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Methods for postirradiation characterization of bulk (cm3) irradiated materials
or even spent nuclear fuels are sparse due to their extremely radioactive nature.
While several methods exist to characterize smaller volumes (< 1 mm3) of such
samples, selecting these volumes from larger samples is challenging. X-ray-
based methods are prohibitive due to the strong c-radiation from the sample
flooding the detectors. Neutron-based methods available in the proximity of
irradiation reactors allow for thermal neutron radiography or computed
tomography using a small reactor source, but one cannot assess isotope distri-
butions or microstructural features such as phases, texture, or strain from
diffraction measurements due to flux limitations. We present herein a pathway
to provide pulsed neutron characterization of bulk irradiated samples using
time-of-flight neutron diffraction for microstructural characterization and en-
ergy-resolved neutron imaging for assessment of isotopic densities and distri-
butions. Ultimately, laser-driven pulsed neutron sources may allow deployment
of these techniques pool-side at irradiation reactors.

INTRODUCTION

A key enabler for a science-based approach to
accelerated development and certification of new
nuclear fuels is an early and efficient understanding
of material behavior at multiple length scales. For
new fuel formulations, there is a dearth of irradi-
ation testing experience. When representative irra-
diation tests take years and the postirradiation
characterization is costly, it is important to extract
the maximum insight possible from each test.
Postirradiation examination (PIE) of fuels is mature
and sophisticated, but measurements in hot cells
are expensive and typically examine small volumes
of irradiated fuels, relying on a limited amount of
knowledge of the bulk characteristics of the speci-
men to select the volume examined destructively.

This leaves the possibility that key failure-inducing
phenomena will not be observed because of limited
bulk PIE. For these reasons, there is value in
techniques that can quickly and nondestructively
characterize properties over volumes consistent with
standard fuel geometries. Applying such methods
pre- and postirradiation unambiguously determines
the changes induced by irradiation. Preirradiation
examination implies that these techniques are non-
destructive. Such techniques can inform models on
the initial condition of samples and complement,
guide, and leverage destructive postirradiation
examination; For example, three-dimensional char-
acterization of complete fuel pellets within cladding
after irradiation could identify regions that are
representative of the average response with param-
eters not accessible by presently applied techniques
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such as visual inspection, thermal neutron radiogra-
phy, or acoustic methods. At the same time, providing
information over the entire sample volume allows one
to also identify deviations from the average and
typical behavior that can be further investigated by
more local characterization techniques after the
volume is prepared out of the entire pellet using
destructive techniques.

Typical in-pile irradiation tests of new fuel types
last months or years. The resulting levels of
radioactivity even for rodlets containing just a
handful of pellets or metallic fuels of less than
1 cm3 in volume require hot cells and remote
manipulators to perform destructive PIE. The com-
plexity and cost of such operations limit the PIE
possible, thus there is a premium on knowing where
to measure by identifying regions of interest by as
many nondestructive characterizations as possible.
Only a few examples of neutron characterization of
irradiated or even spent fuels are reported in the
literature: At the Intense Pulse Neutron Source
(IPNS) at Argonne National Laboratory, irradiated
U3Si2 and U3Si were characterized in the 1990s.1–3

At the Paul-Scherrer-Institute, capabilities for neu-
tron imaging characterization of highly radioactive
materials were developed in the early 2000s4,5 and
applied to postirradiation characterization of target
rods of the SINQ spallation neutron source.6 More
recently, at the Chalk River reactor high-burnup,
nuclear fuel from the same reactor was character-
ized by neutron diffraction.7

The programmatic emphases for developing
advanced nondestructive evaluation (ANDE) tech-
niques applicable to irradiated materials are two-
fold. First, it will be possible to evaluate fuel
materials to guide the destructive postirradiation
examination towards regions of interest that are not
obvious with conventional techniques. This will help
develop the statistical insight necessary to comple-
ment modeling and simulation data. Adding ANDE
insight to the standard optical, thermal neutron,
and gamma ray insights will help identify regions
where destructive examination can be focused. This
will increase the return from postirradiation exam-
ination, since regions of atypical irradiation perfor-
mance are more likely to be discovered. A second
reason for ANDE lies in the desire to generate data
as soon as possible after removal of the test samples
from the reactor. This is a key requirement in
accelerating the development and time to licensing
of new fuel forms. This philosophy is consistent with
improving diagnostics to offer faster turnaround
and getting ‘‘more out of less.’’ Programmatically,
the capabilities under development set the stage for
routine preirradiation fuel evaluation and poten-
tially for postirradiation evaluations of accident-
tolerant fuels (ATFs)8–11 and fast neutron spectrum
reactor transmutation fuels.12–16

