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CPA (Chirped Pulse Amplification)  

can generate high energy pulses up to 1015 W

100f

Chirped Pulse Amplification 
D. Strickland and G. Mourou (1985)

 

First 40cm x 80cm MLD production gratings were 
delivered to Titan (300J,500fs) Laser Project at LLNL 

Mean: 95.9%

RMS: 0.8%

Mean: 95.9%

RMS: 0.7%
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C O M P R E S S I O N  OF AMPLIFIED CHIRPED OPTICAL PUI~SES 

I)onna S T R [ C K L A N D  and Gerard M O U R O U  
I,ahorato(v /or Laser Energettcs. Unit'er~i(v of Rochester, 250 East Rit'er RomL Rochester. N }" 14t523-12~, ~ :SA 

Received 5 Jul', 1985 

We have demonstrated the amplification and subsequent recompression of optical chirped pulses. A sy~,tem v, hich produces 
1.06 #m laser pulses with pulse widths of 2 ps and energies at the millijoule level i~ presented. 

The onset of self-focusing of intense light pulses 
limits the amplification of ultra-short laser pulses. 
A similar problem arises in radar because of the need 
for short, yet energetic pulses, without having circuits 
capable of handling the required peak powers. The so- 
lution for radar transmission is to stretch the pulse 
by passing it through a positively dispersive delay line 
before amplifying and transmitting the pulse. The 
echo is compressed to its original pulse shape by a 
negatively dispersive delay line [ 1 ]. 

We wish to report here a system which transposes 
the technique employed in radar to the optical regime, 
and that in principle should be capable of producing 
short (~I  ps) pulses with energies at the Joule level. 
A long pulse is deliberately produced by stretching a 
short, low-energy pulse in a single mode optical fiber. 
The pulse is linearly chirped in the fiber by the com- 
bination of group velocity dispersion and self-phase 
modulation [2]. The stretched pulse is amplified and 
then compressed by a double grating compressor [3]. 
Amplifying the stretched pulse rather than the com- 
pressed pulse allows for higher energies to be achieved 
before self-focusing occurs. The amplification does 
not appear to affect the chirp linearity and so the 
pulses can be fully compressed [4]. A potential bene- 
fit of amplifying a chirped pulse in an inhomogeneous 
medium is gain sweeping. In this case, the amplified 
pulse would be free from gain saturation effects, be- 
cause the frequency varies along the pulsewidth and 
each frequency component sees gain independently. 

A schematic diagram of the amplifier and compres- 

0 030-4018/85/$03.30 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 

sion systetn is shown in fig. 1. A CW mode-locked, 
Nd : YAG laser (Spectra-Physics Series 3000) is used 
to produce 150 ps pulses at an 82 MHz repetition rate. 
Five watts of average power are coupled into 1.4 km 
of single-mode non-polarization-preserving optical 
fiber. The fiber (Corning Experimental SMF/DS TM) 
has a core diameter of 9 Urn. The average power at 
the output of the fiber is 2.3 W. The pulses have a 
rectangular pulseshape with a pulse width of approx- 
imately 300 ps, as can be seen from the autocorrela- 
tion trace in fig. 2. The bandwidth of the pulses is 
50 A. The stretched pulses are injected into a pulsed, 
Nd : glass, regenerative amplifier, by reflection from 
an AR coated window. An AR coated window is used 
to protect the fiber end from being damaged by the 
retroreflected, amplified pulses. The glass (Kigre Q- 
246) is a high gain silicate glass, with a 350 A band- 
width. The gain of the Nd : glass amplifier peaks at 
1.062/am. A quarter-wave plate frustrates lasing and 
rejects the injected pulses after two round trips. A 
pulse is trapped in the cavity, by applying a quarter- 
wave voltage to the Pockels cell, which then com- 
pensates for the quarter-wave plate. The Pockels cell 
is triggered at the peak of the fluorescence. After ap- 
proximately 100 round trips (1 /as), the Pockels cell is 
triggered again with a voltage sufficient for half-wave 
rotation, in order to reject the pulse from the cavity. 
The energy of the amplified pulse is ~2 mJ, The am- 
plified pulse is transmitted through the AR coated 
window to a double pass of a double grating com- 
pressor. The gratings have 1700 ~/mm groove spacing 

