnitude greater than into deuterons. Maximum neutron energy was shown to be angularly
dependent with up to 18 MeV neutrons observed in the forward direction using neutron time-of-flight
spectrometry. Absolutely calibrated CR-39 detected spectrally integrated neutron fluence of up to
8" 108 n sr#1 in the forward direction. VC 2011 American Institute of Physics.
[doi:10.1063/1.3654040]

The generation of neutrons with energies in excess of 10
MeV is of great interest due to demanding applications, such
as fusion power plant materials testing,1 contraband detec-
tion,2 and fissile material waste disposal,3 among others.4,5

These applications require a high flux of neutrons, which is
possible with nuclear reactors, spallation sources, and parti-
cle accelerators. Unfortunately, these devices not only take
up significant space but also extremely expensive to build
and maintain [see Ref. 1 for details]. High-intensity, petawatt
class lasers may provide an attractive alternate with rela-
tively lower costs, which is timely due to the rapid advance
of high repetition rate, high energy lasers.6

It has previously been demonstrated experimentally that
high-intensity lasers can be used to produce neutrons by
directly accelerating deuterons through thick deuterated tar-
gets7 or using accelerated protons impinging on a secondary
target.4,5 However, due to low exothermic reaction energies,
these studies were limited to neutron energies below 3 MeV.
Perkins et al.1 proposed a conceptual design of producing
neutrons above 10 MeV using deuterium-tritium targets, though
no experiments were carried out to implement this design.
Recently, a new scheme was proposed by Davis and Petrov
et al.8 to generate neutrons in excess of 10 MeV by accelerating
deuterons and interacting them with Lithium or other low Z
materials. This technique has the advantage of producing higher
and more directional neutron fluence, but experiments had not
yet been carried out to validate these predictions.

In this letter, we present the first experimental results of
the production of neutrons with energies up to 18 MeV using

high-energy, short pulse lasers. Spectrally integrated fluence
of up to 8" 108 n sr#1 was measured.

This experiment was performed at the Jupiter Laser Fa-
cility at the Lawrence Livermore National Laboratory
(LLNL) using the Titan laser. Titan is an Nd:glass, k¼ 1.05
lm, laser with a 15 lm diameter focal spot containing 50%
of the laser energy. The laser energy was 360 J and the pulse
length was 9 ps, giving a peak intensity of 2" 1019 W=cm2.
The inset of Figure 1 shows the target setup to create neu-
trons. The laser was incident on a 25 lm CD2 foil at 16.5$,
which accelerated ions from the rear surface of the foil
through the target-normal sheath acceleration (TNSA) mech-
anism.9 Since the TNSA mechanism is more effective for
ions with large charge-to-mass ratios,10 protons (from a con-
taminant layer on the target) are preferentially accelerated
over other ion species. These ions were then incident on a
1.8 mm LiF slab placed 1 mm away from the foil, where
they generated neutrons through nuclear reactions in the LiF.
The target setup to diagnose the ion beam was similar with
the exception of the LiF slab.

Radiochromic film (RCF) stacks were used to measure
the absolute spectrum of the proton beam. RCF is an abso-
lutely calibrated11 film that is sensitive to ions. Alternating
layers of RCF and Al were placed 9 cm from the target and
resolved energies from 5.1 to 36 MeV. The lowest energy
was set to avoid contamination by other ions. While some
deuterons deposit energy in the RCF, they are much lower in
number than the protons and can be neglected. The proton
spectrum was fit with a Maxwellian energy spectrum

1070-664X/2011/18(10)/100703/4/$30.00 VC 2011 American Institute of Physics18, 100703-1
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Investigations of 7Li(p ,n)7Be reactions using Cu and CH primary and LiF secondary targets were
performed using the VULCAN laser #C.N. Danson et al., J. Mod. Opt. 45, 1653 !1997"$ with
intensities up to 3!1019 W cm"2. The neutron yield was measured using CR-39 plastic track
detector and the yield was up to 3!108 sr"1 for CH primary targets and up to 2!108 sr"1 for Cu
primary targets. The angular distribution of neutrons was measured at various angles and revealed
a relatively anisotropic neutron distribution over 180° that was greater than the error of
measurement. It may be possible to exploit such reactions on high repetition, table-top lasers for
neutron radiography. © 2004 American Institute of Physics. #DOI: 10.1063/1.1756911$

I. INTRODUCTION

There has been considerable research into energetic pro-
ton and ion beams produced in short pulse, high intensity,
laser–plasma interactions.1–9 The protons appear to be accel-
erated from two regions of the target. At the front of the
target, ion acceleration can occur by a number of mecha-
nisms: electrostatic sheath expansion into the vacuum,10 a
Coulomb explosion of a channel formed in the preformed
plasma generated by the pedestal of the laser pulse,11 hole-
boring induced by charge separation,12 and by electrostatic
shocks.13 At the rear surface of the target, an electrostatic
sheath, generated by fast electrons that reach there but cannot
escape the target due to space charge build up, also acceler-
ates ions.14

These laser produced proton beams can be used to in-
duce reactions in secondary cold targets to produce a bright
source of neutrons. Neutrons from laser–plasma interactions
could be developed as a source for fast neutron
radiography.15 Neutrons provide a good method of differen-
tiating between high and low Z materials due to the fact that
they are attenuated by atomic nuclei. Low Z ions scatter
neutrons more effectively than high Z ions. X rays, by con-
trast, are attenuated by electrons and are less able to distin-
guish between nuclei with different atomic mass. Both ther-
mal and fast neutrons can be used for imaging purposes, but
fast neutrons are ideal for imaging the interior of dense ob-
jects that would attenuate thermal neutrons.

Laser produced protons can also be used for imaging
purposes.16–21 Protons can be attenuated by both collisional

processes and by electromagnetic fields. They can image
high and low Z materials as well as provide information on
static and transient electromagnetic fields that are generated
in laser–plasma interactions. Much development has been
done to characterize the source19–21 and the technique has
been used to image transient effects17,18 and static
objects.16,19 However the advantage of developing neutron
radiography is that it can potentially be used to image large,
bulky objects and will be unaffected by electromagnetic
fields.

There are several methods of fast neutron radiography.
The first one relies on time-of-flight detection of gamma rays
emitted from nuclei excited by the neutron beam along with
neutron transmission measurement to gain a spatially re-
solved picture of elemental composition with position.22 This
method has been proposed for the detection of hidden drugs
and buried layers of different elemental composition. Second
it is possible to employ neutron resonance radiography23 to
determine elemental composition. By varying the energy of
the neutron beam, resonances in the cross section of neutrons
incident on particular nuclei can be utilized. Neutron scatter-
ing is maximized at these resonances and leads to a reduction
in neutron transmission. By spatially resolving the neutron
flux an image of the element’s line density can be obtained.
Even the nonresonant scattering depends on material density
fluctuations and can be used in a similar way to obtain an
image.24

We present here the first study of (p ,n) reactions in-
duced in secondary LiF targets from laser-produced proton
beams that reveals both high neutron fluxes—up to 3
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Abstract
Numerical simulations of neutron production from deuterium–lithium nuclear
fusion reactions have been performed. A set of differential cross sections for the
7Li(d,xn) reaction for incident deuteron energies of up to 50 MeV is assembled.
The angular distribution of neutrons from a thick lithium target is simulated and
benchmarked against experimental data. Two-stage neutron production from
laser–target experiments has been studied as a function of laser intensity and
energy. During the first stage a well collimated deuteron beam is generated
using a high-intensity ultrashort pulse laser. During the second stage it is
transported through a lithium target using a 3D Monte-Carlo ion beam–target
deposition model. The neutron yield is estimated to be ∼108 neutrons J−1 laser
energy. Some 1010 neutrons can be expected from a ∼100 J petawatt-class
laser. For incident deuteron energies above 1 MeV the proposed scheme for
neutron production from d–Li reactions is superior to that from d–d reactions,
producing a collimated beam of neutrons with higher neutron yield.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

There is an ongoing need for tools that can explore the materials’ physical, electrical, magnetic
and biological properties. In addition to x-rays and charged particle beams, matter can be
probed with neutrons. The neutrons possess truly unique properties, which differentiate them
from other particles: lack of charge and electric dipole moment and interactions limited only
to the nucleus of atoms through short-range nuclear forces. This allows deep penetration of

0741-3335/10/045015+15$30.00 © 2010 IOP Publishing Ltd Printed in the UK & the USA 1
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Neutrons are unique particles to probe samples in many fields of research ranging from biology to

material sciences to engineering and security applications. Access to bright, pulsed sources is currently

limited to large accelerator facilities and there has been a growing need for compact sources over the

recent years. Short pulse laser driven neutron sources could be a compact and relatively cheap way to

produce neutrons with energies in excess of 10 MeV. For more than a decade experiments have tried to

obtain neutron numbers sufficient for applications. Our recent experiments demonstrated an ion accel-

eration mechanism based on the concept of relativistic transparency. Using this new mechanism, we

produced an intense beam of high energy (up to 170 MeV) deuterons directed into a Be converter to

produce a forward peaked neutron flux with a record yield, on the order of 1010 n=sr. We present results

comparing the two acceleration mechanisms and the first short pulse laser generated neutron radiograph.

DOI: 10.1103/PhysRevLett.110.044802 PACS numbers: 29.25.Dz, 52.38.Kd, 52.50.Jm, 52.59.!f

Neutrons offer a uniquely different interaction to probe
or alter material compared to x rays or charged particles.
Possible applications range from active interrogation of
sensitive material [1], nuclear waste transmutation, and
material testing in fission and fusion reactor research [2].
Moreover, the fundamental disparate dependences of the
stopping power with target atomic number allows for
complementary information when combined with hard
x rays and energetic charged particles for probing a wide
range of target materials. Consequently, the production of
penetrating neutrons with energies in excess of 10 MeV is
of great interest. Intense pulses of neutrons can be derived
from high-energy particle accelerators and high flux beams
from fission reactors, but for more portable demands or
academic research the size and costs of these devices are
preventing their widespread use. It has been established to
use high-energy short pulse (HESP) lasers, which are more
compact than accelerator systems, to drive intense beams
of ions, mainly protons, for years now [3–9]. Consequently
attempts have been made to use such systems to produce
neutron beams [10,11]. The most recent experiments [12]
used one of the most favorable reactions, where deuterons,
accelerated to MeV energies, are dumped in low-Z con-
verter targets. The typical scheme to accelerate ions by
short pulse lasers is the so-called target normal sheath
acceleration mechanism (TNSA) [3–5]. One major draw-
back of this scheme is that it always favors the acceleration
of surface particles with the highest charge-to-mass ratio
and based on the presence of hydrogenous surface contam-
inants (water vapor, hydrocarbons) all the present experi-
ments suffer from a low conversion efficiency for the
acceleration of deuterons. Here, we present the first highly

efficient neutron production using HESP lasers with
ultrahigh contrast and a recently discovered acceleration
mechanism to produce sufficient numbers for fast neutron
radiography. With less than a quarter of the laser energy
used in previous experiments we obtained not only more
than an order of magnitude higher neutron yields, but
also much higher neutron energies and in a favorable
geometry for future applications, i.e., in a forward directed
neutron beam.
Relativistic transparency.—The ultrahigh contrast of the

TRIDENT laser enabled acceleration of deuterons through
the break-out afterburner (BOA) mechanism, which has
been described in detail in Refs. [13,14]. This mechanism
starts as the laser pulse accelerates copious amounts of
electrons into and through the opaque target similar to the
classical TNSA regime. But then, due to the high intensity
and the limited amount of target electrons in the focal
volume the target becomes relativistically transparent dur-
ing the increase of the laser intensity. This is caused by the
effective increasing relativistic mass of the oscillating
electrons and the reduction of the electron density as their
number is limited in thin foils. At this point, close to the
peak intensity of the laser pulse, the laser interacts with the
entire target volume, continuously resupplying energy to
electrons to further accelerate the ions to tens ofMeV=amu
[15]. Besides generating higher energy particles the main
difference of this mechanism is that the entire target vol-
ume material is accelerated, independent of the charge-to-
mass ratio. Thus, efficient deuteron acceleration (with a
yield one order of magnitude higher than the proton yield)
was demonstrated. Beryllium was used as the converter
providing a high cross section for neutron production, but
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NUCLEAR ENGINEERING AND NONPROLIFERATION 

 

First nuclear material detection by one short-pulse laser-driven neutron source 

In a set of experimental campaigns in 2012, scientists working at the Lab’s Trident laser system created 

the world’s record for short-pulse laser-generated neutron flux. The team produced the beam by sending 

laser pulses into a deuterium-rich plastic target, knocking deuterons (consisting of a proton and a 

neutron) into a beryllium rod that then shot neutrons forward. The technique used less than one-quarter 

of the laser energy and generated an order of magnitude more neutrons in a forward directed beam than 

previous methods. One of the main motivations to develop a bright pulsed neutron source is for the assay 

of special nuclear materials for accountancy, safeguards, and security. An intense neutron burst offers 

the potential for a high signal-to-noise ratio in difficult to measure cases (for example, the high passive 

emission rate of spent fuel) and the important prospect of a short assay time for high item throughput. 

Building on this success in generating a neutron flux at the Trident laser, A. Favalli and M. Swinhoe 

(Safeguards Science and Technology, NEN-1) led a team that has made the first experimental 

demonstration of active interrogation of nuclear material by a short-pulse laser-driven neutron source.  

 

The researchers conducted an experimental campaign at the Lab’s Trident Facility to explore: 1) the 

feasibility of active interrogation of nuclear material by a laser-driven neutron source, and 2) the 

challenging problem of active interrogation of nuclear material by a single pulse. The scientists chose 

delayed neutrons as the signature for nuclear material because these neutrons are characteristic 

signatures for nuclear fissions (very few other processes 

yield delayed neutrons). The detection system consisted 

of two identical neutron detector well counters. One 

detector contained a 2 kg sample of depleted uranium, and 

the other one was empty for background comparison. The 

team used the neutrons generated from the laser pulse to 

induce fission in uranium and detect the resultant delayed 

neutrons. A single shot interrogation of the depleted 

uranium sample revealed a clear signal from the delayed 

neutrons in the detector with uranium, compared with the 

background, and with the typical time behavior of delayed 

neutrons.   