The research presented herein focused on devel-
oping techniques for nondestructive examination of
the bulk volume of rodlets containing multiple

pellets or metallic fuels of similar dimensions.
Furthermore, a path towards deploying these capa-
bilities currently requiring a large-scale user facility
such as the Los Alamos Neutron Science Center
(LANSCE) at Los Alamos National Laboratory
(LANL) to allow for pool-side characterization at
the irradiation reactor using laser-driven neutron
sources is also outlined. The first step in this project
is to benchmark the initial condition of candidate
materials before irradiation. This has been done at
LANSCE on all available fuel forms such as con-
ventional UO2 fuel pellets,17 accident-tolerant UN/
U3Si5 and U3Si2 fuels,18,19 metallic U-Zr,20 and U-
Mo21,22 fuels as well as transmutation fuels such as
U-Pu-Zr systems.23 The second step will be to make
comparable measurements on irradiated rodlets
prior to their destructive examination in Idaho
National Laboratory (INL) hot cells. Neutron, pro-
ton,24 and (synchrotron) x-ray25 radiography/tomog-
raphy and diffraction techniques all provide
opportunities for this endeavor. By virtue of their
stand-off capability and ability to probe materials
despite an intense gamma field, neutrons and
protons both offer potential for study of highly
radioactive materials. An initial design of a han-
dling cask allowing such neutron characterization is
presented.

The techniques employed at LANSCE use the
pulsed neutron source at the Lujan Center, relying
on co-location with the 800-MeV proton accelera-
tor.26 However, advances in small-scale accelerators
for neutron generation (by D–D fusion) or laser-
driven pulsed neutron sources27,28 provide interest-
ing opportunities.29 Although such small-scale
sources are not currently capable of neutron pro-
duction for measurements of the type described
here, technological advances are ongoing. It is
possible that, in the next decade, a ‘‘small-scale’’
accelerator source with sufficient neutron produc-
tion performance might become available to provide
poolside implementation of the techniques described
here.30

EXPERIMENTAL PROCEDURES

This section provides brief descriptions of the
capabilities involved and the instruments utilized,
as well as a description of the initial design of a cask
that allows handling and characterization of irradi-
ated nuclear fuels in the future.

Facilities at Idaho National Laboratory (INL)

Facilities located at INL include fuel fabrication,
preirradiation characterization, irradiation at the
Advanced Test Reactor (ATR), and postirradiation
examination at various facilities located at INL’s
Materials & Fuels Complex (MFC).31 Fuels and
other nuclear materials fabricated at the Materials
& Fuels Complex or elsewhere are sent to the
Advanced Test Reactor, where they are irradiated
under representative or prototypic conditions. The
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irradiated fuels are then returned to the Hot Fuels
Examination Facility (HFEF) at the Materials &
Fuels Complex, where they undergo a variety of
nondestructive examinations prior to destructive
examinations. Irradiated fuels studied at INL are
often fabricated and irradiated on site. In addition,
INL is also able to receive nuclear fuels irradiated at
other reactors for examination.32–37 Once the irra-
diated fuels arrive at the Hot Fuels Examination
Facility, nondestructive examinations that may be
performed include visual examination, neutron
radiography and tomography, dimensional inspec-
tion and profilometry, precision gamma scanning
(PGS), and eddy-current examination.38 It is perti-
nent to mention that the neutron radiography and
CT capabilities currently available at the Hot Fuels
Examination Facility39–41 do not assess isotope
distributions or microstructural features such as
crystallographic phases, texture, or strain, which
might be accessible using pulsed neutron charac-
terization. The neutron radiography and tomogra-
phy capabilities at NRAD have expanded to include
digital camera/scintillator-based neutron imaging
systems currently capable of imaging some irradi-
ated nuclear fuels with up to 2 Sv/h at the scintil-
lator screen, and ongoing developments are seeking
to expand these capabilities to withstand even
higher dose rates to enable digital neutron tomog-
raphy of highly radioactive fuels as a routine PIE
technique.42,43 These nondestructive examinations
inform researchers about locations suitable for sub-
sequent detailed destructive examinations. Samples
may be prepared for metallography/ceramography,
physical properties testing (e.g., thermal properties,
density), chemical analysis, isotopic analysis,
alpha/beta/gamma spectrometry, mass spectrome-
try techniques, mechanical property testing, and