447 



High Power laser development 
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Proton acceleration with lasers : 
Static electric fields

����

����	
�����

�

�

�

�

���������������������

�����

���� !� �
����������

"
�

"
�

"
�

"
�

" �

"�

#������
��� �

$����
��
!� ���%

�
�

�

�

�

"

"
"

"
�

"
�

"
�

"
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�
�

"

"

"

"

"

"

"

"

"

"

"

����&'&��'

�� �
������

"
�

"
�

"�

"�

"

�
"�

"
�

"

�

"
�

"

�

" �

"

�

"
�

"

�

"�

"

�
"

�"

"

�
"

"
�

"
�

"

�

"
�

"

"�

"

�
"

�

"
�

"

"
�

"
�

"

�

�

�

"

(���
��!�������
���� ��� 

)� !���
���� ��� 

�������������������������������*������������������������������
�����������������������������!� " ��� ����������
��� 

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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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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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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Neutron Sources
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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
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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

Accelerator neutron source with ~1 ns TOF resolution

Fast Neutron Resonance Radiography 
Vartsky, D. et al. Nuclear Instruments and Methods A623, 603–605 (2010)

Carbon 
content

Nitrogen 
content
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Accelerator neutron source with ~1 ns TOF resolution

Fast Neutron Resonance Radiography 
Vartsky, D. et al. Nuclear Instruments and Methods A623, 603–605 (2010)
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Accelerator neutron source with ~1 ns TOF resolution

Fast Neutron Resonance Radiography 
Vartsky, D. et al. Nuclear Instruments and Methods A623, 603–605 (2010)
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content

Nitrogen 
content
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Accelerator neutron source with ~1 ns TOF resolution

Fast Neutron Resonance Radiography 
Vartsky, D. et al. Nuclear Instruments and Methods A623, 603–605 (2010)

Carbon 
content

Nitrogen 
content
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Material selective (fast neutron radiography)

Accelerator neutron source with ~1 ns TOF resolution

Fast Neutron Resonance Radiography 
Vartsky, D. et al. Nuclear Instruments and Methods A623, 603–605 (2010)
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content
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Accelerator neutron source with ~1 ns TOF resolution

Fast Neutron Resonance Radiography 
Vartsky, D. et al. Nuclear Instruments and Methods A623, 603–605 (2010)

Carbon 
content

Nitrogen 
content

Ishay Pomerantz / U. Texas
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Activating fissible material

A. Favalli, LANL

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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Laser neutron sources

In collaboration with

Thursday, November 14, 13

Compact sources from 
different mechanisms

I. Pomerantz, UT

Electron driven neutron generation

2”

Pomerantz I. et. al, submitted
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Photo-neutron production from electrons

Neutrons from cluster fusion

T. Dittmire, UT Austin

TU Darmstadt
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Highest yield directed neutron beam so far

LASER

Target
Laser

Shield
Ions

Converter Neutrons

Annika Kleinschmidt | a.kleinschmidt@gsi.de | 36th International Workshop on High Energy Density Physics with Intense Ion and Laser Beams  
 

Optimization of neutron yield 

D. Jung et al., Phys. 
Plasmas 20, 056706 
(2013) 
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Fast neutron imaging

21 October 2016 Volume 120 Number 15

jap.aip.org

Journal of
Applied Physics

Journal of Applied Physics
10/17/2016

Source size 1.3 mm

Single shot, ns exposure, compact laser
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FORKA – Forschung 
für den Rückbau 
kerntechnischer Anlagen 
Förderkonzept: Rückbau und Entsorgung 

Research to develop a compact, laser-driven, imaging 
neutron diagnostic to investigate nuclear material

 

 

Sie sorgt für die umweltverträgliche Stilllegung, den Rückbau und die Entsorgung 
dieser Anlagen ebenso wie für die geordnete Beseitigung der in ihrem Verantwor-
tungsbereich entstandenen radioaktiven Abfälle. Zu diesem Zweck fördert das Bun-
desforschungsministerium spezialisierte Rückbaueinrichtungen auf institutioneller 
Basis. Sie setzen die Stilllegungs- und Entsorgungsaufgaben kompetent und sicher 
um. Diese Einrichtungen haben eigenes Fachpersonal, greifen jedoch für Spezialauf-
gaben regelmäßig auch auf die Kompetenz externer Fachunternehmen zurück. 