 

Photo. Trident laser shot. 

 

The team includes M. Roth (Technical University of Darmstadt and Experimental Physical Sciences, 

ADEPS), J. S. Bridgewater, A. Favalli, D. Henzlova, K. Ianakiev, M. Iliev, and M. Swinhoe (Safeguards 

Science and Technology, NEN-1); K. Falk, J. Fernandez, D. Gautier, R. P. Johnson, D. Jung, and T. 

Shimada (Plasma Physics, P-24); N. Guler (Neutron Science and Technology, P-23); C. E. Hamilton 

(Polymers and Coatings, MST-7), and S. Croft (Oak Ridge National Laboratory).  
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W ährend der letzten Jahre 
haben sich Hochleistungs-

laser rasant entwickelt. Solche 
Lasersysteme erzeugen Pulse, die 
– je nach verwendetem aktivem 
Lasermedium – zwischen 25 und 
etwa 1000 Femto sekunden dauern. 
Innerhalb dieser kurzen Zeit trans-
portieren sie Energien von einigen 
bis hin zu mehreren 100 Joule, so-
dass Spitzenleistungen von einigen 
10 Terawatt (TW) bis hin zu 1 Peta-
watt möglich sind. Fokussiert auf 
wenige µm2, entstehen so Spitzen-
intensitäten von 1021 W/cm2 und 
mehr. Die damit verbundenen elek-
trischen Felder reichen aus, um Ma-
terie im Fokus des Lasers zu ioni-
sieren und die dabei frei werdenden 
Elektronen innerhalb des Bruchteils 
einer Schwingungsperiode des 
Lichts nahezu auf Lichtgeschwin-
digkeit zu beschleunigen. Die nahe-
liegende Idee, diese immensen Feld-
er zur Beschleunigung geladener 
Teilchen zu verwenden und damit 
deutlich kompaktere Beschleuniger 
als die konventionellen zu bauen, 
ist ein Motor für die weltweite For-
schung mit diesen Lasern. Kürzlich 
ist es einem internationalen For-

scherteam in einem zweistufigen 
Prozess gelungen, erstmals brillante 
Neutronenstrahlen mit kinetischen 
Energien von bis zu 150 MeV und 
einem maximalen Neutronenfluss 
von bis zu 1010/sr pro Puls zu erzeu-
gen und damit Materialien zu un-
tersuchen [1]. Bereits zuvor hatte ein 
Münchner Team gezeigt, dass sich 
mit laserbeschleunigten Protonen 
von einigen MeV grundsätzlich 
 Tumorzellen bestrahlen lassen [2].

Die Felder der Laser sind zwar 
um mehrere Größenordnungen 
höher als diejenigen in konven-
tionellen Beschleunigern, da sie 
aber mit der Frequenz des Lichts 
ωL oszillieren, ändert sich auch die 
Beschleunigungsrichtung der gela-
denen Teilchen periodisch, sodass 
sich mit den Feldern nicht direkt 
gerichtete und kollimierte Teilchen-
strahlen erzeugen lassen. Anders ist 
die Situation, wenn ein Laserpuls 
auf eine dünne Folie fällt und dabei 
das Material ionisiert. Die Elektro-
nendichte des entstehenden Plas-
mas ist so hoch, dass das Licht nicht 
mehr in die Folie eindringen kann, 
sondern auf der Vorderseite bei 
Erreichen einer kritischen Dichte nc 
zum Teil absorbiert oder reflektiert 
wird. Anschaulich kann hierbei 
der Lichtdruck (präziser: die pon-
deromotive Kraft des Laserpulses) 
die Elektronen in die ionisierte 
Targetfolie hineindrücken. Die mit 
der Ladungstrennung verbundenen 
elektrischen Felder beschleuni gen 
dann auch die positiven Ionen. 

Spezielle Folien, die nur weni-
ge Nano meter dick sind, z. B. 
Diamant-ähnliche Kohlenstoff-
folien (DLC-Folien), haben es in 
der jüngsten Vergangenheit erlaubt, 
mit Hochleistungslasern sehr effi-
zient Ionenstrahlen mit kinetischen 
Energien von 10 bis über 100 MeV 
zu erzeugen [1–4]. Bei so dünnen 
Folien ist entscheidend, dass der 
Kontrast des Laserpulses möglichst 
hoch ist, d. h. die Intensität bis zu 
wenigen Pikosekunden vor dem 
Hauptpuls möglichst niedrig bleibt. 
Ansonsten stören solche Vorpulse 
den Beschleunigungsvorgang [5]. 

Auf diese Weise erzeugte Ionen-
strahlen wurden jetzt erfolgreich 
für erste Anwendungen verwendet.

Zur Erzeugung eines intensiven 
Neutronenstrahls hat ein interna-
tionales Team aus Forschern der 
TU Darmstadt sowie der National 
Laboratories von Los Alamos und 
Sandia in den USA das Lasersystem 
TRIDENT in Los Alamos verwen-
det, um zunächst Deuteronen zu 
beschleunigen, die aus einem Be-
ryllium-Konverter die gewünschten 
Neutronen herausschlagen [1]. Fällt 
der 200-TW-Laserpuls auf eine we-
nige 100 nm dünne Folie aus deute-
riertem Plastik (CD2), so beschleu-
nigt er die Elektronen über die 
Querschnittsfläche des Laserfokus 
auf hochrelativistische Energien. 
Die relativistische Massenzunahme 
der Elektronen und die damit ver-
bundene Erhöhung der kritischen 
Dichte nc machen die Folie bereits 
im Verlauf des Laserpulses für das 
Laserlicht transparent, sodass der 
Puls über die restliche Dauer seine 
Energie nicht nur auf der Folien-
vorderseite an die Elektronen über-
trägt, sondern auch im Inneren. 
Die beschleunigten Elektronen er-
zeugen elektrische Felder, die wie-
derum die zugehörigen positiven 
Ionen auf Energien von mehreren 
10 MeV/Nukleon beschleunigen. 
Auf diese Weise entstand ein 
Deuteronenstrahl, der auf einen 
Beryllium-Konverter gelenkt wur-
de. Niedrige Deuteronenenergien 
führen über 9Be(d,n)-Reaktionen 
zu einem Neutronenpuls mit iso-
troper Richtungsverteilung, wäh-
rend bei Energien über 150 MeV 
durch „break-up Reaktionen“ der 
Deuteronen der Neutronenstrahl 
vorwärts gerichtet ist (Abb. 1). Diese 
Neutronenquelle hat – aufgrund 
der Divergenz des Deuteronen-
strahls und des Abstands zwischen 
Lasertarget und Konverter – einen 
Durchmesser von ca. 3 mm, der er-
zeugte Neutronenpuls aufgrund der 
Flugzeitdifferenzen eine Dauer von 
etwa 250 ps. Erste Radiographie-
Aufnahmen unterschiedlicher Ma-
terialien mit diesem Neutronenpuls 

Abb. 1 Ein hochintensiver Laserpuls wird auf eine dünne Pla-
stikfolie fokussiert und beschleunigt dort – abhängig von der 
Foliendicke – Protonen oder Deuteronen auf unterschiedliche 
kinetische Energien. In einem zweiten Be-Konverter-Target 
entstehen durch verschiedene Kernreaktionen Neutronen, die 
je nach der Energie der Ionen unterschiedliche Richtungs-
verteilungen aufweise n.

■ Mit Terawatt zu Teilchenstrahlen
Hochleistungslaser versprechen kompakte und günstige Teilchenbeschleuniger für verschiedene Anwendungen. 
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Fast neutron imaging
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Gated Neutron Imager
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Figure 8: (a)–(c) Comparison of high-energy proton radiography, X-ray radiography (a) [116], energy-dispersive neutron radiography (b),
and thermal neutron radiography (c) [117] of mock-up UO2 fuel pins in stainless steel cladding with artificially introduced cracks or tungsten
inclusions (visible as black areas in (b) by energy-dispersive neutron radiography).

as good as ∼30 ns for epithermal neutrons and ∼500 ns for
thermal (limited by the depth of neutron absorption within
1mm thick neutron absorbingMCP) [141].The conversion of
neutrons to electric signals occurs by means of absorption
by specific isotopes dispersed into the MCP glass, such as10B. By choosing isotopes specific to the application, sub-
stantial enhancements in effective neutron absorption cross
section and therefore detector efficiency can be achieved
[145, 146]. It is worth pointing out that only spallation neutron
sources operating in pulsed mode, which are at present ISIS
(UK), J-PARC (Japan), SNS (USA), and LANSCE (USA),
allow implementation of the neutron resonance absorption
imaging technique. Source parameters to take into account
are the initial neutron pulse width (affecting the energy
resolution), shielding requirements (affecting the minimum
source-detector distance and therefore the flux), and the
repetition rate (affecting the maximum flight path length and
therefore again the energy resolution). Because these neutron
sources provide epithermal as well as thermal neutrons, high-
resolution neutron resonance spectroscopy can be performed
simultaneously to energy-resolved thermal-neutron imaging,
thereby providing the possibility to measure crystallographic
information for the sample at the same time as the isotopic
distribution and temperature. The location of Bragg edges
[147–152] in transmitted spectra can be used to map the
integral of in-plane strain values [153–155], or, for example to
reconstruct the phase map for samples with multiple phases.
Quantitative phase analysis can elucidate which phases are
present and what their volume fractions are [151, 156, 157].
Although there are limits to what transmission Bragg edge
spectroscopy can provide, the combination of neutron res-
onance and transmission Bragg edge imaging enables some
new and unique nondestructive characterizationmethods for
nuclear materials. As the development of energy-dispersive
neutron radiography just started, the remainder of this sec-
tion reviewing neutron radiography applications to nuclear
materials deals mostly with conventional thermal neutron
radiography.

4.2. Fuel. The experimental procedures (including shielding
considerations), detection methods, and resulting informa-
tion when conventional (not energy-dispersive) thermal
neutron radiography is applied to characterize nuclear fuel
rods are described by Lehmann et al. [158]. Neutron and X-
ray radiography for this particular purpose are also com-
pared. The previous work by Groeschel et al. describes the
handling concept and transfer cask inmore detail [159]. Using
conventional thermal neutron radiography, Lehmann et al.
[160] and Vontobel et al. [161] characterized target rods from
the Swiss spallation neutron source and could determine,
for instance, the absence of substantial damage as well as
hydrogen distributions, including hydrogen blisters, in the
zircaloy and steel target rods. In particular, for fuels, energy-
dispersive neutron radiography offers unparalleled charac-
terization potential as, for instance, isotope concentrations,
for example, from fission products, can be mapped out in
three dimensions using tomographic reconstruction of the
individual radiographs [117].

4.3. Cladding. Studying zirconium hydrides is of particular
interest for accident scenarios, when the cladding material
may reactwith coolingwater.The interaction ofH2Owith zir-
coniumalloys is complex, as, for instance, oxygen stabilizes"-
Zr, whereas hydrogen stabilizes #-Zr, therefore shifting phase
transformation temperatures, while at the same time the solu-
bility for hydrogen differs by an order of magnitude between"-Zr (6 at%) and #-Zr (50 at%) [162], leading to a complex
temperature dependence of hydrogen uptake and release.
Furthermore, large hydrogen concentrations may lead to
blistering and once the dissolved hydrogen concentration at
a given temperature exceeds the solubility, hydrides form,
which are a major contributor to embrittlement. Obviously,
inhomogeneities like cracks further complicate the problem.

The mechanisms of corrosion of zirconium-based alloys,
in particular those relevant to in-reactor conditions, are
despite decades of work still a field of active research. Neutron
radiography has been utilized to measure the hydrogen con-
centration in various materials, including zirconium [163].
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The growing demand for electric energy will require expansion of the amount of nuclear power production in many countries of
the world. Research and development in this field will continue to grow to further increase safety and efficiency of nuclear power
generation. Neutrons are a unique probe for a wide range of problems related to these efforts, ranging from crystal chemistry of
nuclear fuels to engineering diffraction on cladding or structural materials used in nuclear reactors. Increased flux at modern
neutron sources combined with advanced sample environments allows nowadays, for example, studies of reaction kinetics at
operating temperatures in a nuclear reactor. Neutrons provide unique data to benchmark simulations and modeling of crystal
structure evolution and thermomechanical treatment. Advances in neutron detection recently opened up new avenues of materials
characterization using neutron imaging with unparalleled opportunities especially for nuclear materials, where heavy elements
(e.g., uranium) need to be imaged together with light elements (e.g., hydrogen, oxygen). This paper summarizes applications of
neutron scattering techniques for nuclear materials. Directions for future research, extending the trends observed over the past
decade, are discussed.

1. Introduction

Nuclear power accounts for approximately 13% of all electric
power generated in the world and about 20% of the electric
power in the United States [1]. For example, the United States
alone have 104 operating nuclear power plants in 2012 spread
over 31 states, with 35 of these reactors being boiling water
reactors (BWRs) and the remaining 69 being pressurized
water reactors (PWRs) [2]. Figure 1 shows the fraction of
nuclear energy of the total energy production for selected
countries.

Based on the fact that populations and energy demand in
many of these countries will continue to grow, it is expected
that the ratio of nuclear energy used to produce electricity
will continue to grow, in particular in countries like India or
China.The need to improve the efficiency and safety of power
reactors is therefore of paramount importance from a global
perspective. Some of the design features and operation goals
of the so-called third-generation reactors are [3]

(i) a simpler and more rugged design, making them
easier to operate and less vulnerable to operational
upsets;

(ii) higher availability and longer operating life, typically
60 years;

(iii) further reduced possibility of core melt accidents;
(iv) resistance to serious damage that would allow radio-

logical release from, for example, an aircraft impact or
earthquake;

(v) higher burn-up to use fuel more fully and efficiently
and reduce the amount of waste;

(vi) greater use of burnable absorbers (“poisons”) to
extend fuel life.