other analyses. These examination capabilities are
available at other facilities co-located at the Mate-
rials & Fuels Complex.

Facilities at Los Alamos National Laboratory
(LANL)

At present, the pulsed neutron methods described
here require large-scale user facilities such as
LANSCE. Besides providing the required neutron
instruments, these facilities also have to have the
authorization basis, infrastructure, and experience
to handle such materials. While international ship-
ment of such materials is not impossible, for exam-
ple, the spallation neutron source at J-PARC, Tokai,
Japan, is not authorized to handle even depleted
uranium. Handling of these materials in the USA is
regulated by a materials at risk (MAR) assessment
of the samples.44,45 This assessment takes into
consideration several hazard management aspects
of the materials, including radioactivity, and results
in a MAR expressed in ‘‘plutonium equivalent
grams’’ (PEG). Facilities have designated MAR
limits for their total inventory. At LANSCE, the
Manuel Lujan Scattering Center, where HIPPO and
ERNI described below are located, has a MAR limit
of 380 PEG, while the Weapons Neutron Research
(WNR, unmoderated spallation neutrons) and pro-
ton radiography (pRAD) facilities at LANSCE have
limits of 40 PEG and 12 PEG, respectively. For
comparison, the SNS requires case-by-case approval
by the Department of Energy for experiments
involving MAR samples. In this combination of
pulsed neutron characterization capabilities with
an authorization basis that allows handling of all
fuel forms, LANSCE at LANL is unique worldwide.
The capability to characterize MAR samples is, for
example, documented by the characterization of a

Fig. 1. Schematics of the HIPPO instrument (a) and the robotic sample changer (b).
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U-20Pu-10Zr-3Am-2Np sample, a sample classified
as a material at risk sample of 18.0 PEG.23

Neutron Diffraction

For time-of-flight neutron diffraction characteri-
zation of nuclear fuels, the High Pressure/Preferred
Orientation (HIPPO) beamline at LANSCE is uti-
lized.46,47 Figure 1a provides a schematic of the
instrument. The comparably short distance of
8.83 m between moderator and sample combined
with the comparably large detector coverage of
22.4% of the sphere around the sample48 provides
for efficient neutron characterization. A robotic
sample changer49 is used to handle samples inside
the instrument (Fig. 1b). In combination with a 2-
mm Cd slit to define a slice of the sample, the robotic
arm allows to scan rodlets with several pellets in 2-
mm slices, thus providing limited spatial resolution
for the diffraction. Data analysis is conducted using
the Rietveld method, fitting every experimental
data point to a complex (several tens of parameters)
model taking into account instrument parameters
(e.g., time-of-flight to d-spacing conversion, back-
ground, instrument peak broadening), crystallo-
graphic parameters (e.g., lattice parameters,
atomic positions, atomic displacement parameters),
and microstructural parameters (texture/preferred
orientation, phase fractions, defect concentrations).
Figure 2a shows an example of a Rietveld analysis
of a 2-mm slice of a UN/U3Si5 sample inside a
stainless-steel rodlet. Figure 2b shows the refined
unit cell volume (many other refined parameters are
omitted here) of the hexagonal crystal structure of
U3Si5 as a function of sample position along the
rodlet. The data points corresponding to the lowest
pellet are significantly below those of the other
pellets, indicating an anomaly for this particular
pellet. Measurement of the crystal orientation dis-
tribution (texture, preferred orientation) shows
that, while the UN crystals show the expected
random orientation distribution (absence of pre-
ferred orientation), the U3Si5 shows a very strong
texture consistent with essentially two single crys-
tals within the probed volume. This can be
explained based on the fact that, during sintering,
this particular pellet was unintentionally exposed to
a temperature slightly higher than the melting
point of U3Si5. Upon cooling, the U3Si5 solidified in
an interconnected network surrounding the UN
grains, but forming the two single crystals seen
now. It is worth pointing out that this pellet,
fabricated during the development of synthesis
routes for this particular fuel form, passed visual
inspection and did not show any differences in
density prior to insertion into the capsule. Aniso-
tropic thermal expansion along the crystallographic
a- and c-axes of the hexagonal crystal lattice may
lead to thermal stresses that could cause cracking of
this pellet during heating, significantly changing
the behavior during irradiation. This example