Das Spektrum der nuklearen Altlasten im Geschäftsbereich des Bundesforschungs-
ministeriums ist breit. Es umfasst neben verschiedenen Forschungs- und Prototyp-
reaktoren und der Pilotwiederaufarbeitungsanlage in Karlsruhe verschiedene 
Abfallbehandlungsanlagen, diverse sogenannte „Heiße Zellen“ und mehrere Zwi-
schenlager für radioaktive Abfälle. Zwar sind viele der Rückbauprojekte schon weit 
fortgeschritten, einige auch schon abgeschlossen, dennoch werden bis zur vollstän-
digen Erledigung aller anstehenden Aufgaben noch viele Jahre benötigt. 

Rundgebindelager in Karlsruhe 

UMFELD UND RANDBEDINGUNGEN 9 



 NP 2018| 

 

  

 

 

 

Radiographie mittels schneller 

Neutronen zur Charakterisierung 

radioaktiver Abfa lle (Neutron Imaging) 
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Zielstellung NISRA-Verbundprojekt 

NISRA-Abschlussbericht 2012-2015  9 | 78 

ist die Aktivitätsdeklaration mittels bestehender messtechnischer Verfahren mit großen 

Unsicherheiten behaftet /5/. 

 

Abbildung 1: Übersicht zu den verschiedenen zerstörungsfreien Analyseverfahren für die 
Charakterisierung radioaktiver Abfälle. 

3. Zielstellung NISRA-Verbundprojekt 
Die Kooperationspartner des Verbundprojektes hatten sich zum Ziel gesetzt, eine kompakte 

Radiographieanlage, die mit schnellen Neutronen arbeitet, zu entwickeln und zu validieren. Ein solches 

System ist komplementär zu existierenden Radiographie- bzw. Tomographieanlagen, die Röntgen- 

bzw. Gamma-Strahlung benutzen. Schnelle Neutronen haben gegenüber Photonen den Vorteil einer 

größeren Eindringtiefe in Materialien mit hohen Dichten. Somit können durch die Anwendung eines 

solchen Systems Informationen gewonnen werden, die eine genauere radiologische und 

chemotoxische Quantifizierung von radioaktiven Abfällen erlauben, indem Angaben über 

abschirmende Strukturen gewonnen werden. Im Vordergrund stand neben dem Bau der 

experimentellen Radiographieanlage die Entwicklung eines an die Aufgabenstellung adaptierten 

Detektorsystems und der dafür erforderlichen Rekonstruktionsalgorithmen. Diese Algorithmen dienen 

insbesondere zur Korrektur der Strahldivergenz der schnellen Neutronen, da kein Strahlkollimator, wie 

sonst üblich, verwendet wurde. 

Zu den weiteren Zielen gehörte der Kompetenzaufbau im Bereich der „Nuklearen Messtechnik“. Durch 

die Einbindung der Verbundpartner in die internationalen Forschungsgemeinschaften wie z.B. die 

„International Society for Neutron Radiology“ sollte sichergestellt werden, dass die F&E-Arbeiten auf 

dem aktuellen Stand von Wissenschaft und Technik erfolgen. In Kapitel 11 werden Beiträge und 

Veröffentlichungen der Verbundpartner im Rahmen des Projektes aufgelistet. 

Stand von Wissenschaft und Technik 

NISRA-Abschlussbericht 2012-2015  11 | 78 

5. Stand von Wissenschaft und Technik  
Die Neutronenradiographie als bildgebendes Verfahren wird schon seit den frühen 1970ern in der 

Forschung und zum Teil auch als Dienstleistung für die Industrie eingesetzt /6/. In den meisten Fällen 

werden Objekte kleiner und mittlerer Größe untersucht (z.B. 10-20 cm große Skulpturen). Seit einigen 

Jahren richtet sich der Fokus immer mehr auf die Untersuchung großer Objekte, wie z.B. arbeitende 

Verbrennungsmotoren /7/. In Abbildung 3 ist die Komplementarität der Neutronenradiographie und 

der Röntgenradiographie dargestellt. 