These goals require understanding and development of
predictive models for changes in chemistry (e.g., phases,
isotopes) and microstructure (grain sizes, texture) during
operation and accident scenarios. These changes are the
result of a complex interplay of irradiation, temperature,
and mechanical and chemical effects, and even some of
the single parameter variations, for example, temperature or
stress only, are still not understood for all involved materials
to the point where predictions over the anticipated life time
of a reactor are reliable. Furthermore, new materials are
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A neutron source for neutron resonance spectroscopy has been developed using high-intensity,
short-pulse lasers. This technique will allow robust measurement of interior ion temperature of
laser-shocked materials and provide insight into material equation of state. The neutron generation
technique uses laser-accelerated protons to create neutrons in LiF through !p ,n" reactions. The
incident proton beam has been diagnosed using radiochromic film. This distribution is used as the
input for a !p ,n" neutron prediction code which is validated with experimentally measured neutron
yields. The calculation infers a total fluence of 1.8!109 neutrons, which are expected to be
sufficient for neutron resonance spectroscopy temperature measurements. © 2010 American
Institute of Physics. #doi:10.1063/1.3484218$

A concrete understanding of material equation of state
!EOS" is of underlying importance in many fields !e.g., plan-
etary physics, geophysics, shocked matter physics, and
warm-dense matter physics". One of the most fundamental
quantities in EOS measurement is temperature, which is
rarely measured. A major hurdle to temperature measure-
ments is that conventional optical diagnostic techniques can-
not be used to probe the interior of opaque materials, such as
metals, while surface or interface techniques are inherently
complex. A technique known as neutron resonance
spectroscopy1 !NRS" avoids this problem by using neutrons
to diagnose temperature.

In NRS, a beam of neutrons, with energies of 1–100 eV,
is sent through a sample made of or doped with a material
possessing strong neutron absorption resonances at these en-
ergies !e.g., W and Mo". When passing through, the material
neutrons are absorbed by nuclear resonances in the ions,
which can be seen as negative-peaks in the resulting neutron
spectrum. From these peaks, the spectral broadening and
shifting can be measured, enabling determination of ion tem-
perature and velocity, respectively.

So far, NRS experiments have been performed using
spallation neutrons from a proton accelerator ring. These ex-
periments probed a shocked Mo target doped with W and
inferred a corrected temperature2 of around 700 K with error
bars of "100 K, these error bars are lower than currently
demonstrated with other nonoptical measurement techniques
!e.g., x-ray Thomson scattering". However, in order to pro-
vide shocked states for EOS investigation at these facilities,
detonation of chemical explosives accelerates flyer plates
into the material of interest. This technique is difficult and
expensive to employ. On the other hand, nanosecond lasers
have been used extensively to study shocked3 and warm-
dense matter.4 Many of these laser facilities are equipped

with high intensity, short pulse lasers that can be used con-
currently with the nanosecond laser pulse.

The use of high power, high intensity laser beams to
accelerate protons has been well studied.5–9 In 2004 Lan-
caster et al.,10 according to our knowledge, were the first to
show the conversion of these laser-generated protons into
neutrons by directing these protons on a LiF slab and taking
advantage of the 7Li!p ,n"7Be reaction. More recently, Davis
et al.11 showed numerical modeling of the 7Li!d ,xn" reaction
using laser-accelerated deuterons. This work shows signifi-
cant potential for creating a large amount neutrons with high
energy !#15 MeV" using a petawatt class laser.

In the NRS scheme, the laser-generated neutrons are
moderated down to appropriate epithermal energies. The pi-
cosecond scale pulse length of the laser !as with the accel-
erator beam" and the ability to dope only a given section of
the material, enables temporal and spatial effects !e.g., rar-
efaction" to be minimized. In this letter, it is shown that
neutrons produced through !p ,n" reactions with laser accel-
erated protons are a route to performing NRS measurements
in laser shocked materials.

The experiment was performed on the Titan Laser of the
Jupiter Laser Facility at the Lawrence Livermore National
Laboratory. The Titan laser is a Nd:glass laser with $laser
=1054 nm, used at best focus !spot diameter of 7 %m with
20% of energy" and shortest pulse length, 0.7 ps. The laser
was focused on Cu foil of 25 %m thickness, which acceler-
ated high energy electrons in the forward direction setting up
an electric field that accelerated a quasineutral proton beam
from a hydrocarbon debris layer on the rear of the target. In
phase I, these protons were incident on a radiochromic film
!RCF" stack !see phase I of Fig. 1" to measure the proton
distribution or, in phase II, they were incident on a 0.9 mm
LiF converter foil !see phase II of Fig. 1". The LiF converter
foil contains large cross-sections for !p ,n" reactions !see
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Shock Temperature Measurement Using Neutron Resonance Spectroscopy
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We report a direct measurement of temperature in a shocked metal using Doppler broadening of neutron
resonances. The 21.1-eV resonance in 182W was used to measure the temperature in molybdenum shocked
to !63 GPa. An explosively launched aluminum flyer produced a planar shock in a molybdenum target
that contained a 1-mm thick layer doped with 1:7 at:%182W. A single neutron pulse, containing resonant
neutrons of less than 1 !s duration, probed the shocked material. Fits to the neutron time-of-flight data
were used to determine the temperature of the shocked molybdenum.
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Equation-of-state measurements are of fundamental im-
portance in describing the behavior of materials and for
applications to geophysics, astrophysics, and shock-
compressed condensed-matter physics (see [1] and refer-
ences therein). The equation of state (EOS) is essential in
describing shock phenomena, and measurement of the
shock temperature completes the EOS [2]. Previous experi-
ments have used neutron transmission to measure tempera-
tures under static conditions [3–5]. However, the
application of this technique to shock measurements is
difficult because the rarefaction-free shock state lasts
only for a short time in the sample interior. To study
shocked systems, neutron resonance spectroscopy (NRS)
uses an intense, single pulse of neutrons to determine
transient temperatures via Doppler broadening of neutron
resonances in a dilute dopant. This dopant does not perturb
the dynamics, and by localizing the dopant, the effects of
rarefactions can be eliminated.

Successful development of the NRS technique makes
possible the measurement of temperature and velocity [6]
of shocked metals and detonated high explosives (HE), the
temperature of shocked-induced phase transitions, and
heating from friction at high-pressure, sliding interfaces.
We selected molybdenum for our initial study because it is
a standard in shock physics and has been extensively
studied both experimentally and theoretically (e.g., see
[7]). In addition, molybdenum does not have a phase
change at the pressures reached in this experiment, and it
forms a solid solution with a suitable dopant. In this Letter,
we report the use of NRS to directly measure the internal
temperature in a shocked metal.

When neutrons from a pulsed white source pass through
an absorber, the time-of-flight (TOF) spectrum of the trans-
mitted beam exhibits a series of narrow dips in the energy
range below a few hundred eV. The dips, which are unique
to each isotope, are caused by compound-nuclear reso-
nances in the cross section of the absorber. For an isolated
resonance, the cross section has a Breit-Wigner or
Lorentzian shape and is given by

""E# $ "0

4

!2

"E% E0#2 & !2

4

; (1)

where E0 is the resonance energy, E is the neutron energy
relative to the target nucleus, "0 is the cross section at
resonance, and ! is the width. Reference [8] gives a more
detailed formalism for the cross section. The thermal mo-
tion of the nuclei broadens the width of the resonance. The
thermal-averaged cross section at temperature T is ob-
tained by convolving the static cross section [Eq. (1)]
with the velocity distribution G"v; T# of the target nuclei:

""v; T# $
Z 1

%1
""v0#G"jv% v0j; T#dv0; (2)

where G"v; T# depends on the phonon distribution for a
solid and transitions to a Maxwell-Boltzmann distribution
at high temperatures. If target-nuclei velocities are much
less than the neutron velocity, G can be well approximated
by a Gaussian with a 1=e half-width " $ 2

!!

"
p

EkT=A#
where A is the atomic weight and k is Boltzmann’s con-
stant. Note that there is also an apparent shift in resonance
energy due to bulk motion of the material.

In a dynamic temperature measurement, the thermody-
namic state of the sample must remain stable during the
passage of resonance-energy neutrons through the ab-
sorber. For a resonance with an energy spread "E, the
transit time at the sample, "tr $ t"E=2E0 ! L"E=E1:5

0 ,
is proportional to t, the time of flight to the sample, or in
turn to L, the distance between the source and the sample.
At Target Station 2 of the Los Alamos Neutron Science
Center (LANSCE), samples can be placed less than 1 m
from the neutron source, thereby shortening "tr to less
than 200 ns FWHM.

At higher neutron energies, contributions to "E and "tr
from the resonance natural width and the slowing of neu-
trons in the moderator (see below) are less. On the other
hand, at lower energies, large cross-section resonances are
more abundant, fluxes are larger, backgrounds are smaller,
and our detector is more efficient. Hence the choice of
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A concrete understanding of material equation of state
!EOS" is of underlying importance in many fields !e.g., plan-
etary physics, geophysics, shocked matter physics, and
warm-dense matter physics". One of the most fundamental
quantities in EOS measurement is temperature, which is
rarely measured. A major hurdle to temperature measure-
ments is that conventional optical diagnostic techniques can-
not be used to probe the interior of opaque materials, such as
metals, while surface or interface techniques are inherently
complex. A technique known as neutron resonance
spectroscopy1 !NRS" avoids this problem by using neutrons
to diagnose temperature.

In NRS, a beam of neutrons, with energies of 1–100 eV,
is sent through a sample made of or doped with a material
possessing strong neutron absorption resonances at these en-
ergies !e.g., W and Mo". When passing through, the material
neutrons are absorbed by nuclear resonances in the ions,
which can be seen as negative-peaks in the resulting neutron
spectrum. From these peaks, the spectral broadening and
shifting can be measured, enabling determination of ion tem-
perature and velocity, respectively.

So far, NRS experiments have been performed using
spallation neutrons from a proton accelerator ring. These ex-
periments probed a shocked Mo target doped with W and
inferred a corrected temperature2 of around 700 K with error
bars of "100 K, these error bars are lower than currently
demonstrated with other nonoptical measurement techniques
!e.g., x-ray Thomson scattering". However, in order to pro-
vide shocked states for EOS investigation at these facilities,
detonation of chemical explosives accelerates flyer plates
into the material of interest. This technique is difficult and
expensive to employ. On the other hand, nanosecond lasers
have been used extensively to study shocked3 and warm-
dense matter.4 Many of these laser facilities are equipped

with high intensity, short pulse lasers that can be used con-
currently with the nanosecond laser pulse.

The use of high power, high intensity laser beams to
accelerate protons has been well studied.5–9 In 2004 Lan-
caster et al.,10 according to our knowledge, were the first to
show the conversion of these laser-generated protons into
neutrons by directing these protons on a LiF slab and taking
advantage of the 7Li!p ,n"7Be reaction. More recently, Davis
et al.11 showed numerical modeling of the 7Li!d ,xn" reaction
using laser-accelerated deuterons. This work shows signifi-
cant potential for creating a large amount neutrons with high
energy !#15 MeV" using a petawatt class laser.

In the NRS scheme, the laser-generated neutrons are
moderated down to appropriate epithermal energies. The pi-
cosecond scale pulse length of the laser !as with the accel-
erator beam" and the ability to dope only a given section of
the material, enables temporal and spatial effects !e.g., rar-
efaction" to be minimized. In this letter, it is shown that
neutrons produced through !p ,n" reactions with laser accel-
erated protons are a route to performing NRS measurements
in laser shocked materials.

The experiment was performed on the Titan Laser of the
Jupiter Laser Facility at the Lawrence Livermore National
Laboratory. The Titan laser is a Nd:glass laser with $laser
=1054 nm, used at best focus !spot diameter of 7 %m with
20% of energy" and shortest pulse length, 0.7 ps. The laser
was focused on Cu foil of 25 %m thickness, which acceler-
ated high energy electrons in the forward direction setting up
an electric field that accelerated a quasineutral proton beam
from a hydrocarbon debris layer on the rear of the target. In
phase I, these protons were incident on a radiochromic film
!RCF" stack !see phase I of Fig. 1" to measure the proton
distribution or, in phase II, they were incident on a 0.9 mm
LiF converter foil !see phase II of Fig. 1". The LiF converter
foil contains large cross-sections for !p ,n" reactions !see
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setup has a reasonable sensitivity (1–1000 eV), and thus not all iso-
topes can be studied using the technique described in this paper.
However, the majority of actinides possess low energy resonances,
and are thus quite well suited for resonance spectroscopic imaging
[47]. The energies and cross-sections of the isotope-specific reso-
nances provide a unique ‘‘finger-print’’ for many isotopes, analo-
gous to the d-spacings and varying intensities of the diffraction
lines providing a ‘‘finger-print’’ for crystalline structures. Based
on tabulated cross sections [47], Fig. 10 shows the attenuation of
tungsten calculated for thicknesses of 75 and 200 lm. The attenu-
ation increases with the thickness of the material, until the total
attenuation becomes unity at some resonance energies, which la-
ter in the paper are referred to as ‘‘saturated’’ for that thickness
of the particular material. Weaker resonances (typically observed
at higher energies) can still be non-saturated even for those thick
samples. The measured depths of non-saturated resonances can
be used to quantify the amount of resonating isotope along the
neutron path, thus providing not only the 2D maps of isotopic dis-
tribution, but also the effective thicknesses or concentration of
each isotope in each pixel of these maps. However, the height of
the measured resonance peaks (which are actually measured as
resonance dips, since we register transmission spectra) is influ-
enced by several experimental parameters, and therefore a specific
reconstruction procedure is required for quantification. The width
of the initial neutron pulse, its energy-dependent broadening by
the moderator, the instrument response and background level –

all influence the transmission spectra obtained in our experiments,
and all can be calibrated. Our initial attempts on the quantified
reconstruction of isotope thickness indicate that we should be able
to measure the effective isotope thickness to sub-10 lm accuracy
(i.e., 0.1% in a 10 mm sample). A very large difference in the
absorption cross-sections of U-235 and U-238 isotopes as shown
in Fig. 11, should enable very accurate non-destructive spatial
mapping of the enrichment level in the sample, as well as of the
distribution of other isotopes in the spent fuel elements (e.g. Nd,
Gd, Pu, etc.). Knowing the latter distribution can then be used for
the investigation of fuel burn-up rates for different fuel elements,
placed at different rod positions in the reactor core.