 
Abbildung 3: Die beiden Bilder links zeigen Radiografien einer armierten Betonprobe (Foto rechts). Das 
blaue und grüne Bild zeigen Tomographien derselben Probe /6/. 

Diese Entwicklungen finden bisher primär in Großforschungseinrichtungen statt, weil nur 

Forschungsreaktoren (z.B. FRM-2 in Garching bei München) und Beschleunigeranlagen (z.B. SINQ des 

PSI in Villingen/ Schweiz) in der Lage sind, qualitativ hochwertige Neutronenstrahlen zu erzeugen. Der 

Betrieb dieser Anlagen ist mit sehr hohen Kosten verbunden und benötigt ein gut geschultes bzw. breit 

aufgestelltes Bedien- und Sicherheitspersonal. Es können daher keine Routinemessungen 

durchgeführt werden, die den gestellten Industrieanforderungen genügen. Darüber hinaus sind alle 

radiographischen Untersuchungen ortsgebunden. Außerdem zeigt die weltweite Entwicklung, dass 

immer weniger „starke“ Neutronenquellen, wie z.B. Forschungsreaktoren, zur Verfügung stehen. 

Deswegen ist die Entwicklung innovativer Konzepte für neuartige Radiographieanlagen gefordert 

(siehe Abbildung 4). 
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Possible Applications require a better compact 
neutron source

Neutron radiography using a 
DT-Plasma tube (15 min) 
(NISRA Report 2015)

Laser-driven single-pulse 
neutron radiography  
(TRIDENT, LANL 2016)
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Prospects: 
Fast Neutron Radiography 
(from I. Pomerantz, PRL 113, 184801 (2014) ) 

Fast Neutron Resonance Radiography 
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Complementary to p-rad or x-rays

14 ISRNMaterials Science

(a) (b) (c)

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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Mobile source for fuel rod testing

Additional to the determination of the enrichment-
levels for a single projection on a relatively large active 
detector area, each projection was fitted pixel by pixel, 
enabling full 2D absolute areal density image reconstruction 
for individual isotopes. Utilizing all 51 projections, the 3D 
distribution of 235U and 238U can be determined. Using the 
full tomographic data set, absolute areal density maps of 
235U and 238U were generated by projecting the distributions 
onto a single view for illustration. Figure 5 and 6 show 238U 
and 235U areal densities for pellets 6 to 9. 

 
Fig. 5. Reconstructed projection for 238U using the SAMMY 
code. 

 
Fig. 6. Reconstructed projection for 235U using the SAMMY 
code 

Capability developments are under consideration to 
improve spatial resolution, accuracy of the fits and 
accelerated measurement times.  The technique described in 
this paper employ the pulsed neutron source at the Lujan 
Center.  The neutron production relies on the 800MeV 
proton accelerator at LANSCE [5].  An interesting 
possibility exists if recent advances continue in the 
development of intense laser-driven pulsed neutron source  
[10]. Although laser based sources are not currently capable 
of neutron production for measurements of the type 
described here, their technological advance is ongoing.  The 
potential development of comparatively cheap (~5-35M$) 
small (room-sized) pulsed laser sources without radioactive 
spallation targets or nuclear reactors makes them an 
interesting technology to deploy for non-proliferation efforts 

[11]. Indeed, it is expected that within the next decade a 
“small-scale” laser based pulsed neutron source with 
sufficient neutron production performance might become 
available to enable these techniques to be implemented 
“pool-side” to allow immediate non-destructive examination 
of irradiated nuclear fuels.  

This work received support from the Fuel Cycle 
Research And Development program, U.S. Department of 
Energy, Office of Nuclear Energy (DOE- NE). 
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Cross Section Data developed by Oak Ridge National 
Laboratory) [9] was used for data-analysis of measured 
transmission spectra.  

 
Fig. 2. 235U and 238U neutron cross sections, from ENDF\B-
VII.1 database. 

The code includes mechanisms to account for 
normalization, background, and sample thickness as well as 
options to account for measurement resolution and Doppler 
broadening. Corrections for self-shielding and multiple-
scattering are also available. 

 
EXPERIMENTAL SETUP AND CONSTRAINTS 

 
The energy-resolved imaging measurements were 

performed at flight-path-5 (FP5) at the Lujan Neutron 
Scattering Center. The beam at FP5 was collimated using a 
sequence of borated polyethylene and steel disks with a 
circular collimator-exit-diameter of 2cm. A 2 mm Cadmium 
sheet in the direct beam positioned at the collimator exit was 
used to shield thermal neutrons and therefore reduce 
activation of the sample. The spatially resolved ToF detector 
(Fig. 2) was positioned at 8.26m distance to the source with 
the samples placed as close as possible to the detector to 
reduce geometrical blurring. The collimation ratio L/D was 
approximately 100, with a collimator to sample distance L 
of about 2m and a beam diameter of 2cm. 

 
 Fig. 2. Schematic of sample and detector. 

 
A sequence of TOF images was measured and 

converted to an energy sequence using Eq. 1. The recorded 
data-set consists of 51 projections with an angular step-size 
of 3.6 degree per projection for tomographic reconstruction 
and 60 minutes integration time per projection at a detector-
to-source distance of 8.26m. Transmission images were 
acquired in ToF-mode with a time-bin-width set to 320ns, 
recording data from 40 to 800µs relative to the initial burst 
of neutrons when the proton beam strikes the spallation 
target, resulting in a total of 2375 TOF-bins equally spaced 
in time. The correspondent energy-range is ~200 to ~0.5eV 
and can be calculated from the kinetic energy of the neutron. 
The non-relativistic kinetic energy of the incident neutron 
for TOF measurements at spallation-neutron sources is 
determined by the flight-path length L, the flight-time t, and 
an initial time-offset t0, as follows: 

 

E = 1
2
mnvn

2 =
mnL

2

2(t − t0 )
2 ,   (1) 

 
whereby mn is the mass of the neutron and vn the velocity of 
the neutron. The flight-path length was determined to be L = 
8.2(6)m with a time-offset of t0 = 1.5(0)µs based on the 
measured transmission profile of 238U. To account for 
differences in the individual pixel response of the detector, 
open-beam without the sample in the beam was measured 
for 2h, integrated over the entire energy range (0.5 to 
200eV) and normalized to unity. Each individual TOF 
image was divided by the normalized open-beam image.  

For transmission measurements, the total neutron cross 
section, σtot(E), determines the measured transmission T(E) 
described by the Beer- Lambert’s law: 

 

T (E) = I(E)
I0 (E)

= exp(−n⋅σ tot (E )),   (2) 

 
whereby n is the areal density in atoms/barns, I(E) and I0(E) 
the measured intensity with and without sample in the beam, 
each corrected for background.  

To interpret the measured transmission data correctly, it 
is essential to determine the background in the raw 
transmission data. The total cross section is related to the 
transmission spectrum as defined in equation 2. As a 
consequence, “correct” determination of the transmission 
spectrum is essential to reveal “true” absolute values for 
areal densities. If the background is not properly accounted 
for, one consequently will introduce artificial intensity, 
resulting in an error for absolute areal density. For this 
study, the background treatment of the measured data was 
performed by subtracting a scaled open-beam profile as a 
baseline for the background. Furthermore, pellets 1 through 
5 were measured with cadmium as an internal standard to 
“stabilize” the background. Pellets 6 through 9 were 
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whereby mn is the mass of the neutron and vn the velocity of 
the neutron. The flight-path length was determined to be L = 
8.2(6)m with a time-offset of t0 = 1.5(0)µs based on the 
measured transmission profile of 238U. To account for 
differences in the individual pixel response of the detector, 
open-beam without the sample in the beam was measured 
for 2h, integrated over the entire energy range (0.5 to 
200eV) and normalized to unity. Each individual TOF 
image was divided by the normalized open-beam image.  

For transmission measurements, the total neutron cross 
section, σtot(E), determines the measured transmission T(E) 
described by the Beer- Lambert’s law: 

 

T (E) = I(E)
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whereby n is the areal density in atoms/barns, I(E) and I0(E) 
the measured intensity with and without sample in the beam, 
each corrected for background.  