Our initial proof-of-principle experiment on resonance absorp-
tion imaging was intended neither for determination of the mini-
mum times required for accurate reconstruction of isotopic

Table 1c
Samples with PMMA resulted in voids (Assembly 3).

Pellet # PMMA particles/wires

P-dUO-09-077 Line Voids produced by Fishing line 210 lm diameter in
center in longitudinal direction

P-dUO-09-080 Ideally spherical voids produced by PMMA polymers
P-dUO-09-076 Line Voids produced by Fishing line 210, 270, 380 lm

diameters in transverse direction (radially)
P-dUO-09-078 Line Voids produced by Fishing line 210, 270, 380 lm

diameters in longitudinal direction

Fig. 8. Schematic diagram and photographs of the pellet assemblies used in the imaging experiments. Five fuel pellets were installed in each assembly.

Fig. 9. Photograph of experimental setup with three pellet assemblies installed in
front of a neutron counting detector with neutron sensitive Microchannel Plates
and Timepix readout.

638 A.S. Tremsin et al. / Journal of Nuclear Materials 440 (2013) 633–646

Presented at the NuMat 2012 Conference, 22–25 October 2012, Osaka, Japan

Non-destructive studies of fuel pellets by neutron resonance absorption
radiography and thermal neutron radiography

A.S. Tremsin a,⇑, S.C. Vogel b, M. Mocko b, M.A.M. Bourke b, V. Yuan b, R.O. Nelson b, D.W. Brown b,
W.B. Feller c

a University of California, Berkeley, CA 94720, USA
b Los Alamos National Laboratory, Los Alamos, NM 87545, USA
c NOVA Scientific, Inc., 10 Picker Rd., Sturbridge, MA 01566, USA

a r t i c l e i n f o

Article history:
Available online 13 June 2013

a b s t r a c t

Many isotopes in nuclear materials exhibit strong peaks in neutron absorption cross sections in the
epithermal energy range (1–1000 eV). These peaks (often referred to as resonances) occur at energies
specific to particular isotopes, providing a means of isotope identification and concentration
measurements. The high penetration of epithermal neutrons through most materials is very useful for
studies where samples consist of heavy-Z elements opaque to X-rays and sometimes to thermal neutrons
as well. The characterization of nuclear fuel elements in their cladding can benefit from the development
of high resolution neutron resonance absorption imaging (NRAI), enabled by recently developed spa-
tially-resolved neutron time-of-flight detectors. In this technique the neutron transmission of the sample
is measured as a function of spatial location and of neutron energy. In the region of the spectra that bor-
ders the resonance energy for a particular isotope, the reduction in transmission can be used to acquire an
image revealing the 2-dimensional distribution of that isotope within the sample. Provided that the
energy of each transmitted neutron is measured by the neutron detector used and the irradiated sample
possesses neutron absorption resonances, then isotope-specific location maps can be acquired simulta-
neously for several isotopes. This can be done even in the case where samples are opaque or have very
similar transmission for thermal neutrons and X-rays or where only low concentrations of particular iso-
topes are present (<0.1 atom% in some cases). Ultimately, such radiographs of isotope location can be uti-
lized to measure isotope concentration, and can even be combined to produce three-dimensional
distributions using tomographic methods.

In this paper we present the proof-of-principle of NRAI and transmission Bragg edge imaging per-
formed at Flight Path 5 (FP5) at the LANSCE pulsed, moderated neutron source of Los Alamos National
Laboratory. A set of urania mockup fuel assemblies with intentionally introduced defects was investi-
gated. The maps of elemental composition of pellets containing urania and tungsten were obtained
simultaneously by resonance absorption imaging with spatial resolution better than !200 lm, while
the voids and cracks were revealed by the transmission images obtained with thermal and cold neutrons.
Our proof-of-principle experiments demonstrate that simultaneous acquisition of resonance and Bragg
edge spectra enables concurrent mapping of isotope distributions, imaging of cracks and voids as well
as measurements of some crystallographic parameters of fuel assemblies and their cladding. A detailed
study of energy-dependent neutron statistics achievable at FP5 with our present detection system is also
presented for a wide range of neutron energies.

! 2013 Elsevier B.V. All rights reserved.

1. Introduction

Neutron tomography and radiography have evolved over the
past decades and are now routinely used with dedicated beam
lines at many neutron facilities in the world [1]. Contrary to

well-established X-ray radiography and tomography, which utilize
the attenuation depending on the number of electrons per atom in
the beam, attenuation of a neutron beam and therefore neutron
radiography and tomography depend on nuclear scattering and
absorption cross-sections. While, due to flux limitations and thus
imaging statistics, neutrons will never provide the resolution pos-
sible with X-ray radiography, the fundamentally different interac-
tion physics of neutrons with matter provide substantially
different contrast than X-rays. This allows the experimenter, for
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Shock Temperature Measurement Using Neutron Resonance Spectroscopy
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We report a direct measurement of temperature in a shocked metal using Doppler broadening of neutron
resonances. The 21.1-eV resonance in 182W was used to measure the temperature in molybdenum shocked
to !63 GPa. An explosively launched aluminum flyer produced a planar shock in a molybdenum target
that contained a 1-mm thick layer doped with 1:7 at:%182W. A single neutron pulse, containing resonant
neutrons of less than 1 !s duration, probed the shocked material. Fits to the neutron time-of-flight data
were used to determine the temperature of the shocked molybdenum.

DOI: 10.1103/PhysRevLett.94.125504 PACS numbers: 62.50.+p, 25.40.Ny, 29.30.Hs, 64.30.+t

Equation-of-state measurements are of fundamental im-
portance in describing the behavior of materials and for
applications to geophysics, astrophysics, and shock-
compressed condensed-matter physics (see [1] and refer-
ences therein). The equation of state (EOS) is essential in
describing shock phenomena, and measurement of the
shock temperature completes the EOS [2]. Previous experi-
ments have used neutron transmission to measure tempera-
tures under static conditions [3–5]. However, the
application of this technique to shock measurements is
difficult because the rarefaction-free shock state lasts
only for a short time in the sample interior. To study
shocked systems, neutron resonance spectroscopy (NRS)
uses an intense, single pulse of neutrons to determine
transient temperatures via Doppler broadening of neutron
resonances in a dilute dopant. This dopant does not perturb
the dynamics, and by localizing the dopant, the effects of
rarefactions can be eliminated.

Successful development of the NRS technique makes
possible the measurement of temperature and velocity [6]
of shocked metals and detonated high explosives (HE), the
temperature of shocked-induced phase transitions, and
heating from friction at high-pressure, sliding interfaces.
We selected molybdenum for our initial study because it is
a standard in shock physics and has been extensively
studied both experimentally and theoretically (e.g., see
[7]). In addition, molybdenum does not have a phase
change at the pressures reached in this experiment, and it
forms a solid solution with a suitable dopant. In this Letter,
we report the use of NRS to directly measure the internal
temperature in a shocked metal.

When neutrons from a pulsed white source pass through
an absorber, the time-of-flight (TOF) spectrum of the trans-
mitted beam exhibits a series of narrow dips in the energy
range below a few hundred eV. The dips, which are unique
to each isotope, are caused by compound-nuclear reso-
nances in the cross section of the absorber. For an isolated
resonance, the cross section has a Breit-Wigner or
Lorentzian shape and is given by

""E# $ "0

4

!2

"E% E0#2 & !2

4

; (1)

where E0 is the resonance energy, E is the neutron energy
relative to the target nucleus, "0 is the cross section at
resonance, and ! is the width. Reference [8] gives a more
detailed formalism for the cross section. The thermal mo-
tion of the nuclei broadens the width of the resonance. The
thermal-averaged cross section at temperature T is ob-
tained by convolving the static cross section [Eq. (1)]
with the velocity distribution G"v; T# of the target nuclei:

""v; T# $
Z 1

%1
""v0#G"jv% v0j; T#dv0; (2)

where G"v; T# depends on the phonon distribution for a
solid and transitions to a Maxwell-Boltzmann distribution
at high temperatures. If target-nuclei velocities are much
less than the neutron velocity, G can be well approximated
by a Gaussian with a 1=e half-width " $ 2

!!

"
p

EkT=A#
where A is the atomic weight and k is Boltzmann’s con-
stant. Note that there is also an apparent shift in resonance
energy due to bulk motion of the material.

In a dynamic temperature measurement, the thermody-
namic state of the sample must remain stable during the
passage of resonance-energy neutrons through the ab-
sorber. For a resonance with an energy spread "E, the
transit time at the sample, "tr $ t"E=2E0 ! L"E=E1:5

0 ,
is proportional to t, the time of flight to the sample, or in
turn to L, the distance between the source and the sample.
At Target Station 2 of the Los Alamos Neutron Science
Center (LANSCE), samples can be placed less than 1 m
from the neutron source, thereby shortening "tr to less
than 200 ns FWHM.

At higher neutron energies, contributions to "E and "tr
from the resonance natural width and the slowing of neu-
trons in the moderator (see below) are less. On the other
hand, at lower energies, large cross-section resonances are
more abundant, fluxes are larger, backgrounds are smaller,
and our detector is more efficient. Hence the choice of
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A neutron source for neutron resonance spectroscopy has been developed using high-intensity,
short-pulse lasers. This technique will allow robust measurement of interior ion temperature of
laser-shocked materials and provide insight into material equation of state. The neutron generation
technique uses laser-accelerated protons to create neutrons in LiF through !p ,n" reactions. The
incident proton beam has been diagnosed using radiochromic film. This distribution is used as the
input for a !p ,n" neutron prediction code which is validated with experimentally measured neutron
yields. The calculation infers a total fluence of 1.8!109 neutrons, which are expected to be
sufficient for neutron resonance spectroscopy temperature measurements. © 2010 American
Institute of Physics. #doi:10.1063/1.3484218$

A concrete understanding of material equation of state
!EOS" is of underlying importance in many fields !e.g., plan-
etary physics, geophysics, shocked matter physics, and
warm-dense matter physics". One of the most fundamental
quantities in EOS measurement is temperature, which is
rarely measured. A major hurdle to temperature measure-
ments is that conventional optical diagnostic techniques can-
not be used to probe the interior of opaque materials, such as
metals, while surface or interface techniques are inherently
complex. A technique known as neutron resonance
spectroscopy1 !NRS" avoids this problem by using neutrons
to diagnose temperature.

In NRS, a beam of neutrons, with energies of 1–100 eV,
is sent through a sample made of or doped with a material
possessing strong neutron absorption resonances at these en-
ergies !e.g., W and Mo". When passing through, the material
neutrons are absorbed by nuclear resonances in the ions,
which can be seen as negative-peaks in the resulting neutron
spectrum. From these peaks, the spectral broadening and
shifting can be measured, enabling determination of ion tem-
perature and velocity, respectively.

So far, NRS experiments have been performed using
spallation neutrons from a proton accelerator ring. These ex-
periments probed a shocked Mo target doped with W and
inferred a corrected temperature2 of around 700 K with error
bars of "100 K, these error bars are lower than currently
demonstrated with other nonoptical measurement techniques
!e.g., x-ray Thomson scattering". However, in order to pro-
vide shocked states for EOS investigation at these facilities,
detonation of chemical explosives accelerates flyer plates
into the material of interest. This technique is difficult and
expensive to employ. On the other hand, nanosecond lasers
have been used extensively to study shocked3 and warm-
dense matter.4 Many of these laser facilities are equipped

with high intensity, short pulse lasers that can be used con-
currently with the nanosecond laser pulse.

The use of high power, high intensity laser beams to
accelerate protons has been well studied.5–9 In 2004 Lan-
caster et al.,10 according to our knowledge, were the first to
show the conversion of these laser-generated protons into
neutrons by directing these protons on a LiF slab and taking
advantage of the 7Li!p ,n"7Be reaction. More recently, Davis
et al.11 showed numerical modeling of the 7Li!d ,xn" reaction
using laser-accelerated deuterons. This work shows signifi-
cant potential for creating a large amount neutrons with high
energy !#15 MeV" using a petawatt class laser.

In the NRS scheme, the laser-generated neutrons are
moderated down to appropriate epithermal energies. The pi-
cosecond scale pulse length of the laser !as with the accel-
erator beam" and the ability to dope only a given section of
the material, enables temporal and spatial effects !e.g., rar-
efaction" to be minimized. In this letter, it is shown that
neutrons produced through !p ,n" reactions with laser accel-
erated protons are a route to performing NRS measurements
in laser shocked materials.

The experiment was performed on the Titan Laser of the
Jupiter Laser Facility at the Lawrence Livermore National
Laboratory. The Titan laser is a Nd:glass laser with $laser
=1054 nm, used at best focus !spot diameter of 7 %m with
20% of energy" and shortest pulse length, 0.7 ps. The laser
was focused on Cu foil of 25 %m thickness, which acceler-
ated high energy electrons in the forward direction setting up
an electric field that accelerated a quasineutral proton beam
from a hydrocarbon debris layer on the rear of the target. In
phase I, these protons were incident on a radiochromic film
!RCF" stack !see phase I of Fig. 1" to measure the proton
distribution or, in phase II, they were incident on a 0.9 mm
LiF converter foil !see phase II of Fig. 1". The LiF converter
foil contains large cross-sections for !p ,n" reactions !see

PHYSICS OF PLASMAS 17, 100701 !2010"

1070-664X/2010/17!10"/100701/4/$30.00 © 2010 American Institute of Physics17, 100701-1

Downloaded 18 Oct 2010 to 128.115.27.10. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions

setup has a reasonable sensitivity (1–1000 eV), and thus not all iso-
topes can be studied using the technique described in this paper.
However, the majority of actinides possess low energy resonances,
and are thus quite well suited for resonance spectroscopic imaging
[47]. The energies and cross-sections of the isotope-specific reso-
nances provide a unique ‘‘finger-print’’ for many isotopes, analo-
gous to the d-spacings and varying intensities of the diffraction
lines providing a ‘‘finger-print’’ for crystalline structures. Based
on tabulated cross sections [47], Fig. 10 shows the attenuation of
tungsten calculated for thicknesses of 75 and 200 lm. The attenu-
ation increases with the thickness of the material, until the total
attenuation becomes unity at some resonance energies, which la-
ter in the paper are referred to as ‘‘saturated’’ for that thickness
of the particular material. Weaker resonances (typically observed
at higher energies) can still be non-saturated even for those thick
samples. The measured depths of non-saturated resonances can
be used to quantify the amount of resonating isotope along the
neutron path, thus providing not only the 2D maps of isotopic dis-
tribution, but also the effective thicknesses or concentration of
each isotope in each pixel of these maps. However, the height of
the measured resonance peaks (which are actually measured as
resonance dips, since we register transmission spectra) is influ-
enced by several experimental parameters, and therefore a specific
reconstruction procedure is required for quantification. The width
of the initial neutron pulse, its energy-dependent broadening by
the moderator, the instrument response and background level –

all influence the transmission spectra obtained in our experiments,
and all can be calibrated. Our initial attempts on the quantified
reconstruction of isotope thickness indicate that we should be able
to measure the effective isotope thickness to sub-10 lm accuracy
(i.e., 0.1% in a 10 mm sample). A very large difference in the
absorption cross-sections of U-235 and U-238 isotopes as shown
in Fig. 11, should enable very accurate non-destructive spatial
mapping of the enrichment level in the sample, as well as of the
distribution of other isotopes in the spent fuel elements (e.g. Nd,
Gd, Pu, etc.). Knowing the latter distribution can then be used for
the investigation of fuel burn-up rates for different fuel elements,
placed at different rod positions in the reactor core.

Our initial proof-of-principle experiment on resonance absorp-
tion imaging was intended neither for determination of the mini-
mum times required for accurate reconstruction of isotopic

Table 1c
Samples with PMMA resulted in voids (Assembly 3).

Pellet # PMMA particles/wires

P-dUO-09-077 Line Voids produced by Fishing line 210 lm diameter in
center in longitudinal direction

P-dUO-09-080 Ideally spherical voids produced by PMMA polymers
P-dUO-09-076 Line Voids produced by Fishing line 210, 270, 380 lm

diameters in transverse direction (radially)
P-dUO-09-078 Line Voids produced by Fishing line 210, 270, 380 lm

diameters in longitudinal direction

Fig. 8. Schematic diagram and photographs of the pellet assemblies used in the imaging experiments. Five fuel pellets were installed in each assembly.

Fig. 9. Photograph of experimental setup with three pellet assemblies installed in
front of a neutron counting detector with neutron sensitive Microchannel Plates
and Timepix readout.
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Many isotopes in nuclear materials exhibit strong peaks in neutron absorption cross sections in the
epithermal energy range (1–1000 eV). These peaks (often referred to as resonances) occur at energies
specific to particular isotopes, providing a means of isotope identification and concentration
measurements. The high penetration of epithermal neutrons through most materials is very useful for
studies where samples consist of heavy-Z elements opaque to X-rays and sometimes to thermal neutrons
as well. The characterization of nuclear fuel elements in their cladding can benefit from the development
of high resolution neutron resonance absorption imaging (NRAI), enabled by recently developed spa-
tially-resolved neutron time-of-flight detectors. In this technique the neutron transmission of the sample
is measured as a function of spatial location and of neutron energy. In the region of the spectra that bor-
ders the resonance energy for a particular isotope, the reduction in transmission can be used to acquire an
image revealing the 2-dimensional distribution of that isotope within the sample. Provided that the
energy of each transmitted neutron is measured by the neutron detector used and the irradiated sample
possesses neutron absorption resonances, then isotope-specific location maps can be acquired simulta-
neously for several isotopes. This can be done even in the case where samples are opaque or have very
similar transmission for thermal neutrons and X-rays or where only low concentrations of particular iso-
topes are present (<0.1 atom% in some cases). Ultimately, such radiographs of isotope location can be uti-
lized to measure isotope concentration, and can even be combined to produce three-dimensional
distributions using tomographic methods.

In this paper we present the proof-of-principle of NRAI and transmission Bragg edge imaging per-
formed at Flight Path 5 (FP5) at the LANSCE pulsed, moderated neutron source of Los Alamos National
Laboratory. A set of urania mockup fuel assemblies with intentionally introduced defects was investi-
gated. The maps of elemental composition of pellets containing urania and tungsten were obtained
simultaneously by resonance absorption imaging with spatial resolution better than !200 lm, while
the voids and cracks were revealed by the transmission images obtained with thermal and cold neutrons.
Our proof-of-principle experiments demonstrate that simultaneous acquisition of resonance and Bragg
edge spectra enables concurrent mapping of isotope distributions, imaging of cracks and voids as well
as measurements of some crystallographic parameters of fuel assemblies and their cladding. A detailed
study of energy-dependent neutron statistics achievable at FP5 with our present detection system is also
presented for a wide range of neutron energies.

! 2013 Elsevier B.V. All rights reserved.

1. Introduction

Neutron tomography and radiography have evolved over the
past decades and are now routinely used with dedicated beam
lines at many neutron facilities in the world [1]. Contrary to

well-established X-ray radiography and tomography, which utilize
the attenuation depending on the number of electrons per atom in
the beam, attenuation of a neutron beam and therefore neutron
radiography and tomography depend on nuclear scattering and
absorption cross-sections. While, due to flux limitations and thus
imaging statistics, neutrons will never provide the resolution pos-
sible with X-ray radiography, the fundamentally different interac-
tion physics of neutrons with matter provide substantially
different contrast than X-rays. This allows the experimenter, for
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Abstract

The Doppler broadening of the lower energy neutron absorption resonances of natural hafnium, tantalum, iridium
and rhenium have been studied for the purpose of measuring temperature in remote or isolated environments. Three
methods for the determination of sample temperature from neutron transmission data were studied and a critical
comparison of the efficacy of each method made. Fitting the observed resonance line shapes with analytical expressions
incorporating instrument resolution and resonance parameters provided the most accurate measure of sample
temperature with an estimated uncertainty of !10 "C at 1000 "C and did not require prior calibration experiments to be
performed.
r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The preferential or ‘resonant’ absorption of
neutrons with specific energies by target nuclei
may be readily observed as dips in an energy-
resolved neutron transmission spectrum. The
characteristics of these resonances (shape, depth,
and distribution) are unique to the isotope of the
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rhenium mounted individually (the ‘shap-shot’
data) at room temperature and ambient pressure,
binned with 250 ns time bins are given in Fig. 2. In
each of these spectra the stronger resonances in the
range 0–100 eV may be readily identified. With 2 ns
time bins the number of time bins across each
resonance varied from approximately 50 000 for
resonances with energies of approximately 1 eV to
500 for resonances at approximately 100 eV.
However, with this binning the counting statistics
associated with each time bin was poor. To
minimise the uncertainty associated with each
data point for the subsequent analyses the data
were rebinned to a level considered appropriate for
each resonance investigated (from 256 to 1024 ns
time bins) such that a minimum of 12 data points
were obtained across the full-width half-maximum
of each resonance peak. Due to the limitations of
the instrument used and acquisition time available
the counting statistics for data gathered from
resonances above approximately 10 eV were in-

adequate for a detailed investigation of the
Doppler broadening of these resonances. Subse-
quent analysis was therefore limited to the
stronger low energy resonances of the four
materials investigated—the 177Hf 1.098 eV, 177Hf
2.388 eV, 181Ta 4.28 eV, 181Ta 10.34 eV, 185Re
2.156 eV, 191Ir 0.6528 eV, 191Ir 1.298 eV and 191Ir
5.36 eV resonances. These are identified in Fig. 2.
Notably, the strong resonances seen in Fig. 2 at
approximately 8 eV in the Hf spectrum and 9 eV in
the Ir spectrum were not analysed due to the
difficulty in separating the contributions from
overlapping resonances associated with different
isotopes of these elements.

5. Results

The determination of sample temperatures from
neutron transmission data by the approach out-
lined in Section 2 requires reliable values of the
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Fig. 2. Normalised transmission spectra obtained from 50mm thick foils of natural tantalum, hafnium, iridium and rhenium at room
temperature with the ISIS data acquisition electronics in 250 ns time bins. Arrows indicate the eight resonance peaks used to extract
sample temperatures.
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data processing techniques. The standard devia-
tion of the temperatures obtained by this method
are given in Table 2. It is believed that these
discrepancies arise as a result of the limitations of
this method to adequately describe the observed
line shape. Whilst the temperatures determined
from the 181Ta 10.34 eV resonance did not
reproduce the level of accuracy reported by Le
Godec et al. [29] of !20 "C, it was observed that
the fitting residual displayed less fine structure
than the other resonances investigated. It is
therefore concluded that the larger errors asso-
ciated with the temperatures obtained for this
resonance may be attributed to higher counting
statistics errors than those encountered in their
work.

6. Discussion

All of the three methods for the determination
of sample temperature from Doppler broadening
of neutron transmission data examined in this
study provide a reasonable measure of the sample
temperature. With all three methods temperatures
were most successfully determined with the lowest
energy resonances. From reference to Eq. (4) it
would be expected that high-energy resonances
from heavy nuclei would exhibit the greatest
Doppler broadening and hence also be the most
desirable for temperature determination by NRS.
However, with narrow resonances, particularly
those at higher energies, the resonance spans fewer
time channels so greater data acquisition times are
required to adequately determine their line shape
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Fig. 7. Examples of the fits obtained with a pseudo-Voigt
function to the data gathered with the FAST ComTec P7886
multiscaler PCI data acquisition card for the 185Re 2.156 eV
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as a function of the sample temperature.
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Shock Temperature Measurement Using Neutron Resonance Spectroscopy
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We report a direct measurement of temperature in a shocked metal using Doppler broadening of neutron
resonances. The 21.1-eV resonance in 182W was used to measure the temperature in molybdenum shocked
to !63 GPa. An explosively launched aluminum flyer produced a planar shock in a molybdenum target
that contained a 1-mm thick layer doped with 1:7 at:%182W. A single neutron pulse, containing resonant
neutrons of less than 1 !s duration, probed the shocked material. Fits to the neutron time-of-flight data
were used to determine the temperature of the shocked molybdenum.

DOI: 10.1103/PhysRevLett.94.125504 PACS numbers: 62.50.+p, 25.40.Ny, 29.30.Hs, 64.30.+t

Equation-of-state measurements are of fundamental im-
portance in describing the behavior of materials and for
applications to geophysics, astrophysics, and shock-
compressed condensed-matter physics (see [1] and refer-
ences therein). The equation of state (EOS) is essential in
describing shock phenomena, and measurement of the
shock temperature completes the EOS [2]. Previous experi-
ments have used neutron transmission to measure tempera-
tures under static conditions [3–5]. However, the
application of this technique to shock measurements is
difficult because the rarefaction-free shock state lasts
only for a short time in the sample interior. To study
shocked systems, neutron resonance spectroscopy (NRS)
uses an intense, single pulse of neutrons to determine
transient temperatures via Doppler broadening of neutron
resonances in a dilute dopant. This dopant does not perturb
the dynamics, and by localizing the dopant, the effects of
rarefactions can be eliminated.

Successful development of the NRS technique makes
possible the measurement of temperature and velocity [6]
of shocked metals and detonated high explosives (HE), the
temperature of shocked-induced phase transitions, and
heating from friction at high-pressure, sliding interfaces.
We selected molybdenum for our initial study because it is
a standard in shock physics and has been extensively
studied both experimentally and theoretically (e.g., see
[7]). In addition, molybdenum does not have a phase
change at the pressures reached in this experiment, and it
forms a solid solution with a suitable dopant. In this Letter,
we report the use of NRS to directly measure the internal
temperature in a shocked metal.

When neutrons from a pulsed white source pass through
an absorber, the time-of-flight (TOF) spectrum of the trans-
mitted beam exhibits a series of narrow dips in the energy
range below a few hundred eV. The dips, which are unique
to each isotope, are caused by compound-nuclear reso-
nances in the cross section of the absorber. For an isolated
resonance, the cross section has a Breit-Wigner or
Lorentzian shape and is given by

""E# $ "0

4

!2

"E% E0#2 & !2

4

; (1)

where E0 is the resonance energy, E is the neutron energy
relative to the target nucleus, "0 is the cross section at
resonance, and ! is the width. Reference [8] gives a more
detailed formalism for the cross section. The thermal mo-
tion of the nuclei broadens the width of the resonance. The
thermal-averaged cross section at temperature T is ob-
tained by convolving the static cross section [Eq. (1)]
with the velocity distribution G"v; T# of the target nuclei:

""v; T# $
Z 1

%1
""v0#G"jv% v0j; T#dv0; (2)

where G"v; T# depends on the phonon distribution for a
solid and transitions to a Maxwell-Boltzmann distribution
at high temperatures. If target-nuclei velocities are much
less than the neutron velocity, G can be well approximated
by a Gaussian with a 1=e half-width " $ 2

!!

"
p

EkT=A#
where A is the atomic weight and k is Boltzmann’s con-
stant. Note that there is also an apparent shift in resonance
energy due to bulk motion of the material.

In a dynamic temperature measurement, the thermody-
namic state of the sample must remain stable during the
passage of resonance-energy neutrons through the ab-
sorber. For a resonance with an energy spread "E, the
transit time at the sample, "tr $ t"E=2E0 ! L"E=E1:5

0 ,
is proportional to t, the time of flight to the sample, or in
turn to L, the distance between the source and the sample.
At Target Station 2 of the Los Alamos Neutron Science
Center (LANSCE), samples can be placed less than 1 m
from the neutron source, thereby shortening "tr to less
than 200 ns FWHM.