To interpret the measured transmission data correctly, it 
is essential to determine the background in the raw 
transmission data. The total cross section is related to the 
transmission spectrum as defined in equation 2. As a 
consequence, “correct” determination of the transmission 
spectrum is essential to reveal “true” absolute values for 
areal densities. If the background is not properly accounted 
for, one consequently will introduce artificial intensity, 
resulting in an error for absolute areal density. For this 
study, the background treatment of the measured data was 
performed by subtracting a scaled open-beam profile as a 
baseline for the background. Furthermore, pellets 1 through 
5 were measured with cadmium as an internal standard to 
“stabilize” the background. Pellets 6 through 9 were 
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measured with an additional sheet of 0.1mm tantalum, 
mounted directly onto the detector window for background 
determination. The corrected data were then treated with the 
SAMMY code, whereby resonance parameters provided by 
the ENDF database were used as known parameters and 
kept fixed, solving the inverse problem by varying the areal 
density of the isotopes for the determination of absolute 
isotopic densities. However, in addition to the areal 
densities for the measurements of the nuclear fuel pellets, 
background parameters (constant, linear in energy and linear 
in time) were varied to properly account for the efficiency 
and response of each individual pixel. An example fit of 
pellet 6 is shown in Figure 3 with data integrated from a 
rectangular section of the pellet as indicated in Figure 4. 

 
Fig. 3. Example fit to normalized experimental data (60min 
acquisition) of pellet 6. Dots are measured transmission 
intensities. The curve through the data is the fit.  The 
difference curve (experimental data subtracted from fit) 
shown below. Tick marks indicate positions of 238U, 235U 
and 181Ta resonances. 
 

The fabrication target enrichment level and composition 
of all nine pellets measured for this study are given in Table 
I and an example of an epithermal attenuation image of 
pellets 6 to 9 is shown if Figure 4. The rectangular dashed 
boxes in Figure 4 indicate the detector area used for the 
determination of enrichment levels in a single 2D 
radiograph with an acquisition time of 60 minutes.  

 
Table I. Pellet composition and average 235U enrichment. 
Sample Composition 235U enrichment 

(Fabrication target) 
PELLET#1 UN/U3Si5 2.70% 
PELLET#2 U3Si5 8.84% 
PELLET#3 U3Si5 0.20% 
PELLET#4 UN/U3Si2 4.34% 
PELLET#5 UN/U3Si2 4.34% 
PELLET#6 U3Si5 8.84% 
PELLET#7 UN/U3Si5 5.53% 
PELLET#8 UN/U3Si5 2.70% 
PELLET#9 UN/U3Si5 2.70% 

 

 
Fig. 4. Attenuation image (full field of view, 60 minutes 
acquisition) using neutron-energies integrated from ~0.5eV 
to ~200eV. White-dashed rectangles indicate regions for 
SAMMY fitting. 
 
RESULTS AND DISCUSSION 

 
Utilizing the SAMMY code for the analysis of the 

measured transmission spectra, enrichment-levels for all 
pellets were measured. Table II shows the results of the 
enrichment-levels obtained from the data analysis in 
comparison with the declared fabrication values.  

 
Table II. Fabrication target vs. experimental determination 
of enrichment-levels from regions as indicated in Figure 4. 
Pellets 1 to 5 measured with Cd standard. Pellets 6 to 9 
measured with Ta standard.  
Sample 235U enrichment 

(Fabrication target) 

235U enrichment 
(SAMMY results) 

PELLET#1 2.70% 2.27% (Cd) 
PELLET#2 8.84% 6.97% (Cd) 
PELLET#3 0.20% 0.14% (Cd) 
PELLET#4 4.34% 3.72% (Cd) 
PELLET#5 4.34% 3.79% (Cd) 
PELLET#6 8.84% 8.68% (Ta) 
PELLET#7 5.53% 5.58% (Ta) 
PELLET#8 2.70% 2.65% (Ta) 
PELLET#9 2.70% 2.65% (Ta) 

 
Comparing the fabrication target and the measured 235U 

enrichment levels, the SAMMY code show’s good 
agreement for pellets 6 through 9 and pellets 1 through 5 
show a systematical underestimation of the enrichment-
levels. It is currently assumed that this disparity resulted 
from the weak presence of Cd resonances in the key region 
of 1 to 50eV that were used for pellet 1 through 5 to 
“stabilize” the background for data fitting. Ta, additionally 
used for pellets 6 through 9, works better because it has 
multiple strong and sharp resonances in the 1 to 50 eV 
energy range, providing a better determination of the 
background. 
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INTRODUCTION 