At higher neutron energies, contributions to "E and "tr
from the resonance natural width and the slowing of neu-
trons in the moderator (see below) are less. On the other
hand, at lower energies, large cross-section resonances are
more abundant, fluxes are larger, backgrounds are smaller,
and our detector is more efficient. Hence the choice of

PRL 94, 125504 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
1 APRIL 2005

0031-9007=05=94(12)=125504(4)$23.00 125504-1 © 2005 The American Physical Society



 Crete 2017| 

Neutron resonance spectroscopy

Laser generated neutron source for neutron resonance spectroscopy
D. P. Higginson,1,2 J. M. McNaney,2 D. C. Swift,2 T. Bartal,1,2 D. S. Hey,2 R. Kodama,3,4

S. Le Pape,2 A. Mackinnon,2 D. Mariscal,1 H. Nakamura,3 N. Nakanii,1,3,4

K. A. Tanaka,3,4 and F. N. Beg1
1Department of Mechanical and Aerospace Engineering, University of California-San Diego, La Jolla,
California 92093, USA
2Lawrence Livermore National Laboratory, Livermore, California 94550, USA
3Institute of Laser Engineering, Osaka University, 2-6, Yamada-oka, Suita, Osaka 565-0871, Japan
4Graduate School of Engineering, Osaka University, 2-1, Yamada-oka, Suita, Osaka 565-0871, Japan

!Received 6 May 2010; accepted 9 August 2010; published online 14 October 2010"

A neutron source for neutron resonance spectroscopy has been developed using high-intensity,
short-pulse lasers. This technique will allow robust measurement of interior ion temperature of
laser-shocked materials and provide insight into material equation of state. The neutron generation
technique uses laser-accelerated protons to create neutrons in LiF through !p ,n" reactions. The
incident proton beam has been diagnosed using radiochromic film. This distribution is used as the
input for a !p ,n" neutron prediction code which is validated with experimentally measured neutron
yields. The calculation infers a total fluence of 1.8!109 neutrons, which are expected to be
sufficient for neutron resonance spectroscopy temperature measurements. © 2010 American
Institute of Physics. #doi:10.1063/1.3484218$

A concrete understanding of material equation of state
!EOS" is of underlying importance in many fields !e.g., plan-
etary physics, geophysics, shocked matter physics, and
warm-dense matter physics". One of the most fundamental
quantities in EOS measurement is temperature, which is
rarely measured. A major hurdle to temperature measure-
ments is that conventional optical diagnostic techniques can-
not be used to probe the interior of opaque materials, such as
metals, while surface or interface techniques are inherently
complex. A technique known as neutron resonance
spectroscopy1 !NRS" avoids this problem by using neutrons
to diagnose temperature.

In NRS, a beam of neutrons, with energies of 1–100 eV,
is sent through a sample made of or doped with a material
possessing strong neutron absorption resonances at these en-
ergies !e.g., W and Mo". When passing through, the material
neutrons are absorbed by nuclear resonances in the ions,
which can be seen as negative-peaks in the resulting neutron
spectrum. From these peaks, the spectral broadening and
shifting can be measured, enabling determination of ion tem-
perature and velocity, respectively.

So far, NRS experiments have been performed using
spallation neutrons from a proton accelerator ring. These ex-
periments probed a shocked Mo target doped with W and
inferred a corrected temperature2 of around 700 K with error
bars of "100 K, these error bars are lower than currently
demonstrated with other nonoptical measurement techniques
!e.g., x-ray Thomson scattering". However, in order to pro-
vide shocked states for EOS investigation at these facilities,
detonation of chemical explosives accelerates flyer plates
into the material of interest. This technique is difficult and
expensive to employ. On the other hand, nanosecond lasers
have been used extensively to study shocked3 and warm-
dense matter.4 Many of these laser facilities are equipped

with high intensity, short pulse lasers that can be used con-
currently with the nanosecond laser pulse.

The use of high power, high intensity laser beams to
accelerate protons has been well studied.5–9 In 2004 Lan-
caster et al.,10 according to our knowledge, were the first to
show the conversion of these laser-generated protons into
neutrons by directing these protons on a LiF slab and taking
advantage of the 7Li!p ,n"7Be reaction. More recently, Davis
et al.11 showed numerical modeling of the 7Li!d ,xn" reaction
using laser-accelerated deuterons. This work shows signifi-
cant potential for creating a large amount neutrons with high
energy !#15 MeV" using a petawatt class laser.

In the NRS scheme, the laser-generated neutrons are
moderated down to appropriate epithermal energies. The pi-
cosecond scale pulse length of the laser !as with the accel-
erator beam" and the ability to dope only a given section of
the material, enables temporal and spatial effects !e.g., rar-
efaction" to be minimized. In this letter, it is shown that
neutrons produced through !p ,n" reactions with laser accel-
erated protons are a route to performing NRS measurements
in laser shocked materials.

The experiment was performed on the Titan Laser of the
Jupiter Laser Facility at the Lawrence Livermore National
Laboratory. The Titan laser is a Nd:glass laser with $laser
=1054 nm, used at best focus !spot diameter of 7 %m with
20% of energy" and shortest pulse length, 0.7 ps. The laser
was focused on Cu foil of 25 %m thickness, which acceler-
ated high energy electrons in the forward direction setting up
an electric field that accelerated a quasineutral proton beam
from a hydrocarbon debris layer on the rear of the target. In
phase I, these protons were incident on a radiochromic film
!RCF" stack !see phase I of Fig. 1" to measure the proton
distribution or, in phase II, they were incident on a 0.9 mm
LiF converter foil !see phase II of Fig. 1". The LiF converter
foil contains large cross-sections for !p ,n" reactions !see
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setup has a reasonable sensitivity (1–1000 eV), and thus not all iso-
topes can be studied using the technique described in this paper.
However, the majority of actinides possess low energy resonances,
and are thus quite well suited for resonance spectroscopic imaging
[47]. The energies and cross-sections of the isotope-specific reso-
nances provide a unique ‘‘finger-print’’ for many isotopes, analo-
gous to the d-spacings and varying intensities of the diffraction
lines providing a ‘‘finger-print’’ for crystalline structures. Based
on tabulated cross sections [47], Fig. 10 shows the attenuation of
tungsten calculated for thicknesses of 75 and 200 lm. The attenu-
ation increases with the thickness of the material, until the total
attenuation becomes unity at some resonance energies, which la-
ter in the paper are referred to as ‘‘saturated’’ for that thickness
of the particular material. Weaker resonances (typically observed
at higher energies) can still be non-saturated even for those thick
samples. The measured depths of non-saturated resonances can
be used to quantify the amount of resonating isotope along the
neutron path, thus providing not only the 2D maps of isotopic dis-
tribution, but also the effective thicknesses or concentration of
each isotope in each pixel of these maps. However, the height of
the measured resonance peaks (which are actually measured as
resonance dips, since we register transmission spectra) is influ-
enced by several experimental parameters, and therefore a specific
reconstruction procedure is required for quantification. The width
of the initial neutron pulse, its energy-dependent broadening by
the moderator, the instrument response and background level –

all influence the transmission spectra obtained in our experiments,
and all can be calibrated. Our initial attempts on the quantified
reconstruction of isotope thickness indicate that we should be able
to measure the effective isotope thickness to sub-10 lm accuracy
(i.e., 0.1% in a 10 mm sample). A very large difference in the
absorption cross-sections of U-235 and U-238 isotopes as shown
in Fig. 11, should enable very accurate non-destructive spatial
mapping of the enrichment level in the sample, as well as of the
distribution of other isotopes in the spent fuel elements (e.g. Nd,
Gd, Pu, etc.). Knowing the latter distribution can then be used for
the investigation of fuel burn-up rates for different fuel elements,
placed at different rod positions in the reactor core.

Our initial proof-of-principle experiment on resonance absorp-
tion imaging was intended neither for determination of the mini-
mum times required for accurate reconstruction of isotopic

Table 1c
Samples with PMMA resulted in voids (Assembly 3).

Pellet # PMMA particles/wires

P-dUO-09-077 Line Voids produced by Fishing line 210 lm diameter in
center in longitudinal direction

P-dUO-09-080 Ideally spherical voids produced by PMMA polymers
P-dUO-09-076 Line Voids produced by Fishing line 210, 270, 380 lm

diameters in transverse direction (radially)
P-dUO-09-078 Line Voids produced by Fishing line 210, 270, 380 lm

diameters in longitudinal direction

Fig. 8. Schematic diagram and photographs of the pellet assemblies used in the imaging experiments. Five fuel pellets were installed in each assembly.

Fig. 9. Photograph of experimental setup with three pellet assemblies installed in
front of a neutron counting detector with neutron sensitive Microchannel Plates
and Timepix readout.

638 A.S. Tremsin et al. / Journal of Nuclear Materials 440 (2013) 633–646

Presented at the NuMat 2012 Conference, 22–25 October 2012, Osaka, Japan

Non-destructive studies of fuel pellets by neutron resonance absorption
radiography and thermal neutron radiography

A.S. Tremsin a,⇑, S.C. Vogel b, M. Mocko b, M.A.M. Bourke b, V. Yuan b, R.O. Nelson b, D.W. Brown b,
W.B. Feller c

a University of California, Berkeley, CA 94720, USA
b Los Alamos National Laboratory, Los Alamos, NM 87545, USA
c NOVA Scientific, Inc., 10 Picker Rd., Sturbridge, MA 01566, USA

a r t i c l e i n f o

Article history:
Available online 13 June 2013

a b s t r a c t

Many isotopes in nuclear materials exhibit strong peaks in neutron absorption cross sections in the
epithermal energy range (1–1000 eV). These peaks (often referred to as resonances) occur at energies
specific to particular isotopes, providing a means of isotope identification and concentration
measurements. The high penetration of epithermal neutrons through most materials is very useful for
studies where samples consist of heavy-Z elements opaque to X-rays and sometimes to thermal neutrons
as well. The characterization of nuclear fuel elements in their cladding can benefit from the development
of high resolution neutron resonance absorption imaging (NRAI), enabled by recently developed spa-
tially-resolved neutron time-of-flight detectors. In this technique the neutron transmission of the sample
is measured as a function of spatial location and of neutron energy. In the region of the spectra that bor-
ders the resonance energy for a particular isotope, the reduction in transmission can be used to acquire an
image revealing the 2-dimensional distribution of that isotope within the sample. Provided that the
energy of each transmitted neutron is measured by the neutron detector used and the irradiated sample
possesses neutron absorption resonances, then isotope-specific location maps can be acquired simulta-
neously for several isotopes. This can be done even in the case where samples are opaque or have very
similar transmission for thermal neutrons and X-rays or where only low concentrations of particular iso-
topes are present (<0.1 atom% in some cases). Ultimately, such radiographs of isotope location can be uti-
lized to measure isotope concentration, and can even be combined to produce three-dimensional
distributions using tomographic methods.

In this paper we present the proof-of-principle of NRAI and transmission Bragg edge imaging per-
formed at Flight Path 5 (FP5) at the LANSCE pulsed, moderated neutron source of Los Alamos National
Laboratory. A set of urania mockup fuel assemblies with intentionally introduced defects was investi-
gated. The maps of elemental composition of pellets containing urania and tungsten were obtained
simultaneously by resonance absorption imaging with spatial resolution better than !200 lm, while
the voids and cracks were revealed by the transmission images obtained with thermal and cold neutrons.
Our proof-of-principle experiments demonstrate that simultaneous acquisition of resonance and Bragg
edge spectra enables concurrent mapping of isotope distributions, imaging of cracks and voids as well
as measurements of some crystallographic parameters of fuel assemblies and their cladding. A detailed
study of energy-dependent neutron statistics achievable at FP5 with our present detection system is also
presented for a wide range of neutron energies.

! 2013 Elsevier B.V. All rights reserved.

1. Introduction

Neutron tomography and radiography have evolved over the
past decades and are now routinely used with dedicated beam
lines at many neutron facilities in the world [1]. Contrary to

well-established X-ray radiography and tomography, which utilize
the attenuation depending on the number of electrons per atom in
the beam, attenuation of a neutron beam and therefore neutron
radiography and tomography depend on nuclear scattering and
absorption cross-sections. While, due to flux limitations and thus
imaging statistics, neutrons will never provide the resolution pos-
sible with X-ray radiography, the fundamentally different interac-
tion physics of neutrons with matter provide substantially
different contrast than X-rays. This allows the experimenter, for
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Abstract

The Doppler broadening of the lower energy neutron absorption resonances of natural hafnium, tantalum, iridium
and rhenium have been studied for the purpose of measuring temperature in remote or isolated environments. Three
methods for the determination of sample temperature from neutron transmission data were studied and a critical
comparison of the efficacy of each method made. Fitting the observed resonance line shapes with analytical expressions
incorporating instrument resolution and resonance parameters provided the most accurate measure of sample
temperature with an estimated uncertainty of !10 "C at 1000 "C and did not require prior calibration experiments to be
performed.
r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The preferential or ‘resonant’ absorption of
neutrons with specific energies by target nuclei
may be readily observed as dips in an energy-
resolved neutron transmission spectrum. The
characteristics of these resonances (shape, depth,
and distribution) are unique to the isotope of the
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rhenium mounted individually (the ‘shap-shot’
data) at room temperature and ambient pressure,
binned with 250 ns time bins are given in Fig. 2. In
each of these spectra the stronger resonances in the
range 0–100 eV may be readily identified. With 2 ns
time bins the number of time bins across each
resonance varied from approximately 50 000 for
resonances with energies of approximately 1 eV to
500 for resonances at approximately 100 eV.
However, with this binning the counting statistics
associated with each time bin was poor. To
minimise the uncertainty associated with each
data point for the subsequent analyses the data
were rebinned to a level considered appropriate for
each resonance investigated (from 256 to 1024 ns
time bins) such that a minimum of 12 data points
were obtained across the full-width half-maximum
of each resonance peak. Due to the limitations of
the instrument used and acquisition time available
the counting statistics for data gathered from
resonances above approximately 10 eV were in-

adequate for a detailed investigation of the
Doppler broadening of these resonances. Subse-
quent analysis was therefore limited to the
stronger low energy resonances of the four
materials investigated—the 177Hf 1.098 eV, 177Hf
2.388 eV, 181Ta 4.28 eV, 181Ta 10.34 eV, 185Re
2.156 eV, 191Ir 0.6528 eV, 191Ir 1.298 eV and 191Ir
5.36 eV resonances. These are identified in Fig. 2.
Notably, the strong resonances seen in Fig. 2 at
approximately 8 eV in the Hf spectrum and 9 eV in
the Ir spectrum were not analysed due to the
difficulty in separating the contributions from
overlapping resonances associated with different
isotopes of these elements.