 
The nuclear nonproliferation community is making a 

continuous effort in research and development of Non 
Destructive Assay (NDA) techniques to determine the 
isotopic composition of nuclear fuels, with particular 
interest in spent nuclear fuel, in order to determine 
plutonium, uranium and fission product concentrations [1]. 
Active interrogation NDA techniques using external neutron 
sources to induce nuclear reactions in the fuel with 
subsequent neutron/gamma detection proved to be well 
suited for such investigations and include techniques such as 
Differential Die-away (DDA), Delayed Neutrons (DN), 
Delayed Gamma (DG) and Prompt Gamma Analysis 
(PGA). Another NDA technique based on external neutron 
sources that has shown recent revived interest after first 
demonstration in 1970s [2] is Neutron Resonance 
Transmission Assay (NRTA) [3,4]. In this paper we present 
current progress and results of isotope specific 
characterization using NRTA measurements on enriched 
fuels.  

 
NRTA is generally performed in the epithermal neutron 

energy range, with neutron energies ranging from eV to 
keV. Short pulsed neutron sources offer a great advantage in 
utilizing this technique, whereby the energy of the neutron 
can be directly determined from its Time-of-Flight (ToF) 
[5]. Energy-resolved neutron imaging and tomography 
provide the unique capability of non-destructive three-
dimensional characterization. Recent measurements at the 
Los Alamos Neutrons Science Center (LANSCE) studied a 
series of uranium nitride / uranium silicide ceramic 
composite pellets. This paper provides examples of spatially 
resolved measurements of the isotopic distributions of 235U 
and 238U within the pellets. The examples reported in the 
paper are taken from measurements on a total of nine pellets 
of differing UN/U-Si formulations with varying enrichment 
levels. The 235U enrichments ranged from 0.2 to 8.8 %. 

 
The results show the potential of the technique for 

safeguards of nuclear (irradiated) fuel, for example in 
repository facilities, where an intense neutron source can be 
built. Furthermore, discussion on the potential use of a 
laser-driven neutron pulse source is reported. 
 
 

ENERGY-RESOLVED NEUTRON IMAGING 
 
Neutrons interact with the nucleus rather than the 

atomic shell.  Thus, their interaction characteristics differ 
markedly from X-rays. Since the scattering lengths of 
neutrons for high and low Z elements are often comparable, 
in many cases they are more effective than X-rays in 
resolving the elemental contribution of elements that differ 
greatly in Z (for example uranium and silicon).  The weak 
interaction of neutrons with matter (compared with X-rays) 
and beam diameters that range from mm to cm allows 
routine bulk characterization of samples that range from 
mm3 to cm3. Measurements are possible at reactors or 
pulsed sources. In general the fluxes available at reactors are 
greater than at accelerator-based sources.  However, pulsed 
sources such as LANSCE facilitate time-of-flight 
measurements that enable isotope specific imaging.  
Neutron detector technology has been advanced by the use 
of micro-channel plates (MCPs) and detector backends such 
as the MediPix chip [6] proved a catalyst for these studies.  
The micro-channels contain high neutron-absorbing 
materials, such as boron or gadolinium, incorporated in the 
MCPs for neutron detection. Current capabilities offer a 
detector pixel-size of 55µm with an active area of 512×512 
pixels or 28.16×28.16mm2 and spatial resolution of up to 
15µm using pixel-centroiding [7]. 

 
ISOTOPE DENSITY QUANTIFICATION 

 
Neutron absorption resonances provide a unique 

fingerprint for many isotopes. Resonance absorption occurs 
when the energy of an incoming neutron matches the change 
in energy between two discrete energy states of the nucleus.  
For example, the energy-dependent cross sections for 235U 
and 238U are shown in Figure 2 (data obtained from the 
ENDF\B-VII.1 database [8]). Neutron cross sections for 
energies << 0.4eV are typically inversely proportional to the 
velocity of the neutron, whereas in the epithermal regime 
the cross section of some isotopes exhibits a unique 
resonance structure.  Knowledge of the resonance 
parameters, provided by standardized transmission 
measurements of specific isotopes and accessible in the 
ENDF\B-VII.1 database, allows the aerial density of nuclei 
of specific isotopes to be determined.  To interpret 
experimental data for this study, the SAMMY code 
(Multilevel R-Matrix Fits to Neutron and Charged-Particle 

Experiment at 
LANCSE FP5
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How does a LDNS compares to LANSCE?