5. Results

The determination of sample temperatures from
neutron transmission data by the approach out-
lined in Section 2 requires reliable values of the
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temperature with the ISIS data acquisition electronics in 250 ns time bins. Arrows indicate the eight resonance peaks used to extract
sample temperatures.
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data processing techniques. The standard devia-
tion of the temperatures obtained by this method
are given in Table 2. It is believed that these
discrepancies arise as a result of the limitations of
this method to adequately describe the observed
line shape. Whilst the temperatures determined
from the 181Ta 10.34 eV resonance did not
reproduce the level of accuracy reported by Le
Godec et al. [29] of !20 "C, it was observed that
the fitting residual displayed less fine structure
than the other resonances investigated. It is
therefore concluded that the larger errors asso-
ciated with the temperatures obtained for this
resonance may be attributed to higher counting
statistics errors than those encountered in their
work.

6. Discussion

All of the three methods for the determination
of sample temperature from Doppler broadening
of neutron transmission data examined in this
study provide a reasonable measure of the sample
temperature. With all three methods temperatures
were most successfully determined with the lowest
energy resonances. From reference to Eq. (4) it
would be expected that high-energy resonances
from heavy nuclei would exhibit the greatest
Doppler broadening and hence also be the most
desirable for temperature determination by NRS.
However, with narrow resonances, particularly
those at higher energies, the resonance spans fewer
time channels so greater data acquisition times are
required to adequately determine their line shape
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Fig. 7. Examples of the fits obtained with a pseudo-Voigt
function to the data gathered with the FAST ComTec P7886
multiscaler PCI data acquisition card for the 185Re 2.156 eV
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Fig. 8. Widths of the Gaussian and Lorentzian components of
a pseudo-Voigt function fitted to the 191Ir 0.6528 eV resonance
as a function of the sample temperature.
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We report a direct measurement of temperature in a shocked metal using Doppler broadening of neutron
resonances. The 21.1-eV resonance in 182W was used to measure the temperature in molybdenum shocked
to !63 GPa. An explosively launched aluminum flyer produced a planar shock in a molybdenum target
that contained a 1-mm thick layer doped with 1:7 at:%182W. A single neutron pulse, containing resonant
neutrons of less than 1 !s duration, probed the shocked material. Fits to the neutron time-of-flight data
were used to determine the temperature of the shocked molybdenum.
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Equation-of-state measurements are of fundamental im-
portance in describing the behavior of materials and for
applications to geophysics, astrophysics, and shock-
compressed condensed-matter physics (see [1] and refer-
ences therein). The equation of state (EOS) is essential in
describing shock phenomena, and measurement of the
shock temperature completes the EOS [2]. Previous experi-
ments have used neutron transmission to measure tempera-
tures under static conditions [3–5]. However, the
application of this technique to shock measurements is
difficult because the rarefaction-free shock state lasts
only for a short time in the sample interior. To study
shocked systems, neutron resonance spectroscopy (NRS)
uses an intense, single pulse of neutrons to determine
transient temperatures via Doppler broadening of neutron
resonances in a dilute dopant. This dopant does not perturb
the dynamics, and by localizing the dopant, the effects of
rarefactions can be eliminated.

Successful development of the NRS technique makes
possible the measurement of temperature and velocity [6]
of shocked metals and detonated high explosives (HE), the
temperature of shocked-induced phase transitions, and
heating from friction at high-pressure, sliding interfaces.
We selected molybdenum for our initial study because it is
a standard in shock physics and has been extensively
studied both experimentally and theoretically (e.g., see
[7]). In addition, molybdenum does not have a phase
change at the pressures reached in this experiment, and it
forms a solid solution with a suitable dopant. In this Letter,
we report the use of NRS to directly measure the internal
temperature in a shocked metal.

When neutrons from a pulsed white source pass through
an absorber, the time-of-flight (TOF) spectrum of the trans-
mitted beam exhibits a series of narrow dips in the energy
range below a few hundred eV. The dips, which are unique
to each isotope, are caused by compound-nuclear reso-
nances in the cross section of the absorber. For an isolated
resonance, the cross section has a Breit-Wigner or
Lorentzian shape and is given by

""E# $ "0

4

!2

"E% E0#2 & !2

4

; (1)

where E0 is the resonance energy, E is the neutron energy
relative to the target nucleus, "0 is the cross section at
resonance, and ! is the width. Reference [8] gives a more
detailed formalism for the cross section. The thermal mo-
tion of the nuclei broadens the width of the resonance. The
thermal-averaged cross section at temperature T is ob-
tained by convolving the static cross section [Eq. (1)]
with the velocity distribution G"v; T# of the target nuclei:

""v; T# $
Z 1

%1
""v0#G"jv% v0j; T#dv0; (2)

where G"v; T# depends on the phonon distribution for a
solid and transitions to a Maxwell-Boltzmann distribution
at high temperatures. If target-nuclei velocities are much
less than the neutron velocity, G can be well approximated
by a Gaussian with a 1=e half-width " $ 2

!!

"
p

EkT=A#
where A is the atomic weight and k is Boltzmann’s con-
stant. Note that there is also an apparent shift in resonance
energy due to bulk motion of the material.

In a dynamic temperature measurement, the thermody-
namic state of the sample must remain stable during the
passage of resonance-energy neutrons through the ab-
sorber. For a resonance with an energy spread "E, the
transit time at the sample, "tr $ t"E=2E0 ! L"E=E1:5

0 ,
is proportional to t, the time of flight to the sample, or in
turn to L, the distance between the source and the sample.
At Target Station 2 of the Los Alamos Neutron Science
Center (LANSCE), samples can be placed less than 1 m
from the neutron source, thereby shortening "tr to less
than 200 ns FWHM.

At higher neutron energies, contributions to "E and "tr
from the resonance natural width and the slowing of neu-
trons in the moderator (see below) are less. On the other
hand, at lower energies, large cross-section resonances are
more abundant, fluxes are larger, backgrounds are smaller,
and our detector is more efficient. Hence the choice of
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second of stability before rarefactions perturb this region.
The neutrons in the 18.8 eV resonance arrive after rarefac-
tions, and the resonance is washed out in the lower curve.

Independent measurements using optical interferometry
[16] viewing the back surface of the molybdenum deter-
mined the time of shock breakout and the time of proton
beam arrival. From these results, we were able to confirm
the arrival time of resonance neutrons relative to the pas-
sage of the shock in the doped region of the sample and
determine the particle velocity behind the shock. Errors
were assigned from variations in these signal levels.

Figure 2(b) shows the data of Fig. 2(a) on an expanded
scale, along with the results of least-squares fits to the
preshock and postshock data. The form of the fitting func-
tion is given by

Y!t" # $!fluxe%n!!v;T"" &M!t" ' B( & P!t"; (5)

where & represents the convolution operation, !!v; T" is
the Doppler-broadened cross section, M!t" is the contribu-
tion from moderator dispersion [see Eq. (3)], B is the time-

dependent background, and P!t" is the contribution from
phosphorescence [Eq. (4)]. The cross section was calcu-
lated using tungsten resonance parameters taken from
Werner [17]. Since the moderator parameters vary with
energy, a transformation in parameter space was performed
in the analysis to calculate the dispersion effect as an
energy-independent convolution.

Most of the neutrons in the 21.1-eV 182W resonance
reach the sample while it is in a shocked state. The small
number of resonant neutrons that are emitted from the
moderator at late times and that reach the doped region
after the arrival of rarefactions can vary from one edge of
the beam to the other because of the tilt of the sample
relative to the beam direction. We modeled this effect by
dividing the sample into different segments (each a differ-
ent distance from the neutron source), and for each seg-
ment we estimated the small fraction of resonant neutrons
that pass through the sample after it has been released.
After studying the variation in the temperature for different
assumed conditions of the released material, we found the
effect on temperature to be much smaller than the statisti-
cal error.

In a set of static runs, we used NRS to measure the
temperature in a natural tungsten foil that was heated in an
oven, and a thermocouple read the temperature of the foil.
Measurements were performed at thermocouple readings
of 301, 625, and 929 K . The extracted temperatures were
310) 12, 612) 12, and 945) 16 K, respectively, in
agreement with the thermocouple values. The good agree-
ment places an upper limit on systematic errors and in-
dicates that in the dynamic shots, background uncertainties
are the main sources of possible systematic errors.

Temperatures derived from fits to the data of the two
shots are presented in rows 1 and 2 of Table I. The
combined error adds statistical errors (in parentheses)
with systematic errors. We determine the latter by chang-
ing the background when fitting the dynamic data; the
amount of change was determined by varying fitting re-
gions of the static data.

Figure 3 compares the experimental result with theoreti-
cal Hugoniot temperatures derived from the Mo-2984 ta-
bles in the SESAME EOS library [18]. The displayed
weighted average (see Table I) of the measured tempera-
tures is calculated by shifting both data points to the
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TABLE I. Summary of results from two shots at 63 GPa.

Data set Particle velocity (km=s) T!K"a

Shot 1 0:95) 0:02 786) 83 (66)
Shot 2 0:98) 0:02 926) 55 (24)
Wt. avg. 0:97) 0:02 875) 46
Theory 0.97 635

aErrors shown combine systematic and statistical (given in
parentheses) contributions.
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Equation-of-state measurements are of fundamental im-
portance in describing the behavior of materials and for
applications to geophysics, astrophysics, and shock-
compressed condensed-matter physics (see [1] and refer-
ences therein). The equation of state (EOS) is essential in
describing shock phenomena, and measurement of the
shock temperature completes the EOS [2]. Previous experi-
ments have used neutron transmission to measure tempera-
tures under static conditions [3–5]. However, the
application of this technique to shock measurements is
difficult because the rarefaction-free shock state lasts
only for a short time in the sample interior. To study
shocked systems, neutron resonance spectroscopy (NRS)
uses an intense, single pulse of neutrons to determine
transient temperatures via Doppler broadening of neutron
resonances in a dilute dopant. This dopant does not perturb
the dynamics, and by localizing the dopant, the effects of
rarefactions can be eliminated.

Successful development of the NRS technique makes
possible the measurement of temperature and velocity [6]
of shocked metals and detonated high explosives (HE), the
temperature of shocked-induced phase transitions, and
heating from friction at high-pressure, sliding interfaces.
We selected molybdenum for our initial study because it is
a standard in shock physics and has been extensively
studied both experimentally and theoretically (e.g., see
[7]). In addition, molybdenum does not have a phase
change at the pressures reached in this experiment, and it
forms a solid solution with a suitable dopant. In this Letter,
we report the use of NRS to directly measure the internal
temperature in a shocked metal.

When neutrons from a pulsed white source pass through
an absorber, the time-of-flight (TOF) spectrum of the trans-
mitted beam exhibits a series of narrow dips in the energy
range below a few hundred eV. The dips, which are unique
to each isotope, are caused by compound-nuclear reso-
nances in the cross section of the absorber. For an isolated
resonance, the cross section has a Breit-Wigner or
Lorentzian shape and is given by

""E# $ "0
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; (1)

where E0 is the resonance energy, E is the neutron energy
relative to the target nucleus, "0 is the cross section at
resonance, and ! is the width. Reference [8] gives a more
detailed formalism for the cross section. The thermal mo-
tion of the nuclei broadens the width of the resonance. The
thermal-averaged cross section at temperature T is ob-
tained by convolving the static cross section [Eq. (1)]
with the velocity distribution G"v; T# of the target nuclei:
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Z 1
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where G"v; T# depends on the phonon distribution for a
solid and transitions to a Maxwell-Boltzmann distribution
at high temperatures. If target-nuclei velocities are much
less than the neutron velocity, G can be well approximated
by a Gaussian with a 1=e half-width " $ 2
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where A is the atomic weight and k is Boltzmann’s con-
stant. Note that there is also an apparent shift in resonance
energy due to bulk motion of the material.

In a dynamic temperature measurement, the thermody-
namic state of the sample must remain stable during the
passage of resonance-energy neutrons through the ab-
sorber. For a resonance with an energy spread "E, the
transit time at the sample, "tr $ t"E=2E0 ! L"E=E1:5

0 ,
is proportional to t, the time of flight to the sample, or in
turn to L, the distance between the source and the sample.
At Target Station 2 of the Los Alamos Neutron Science
Center (LANSCE), samples can be placed less than 1 m
from the neutron source, thereby shortening "tr to less
than 200 ns FWHM.

At higher neutron energies, contributions to "E and "tr
from the resonance natural width and the slowing of neu-
trons in the moderator (see below) are less. On the other
hand, at lower energies, large cross-section resonances are
more abundant, fluxes are larger, backgrounds are smaller,
and our detector is more efficient. Hence the choice of
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Novel thermal neutron detectors 
(basically an imaging n-ToF detector)

setup has a reasonable sensitivity (1–1000 eV), and thus not all iso-
topes can be studied using the technique described in this paper.
However, the majority of actinides possess low energy resonances,
and are thus quite well suited for resonance spectroscopic imaging
[47]. The energies and cross-sections of the isotope-specific reso-
nances provide a unique ‘‘finger-print’’ for many isotopes, analo-
gous to the d-spacings and varying intensities of the diffraction
lines providing a ‘‘finger-print’’ for crystalline structures. Based
on tabulated cross sections [47], Fig. 10 shows the attenuation of
tungsten calculated for thicknesses of 75 and 200 lm. The attenu-
ation increases with the thickness of the material, until the total
attenuation becomes unity at some resonance energies, which la-
ter in the paper are referred to as ‘‘saturated’’ for that thickness
of the particular material. Weaker resonances (typically observed
at higher energies) can still be non-saturated even for those thick
samples. The measured depths of non-saturated resonances can
be used to quantify the amount of resonating isotope along the
neutron path, thus providing not only the 2D maps of isotopic dis-
tribution, but also the effective thicknesses or concentration of
each isotope in each pixel of these maps. However, the height of
the measured resonance peaks (which are actually measured as
resonance dips, since we register transmission spectra) is influ-
enced by several experimental parameters, and therefore a specific
reconstruction procedure is required for quantification. The width
of the initial neutron pulse, its energy-dependent broadening by
the moderator, the instrument response and background level –

all influence the transmission spectra obtained in our experiments,
and all can be calibrated. Our initial attempts on the quantified
reconstruction of isotope thickness indicate that we should be able
to measure the effective isotope thickness to sub-10 lm accuracy
(i.e., 0.1% in a 10 mm sample). A very large difference in the
absorption cross-sections of U-235 and U-238 isotopes as shown
in Fig. 11, should enable very accurate non-destructive spatial
mapping of the enrichment level in the sample, as well as of the
distribution of other isotopes in the spent fuel elements (e.g. Nd,
Gd, Pu, etc.). Knowing the latter distribution can then be used for
the investigation of fuel burn-up rates for different fuel elements,
placed at different rod positions in the reactor core.

Our initial proof-of-principle experiment on resonance absorp-
tion imaging was intended neither for determination of the mini-
mum times required for accurate reconstruction of isotopic

Table 1c
Samples with PMMA resulted in voids (Assembly 3).

Pellet # PMMA particles/wires

P-dUO-09-077 Line Voids produced by Fishing line 210 lm diameter in
center in longitudinal direction

P-dUO-09-080 Ideally spherical voids produced by PMMA polymers
P-dUO-09-076 Line Voids produced by Fishing line 210, 270, 380 lm

diameters in transverse direction (radially)
P-dUO-09-078 Line Voids produced by Fishing line 210, 270, 380 lm

diameters in longitudinal direction

Fig. 8. Schematic diagram and photographs of the pellet assemblies used in the imaging experiments. Five fuel pellets were installed in each assembly.

Fig. 9. Photograph of experimental setup with three pellet assemblies installed in
front of a neutron counting detector with neutron sensitive Microchannel Plates
and Timepix readout.

638 A.S. Tremsin et al. / Journal of Nuclear Materials 440 (2013) 633–646
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Laser-driven neutron resonance spectroscopy
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New detectors for applications avoiding 3He
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Neutron MCP Sensors 
for 

Detection and Imaging 
 

Based on an exclusive worldwide strategic partnership 
this unique Neutron Detector Concept is a common development of 

NOVA Scientific, Inc., Sturbridge, MA, USA    
and 

ProxiVision GmbH, Bensheim, Germany. 

NOVA Scientific is the sole inventor, originator and world leader in MCP-based neutron 
detection technologies for over 20 years, with a powerful intellectual property base.   

ProxiVision is a world leader in the development and production of high quality imaging 
detector technologies used for missile warning systems, industrial and scientific systems.  

Drivers for Neutron Detectors 

• He-3 gas tubes have been standard, but with rapidly dwindling supplies of the gas, 
where demand far outstrips supply both for neutron science and security. He-3 costs 
are volatile, increasingly expensive, with volumes highly restricted. 

• New neutron facilities coming on line with very high flux neutron beams  driving 
dynamic range and timing requirements for effective high resolution neutron  
imaging. 

• Nuclear proliferation and terrorism on rise creating demand for more efficient 
solutions for monitoring of nuclear materials. 

Neutron-Sensitive MCP Detectors 

The neutron-sensitive MCPs are based upon the interaction of the neutrons with the 10B 
isotope, yielding alpha and 7Li energetic charged particles which are then internally 
amplified in ~8 micron microchannels to a large ~1 ns output charge pulse of electrons.  For 
certain applications, Gd can also be employed.  

  

 

 

 

 

 

     Left:  Operation of a 10B MCP 
• 10B or Gd incorporated in either base glass melting or as 

a thin-film internal coating, or both.  Patent-protected.  
• Reactants create secondary electrons-reactant ranges 

matched to channel wall thickness 
• Secondary electrons amplified up to large pulses as for 

night vision 
• Efficiency proportional to B/Gd level 

 

Large area detectors are needed for cargo inspection

The price for He3 tubes has skyrocketed 

New detectors are currently tested
those are also dedicated for FAIR
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Active interrogation system to detect special 
nuclear material

Need:	Fast,	movable,	opera0onally	safe	
neutron	source	featuring	energy	
tunable,	and	high	intensity	direc0onal	
neutron	produc0on	

Figure from Masuda et al., IEA Kyoto

Investigation of the viability of a laser-driven neutron source for active 
interrogation 



 |Crete | 2017

Hard X-ray production

Single shot x-ray imaging of a 1 cm tungsten plate
500 keV to 1 MeV Photons
exposure time about 1 ps
spatial resolution better 100 µm  (limited by detector at present)

Poolside LANSCE-like Neutron Characterization Capabilities with Laser-Driven Neutron Sources 
04/14/2017 31 
 

 

applications, especially for dynamic processes due to the short pulse (flash radiography). A source size 
for high energy neutrons has not yet been determined, but since the proton and deuteron beams impinging 
on the targets have similar characteristics, a similarly small source size can be expected. 

 
Figure 22: Comparison of an AWE tungsten kaleidoscope used to determine resolution in radiography 
experiments. On the left, a radiograph from the Dual Axis Radiographic Hydrodynamic (DARHT) facility 
is shown. On the right, the same target is shown with a radiograph measured at Trident (Radiographs 
courtesy of R. Nelson & J. Hunter/LANL). 

8.5 Protons for material characterization 
At LANSCE, 800 MeV protons are used as a probe to characterize materials. While neutrons and X-rays 
cannot be focused in practical applications, the charge of the protons allows to build magnetic lenses to 
implement magnification similar to an electron microscope [Aufderheide 1999]. Figure 23 shows a 
comparison of radiographs of the same rodlet containing Urania fuel pellets with purposefully introduced 
voids and tungsten pieces of different sizes obtained with different probes. Protons provide a contrast 
mechanism similar to X-rays as they interact with the charge of the atoms.  

While certainly more effort than neutron and X-ray imaging discussed so far, the ability of protons with 
energies above 100 MeV to penetrate containers and high Z materials like nuclear fuels, the ability to 
utilize magnifiers as developed at pRAD at LANSCE to zoom into details within e.g. an irradiated fuel 
non-destructively is attractive. 
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Experiments in 2014 @ LANL 
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 Uranium Samples tested: 
 
• Depleted Uranium with mass up to 4.5kg 

 
• Sample of enriched uranium up to 

65%(w.t.) enrichment in 235U 
 
 

 
 

 
 

 
 

 
 

  
 

 

Neutron coincidence counter with 
single ring structure of 3He proportional 
detectors embedded in polyethylene. In 
the left detector is visible the U sample.  

 
 
 

 
 

 
 

  
 

 

Operated by Los Alamos National Security, LLC for NNSA U N C L A S S I F I E D 
 

Diagnostics and set up for active interrogation 

Slide 10 

Active-Interrogation 

Neutron 
Coincidence 

Counter 

 Diagnostic for active interrogation: 
  Neutron Coincidence Counter 
• HLNCC-II: composed of a single ring of 18 3He 

detectors embedded in polyethylene, Cd lined 
(efficiency=17.5%, die-away 43 µs) 

• AWCC : double ring of 42 3He detectors 
embedded in polyethylene, Cd lined 

  (efficiency=32.8%, die-away 50 µs ) 
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 Active interrogation: identify nuclear material with a single pulse 
 
 

 
 

 
 

  
 

 

 Diagnostic for the neutron production: 
• Bubble detectors ( insensitive to γ’s) 

 
• nTOF: with plastic scintillator + PMTÆneutron 

energy spectrum 
 

• Neutron yield detectors based on 3He 
+polyethylene (have been developed in the 
project specifically for the one shot 
measurement) 
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Interrogation of an enriched uranium sample 

PI: Andrea Favalli, LANL

Operated by Los Alamos National Security, LLC for NNSA U N C L A S S I F I E D 
 

Interrogation of an enriched uranium sample 
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 Sample: High Enriched Uranium (990 g U, of which 650g 235U) 
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signatures for nuclear fission ( few other process yield delayed neutrons) 
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!Where do we go from here?
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ELI-BL in Dolní Břežany, CZ  [www.eli-beams.eu]

ELI-NP in Măgurele, RO [www.eli-np.ro]

ELI-ALPS in Szeged, HU [www.eli-hu.hu]



The beam path infrastructure and compressor vessels are in 
place for ARC

ULTRAFAST THIN-DISK LASERS, Knut Michel 25.11.2016 

Long-term output stability @ high energy 

35 

14 hours measurement 
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Next generation laser systems

ULTRAFAST THIN-DISK LASERS, Knut Michel 25.11.2016 

Further Scaling to >1kW 

47 

ULTRAFAST THIN-DISK LASERS, Knut Michel 25.11.2016 

Further Scaling to >1kW (200mJ; 1ps) 

46 ULTRAFAST THIN-DISK LASERS, Knut Michel 25.11.2016 25.11.2016 ULTRAFAST THIN-DISK LASERS, Knut Michel 

ULTRAFAST THIN-DISK LASERS 

TRUMPF SCIENTIFIC LASERS 

4 

LANSCE-class neutron source on a truck?

Small series production and general advances in laser 
technology ensure that price will go down 

L4 @ ELI
1.6 kJ @ 150 fs @ 1/ min

 Beam in the Box
8.1 kJ @ 20 ns @ 16/ Hz

ARC @ NIF
8.5 kJ @ 1.5 ps @ 1/ 90 min

FET Project @ TRUMPF
1J @ 1 ps @ 1kHz                   
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Laser development and ion energies

Figure 5: summary of the maximum proton energy dependence on laser intensity for the existing 

and forthcoming facilities, paying a particular attention to the large scale project of the European 

Community named ELI, and to the FLAME facility of INFN. The expected energies of the FLAME 

project  is  put  in  evidence.  Experimentally  measured  data  are  small  dots,  boxes  and  crosses 

corresponding to  three  pulse  duration  ranges  are  shown.  Simulations  performed at  higher  laser 

intensities planned for ELI are reported as big purple dots. Note that, as experimentally proven up to 

1020 W.cm-2, the maximum proton energy for the extreme short pulses is ~ I, whereas for the longer 

pulses ~ I1/2.

According to simulations, the predominant ion acceleration regime at the expected intensities (i.e. 

I≥1023 W/cm2) should be the  radiation  pressure  acceleration  (RPA).  Multiple  stage acceleration 

using stacked foils  would offer the additional  prospect of further  increase of the ion maximum 

energy.  At  a  similar  intensity  regime,  other  simulations  have  also  shown  that  ions  could  be 

accelerated to energies higher than 10 GeV in the “bubble” regime of wakefield acceleration using 

near-critical  density  plasmas  and  mixed  ions.  Such  underdense  plasma targets  would  have  the 

benefit of allowing high repetition rate operation.
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I.S. Anderson et al. / Physics Reports 654 (2016) 1–58 9

Neutron production from spallation and fission involves energetic protons or neutrons traversing the target or the fuel
elements over a mean free path as large as many centimeters, hence limiting the brightness of the source. Inertial fusion
employs a small (millimeter size) d–t pellet that can be ignited in principle by a high-power laser beam. Recently, Taylor
et al. [13] suggested a super-high-flux neutron source based on laser-ignited inertial fusion. A single target is a pellet of d–t
mixture, which, upon ignition, sustains the fusion reaction d+t ! ↵ (3.5 MeV)+n (14.1 MeV). However, the fluxes of very
high power-density ↵ particles will impose severe problems in heat removal and radiation damage to reactor components
that are unsolved by present-day technology. A tritium resupply cycle needs also to be worked out. Laser-ignited inertial
fusion is included in Table 3.1 as an option among high-power neutron sources for the future.

3.2.4. Neutron production by nuclear reactions driven by low-energy charged particles
At energies below ⇠50 MeV, the de Broglie wavelength of the proton or deuteron is comparable to the size of a nucleus

(⇠10�13 cm), so the particle–nucleus reaction can be considered as occurring through only one or two reaction channels.
Although our knowledge of nuclear structures is not sufficiently complete to predict accurately the state wave functions of
the compoundnucleus and the transition probability of the reaction channels, experiments have been carried out tomeasure
the cross sections of many low-energy nuclear reactions. Figs. 3.5 and 3.6 show the estimated global neutron yields from
measured cross sections of various target materials over two different energy ranges of incident particles. The neutron yield
and cross sections of a number of (p, n), (d, n), (t, n), and (↵, n) reactions, listed in Table 3.2, were evaluated by Drosg [14].
In general the targets are light elements, and the neutron yields from low-energy charged particles are smaller than those
from spallation and fission by several orders of magnitude. Yet the density of heat deposited in the target is large because
of the very short range of low-energy charged particles in a solid target. Thus care must be taken for the (often windowless)
entrance of the incident beam and for the protection of the target against damage by heat deposition, radiation shock,
and accumulation of gaseous hydrogen at the end of the range of charged particles in the target material. For example,
the damage caused by the end-of-range stopping, evidenced by the well-known ‘‘Bragg peak’’ (not the diffraction peak),
of incident protons in beryllium metal is well documented [15]. A few at.% of hydrogen accumulation causes the metal to
disintegrate.

Table 3.2
The neutron-producing reactions considered by [14] as candidates for monoenergetic neutron sources.

Reaction types Examples

(p, n) 3H(p, n)3He, 6Li(p, n)6Be, 7Li(p, n)7Be, 9Be(p, n)9B, 10Be(p, n)10B, 10B(p, n)10C, 11B(p, n)11C, 12C(p, n)12N, 13C(p, n)13N, 14C(p,
n)14N, 15N(p, n)15O, 18O(p, n)18F, 36Cl(p, n)36Ar, 39Ar(p, n)39K, 59Co(p, n)59Ni

(d, n) 2H(d, n)3He, 3H(d, n)4He, 7Li(d, n)8Be, 9Be(d, n)10B, 11B(d, n)12C, 13C(d, n)14N, 14N(d, n)15O, 15N(d, n)16O, 18O(d, n)19F, 20Ne(d,
n)21Na, 24Mg(d, n)25Al, 28Si(d, n)29P, 32S(d, n)33Cl

(t, n) 1H(t, n)3He

(↵, n) 3H(↵, n)6Li, 7Li(↵, n)10B, 11B(↵, n)14N, 13C(↵, n)16O, 22Ne(↵, n)25Mg

Fig. 3.5. Estimated global neutron yields from nuclear reactions of particles incident on thick targets of various materials [16,17]. . J.M. Carpenter, W.B. Yelon, Neutron sources, methods of experimental physics, Neutron Scattering 23 (1986) 99–196  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Thank you!!

The future for laser-driven neutron sources seems to look brighter every year…