!time for an isotope selective image: 1 hour 
!Neutrons / pulse (LANSCE): 1014 

!Repetition rate: 20 Hz 
!Neutron required (produced): 7.2 x 1018 

!Closer due to less shielding and shorter pulses 
(1.2m vs 6.4 m): 2.5 x1017 

!Exp. verified difference in coupling efficiency  
(factor 10): 2.5 x 1016  

!Neutrons using a 100 J Laser: 5 x1011 
!At 10 Hz repetition rate: 5 x1012 /s  
Would require an exposure time of:  
5000 s (1 hour 23 min) 
with present technology… 

!… and what about (BAT) 200 Hz? 4 minutes? 
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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 

„Every morning you wake up there is new nuclear material to be safeguarded 
to make 18 nuclear warheads“  
 
„Growing gap between responsibilities and capabilities“….

(Deputy	director	General	and	Head	of	department	for	Safeguard,	IAEA…)
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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)
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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 

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 
 

Uranium Samples 

Slide 11 

Active-Interrogation 

 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 
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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 ) 
 

 
 

 
 

 
 

  
 

 
A Favalli  et al., LA-UR-13 (2013). LANL news release (2013). A.Favalli et al.,LA-UR-14-21661 (2014)  

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

 
 

 
 

 
 

  
 

 
A Favalli  et al., LA-UR-13 (2013). LANL news release (2013). A.Favalli et al.,LA-UR-14-21661 (2014)  
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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 

Slide 12 

 Sample: High Enriched Uranium (990 g U, of which 650g 235U) 
 

 
 

 

 
 

 
  
 

 
 Delayed Neutrons chosen as signature, these neutrons are characteristic 

signatures for nuclear fission ( few other process yield delayed neutrons) 
 

 
 

 

 
 

 
  
 

 

Active-Interrogation 

 Fast Mode  (with Cd sleeve)  
 

 
 

 

 
 

 
  
 

 

 Thermal Mode (without Cd sleeve )  
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Numerous applications and contact to industry

Aachen Institute for Nuclear Training
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Performance versus accelerator driven 
systems
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Prospects

LANSCE  Performance 8kJ „Laser-LANSCE“

RIKEN RANS Perfomance goal

Table top system (TRUMPF) (KHz)

SHARC (10 Hz)
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White paper submitted to DOE NE
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Figure 1: Three pillars of the LANL Advanced Non-destructive Evaluation and Advanced Post-irradiation 
Examination program. 

2. Present neutron use and need for small & medium scale facilities 
Neutron science is a wide field of research and development. The amount of possible applications is too 
extensive to be discussed in detail in this paper. Therefore, we will pick a few applications among those 
where we believe the proposed laser-driven neutron source might be a new asset to the field and which 
can be realized in the near future.  

In nuclear physics, material science, biology, and related sciences, neutrons have been used to modify and 
diagnose matter. Because of their unique properties, they are a useful tool to explore areas where other 
diagnostics fail. Moreover, with their fundamentally different interactions with matter compared to 
charged particles or gamma rays, they are perfect for complementing established measurements and 
applications. In addition, neutrons produced either by spallation or nuclear reactions (i.e. giant resonance 
excitation) can serve to mimic reactions usually found in nuclear reactors and therefore help gain a better 
understanding of aging and stability of present and future nuclear systems.  

As specified, there is a growing need for neutron sources of small to medium power, i.e. brightness 
comparable to older user facilities such as IPNS or LANSCE, with investment cost of on the order of a 
few tens of millions of dollars and physical dimensions to fit into a large room, i.e. not requiring large 
dedicated buildings. To review the state of the art and to underpin the need for those new sources we 
hereby quote the 2005 IAEA report on the 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 

Official IAEA TEC:DOC recommendation will come out in 2020
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Thank you!!
The future for nuclear photonics seems to look brighter every year…