underlines the value that bulk neutron character-
ization can provide for preirradiation characteriza-
tion, but also for the development of fabrication
routes. Besides pre- and postirradiation character-
ization, neutron diffraction also has significant
advantages for the characterization of the crystal
and microstructure evolution of nuclear fuels at
temperature, atmosphere, processing route, etc.,
e.g. for separate effect testing.

Energy-Resolved Neutron Imaging
and Computed Tomography

Located next to the HIPPO beamline is the
energy-resolved neutron imaging (ERNI) beamline
on flight path 550 at the Lujan Center. Similar to
HIPPO, the ERNI beamline takes advantage of the
same pulsed neutrons coming from the high-inten-
sity moderator on the 1L target.51 For a schematic
layout of the ERNI beamline on flight path 5, see
Fig. 3a. Using this pulsed neutron source, along
with a pixilated neutron time-of-flight detector,
neutron radiographs can be further separated out
based on the time of arrival, or energy, of each
incoming neutron (Fig. 3b). The detector used for
ERNI measurements consists of neutron-sensitive
microchannel plates (MCPs) coupled to four Time-
pix readout chips [see schematic in (Fig. 3c), com-
bining to form a total active area of
28 mm 9 28 mm.52,53 This type of detector setup is
capable of producing highly pixilated (512 9 512 at
55-lm pitch) neutron radiographs at frame rates
above 60 kHz, or roughly 3000 frames per neutron
pulse at the Lujan Center. Combining this type of
detector with the pulsed neutron source at the
Lujan Center opens up avenues for several novel
applications for material characterizations, ranging
from specific isotope mapping17 to bulk temperature
mapping.54

A typical energy-resolved neutron imaging exper-
iment involves transmission measurements, where
neutrons passing through a given sample interact
with the material based on neutron cross-sections of
the isotopic constituents within the material. These

cFig. 2. (a) Example of Rietveld full pattern diffraction data analysis of
HIPPO data on UN/U3Si5 composite fuel inside stainless-steel
cladding. The red crosses are measured intensities, the green line
is the Rietveld fit, and the tick marks below the pattern label
calculated peak positions for the phases indicated. The difference
curve for the data shown as intensity versus d-spacing is shown
below. (b) Unit cell volume of the hexagonal U3Si5 phase resulting
from lattice parameter refinements as a function of scan height,
indicating that the data points corresponding to the first of the three
pellets scanned are significantly lower than the average. (c) Pole
figures of texture analysis measuring the grain orientation in the
probed volume. While the UN grains show random grain orientation
(absence of preferred orientation), these data indicate that the U3Si5
phase has a microstructure similar to a single crystal with essentially
two main orientations for crystallographic c-axes (002 pole figure)
and two sets of maxima for each of the three a-axes (200 pole figure)
visible for each orientation.
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interactions absorb a certain number of neutrons at
specific energies, so-called neutron absorption res-
onances, as they pass through the sample, thus
resulting in observable dips in the transmission
spectrum recorded by a time-of-flight (TOF) detector
at these energies. The depth and position of these
transmission dips act as a fingerprint for the
isotopic composition of the sample. Using modern
reaction-theory codes, such as SAMMY55 or
REFIT,56 transmission spectra can be fit as a
function of energy to extract quantities such as

isotopic areal densities. This transmission fitting
procedure can be done on a pixel-by-pixel basis, thus
producing a two-dimensional (2D) map of specific
isotopic density distributions for each isotope within
the sample. Furthermore, by recording and extract-
ing 2D isotopic densities over a range of sample
rotations, a three-dimensional (3D) isotopic distri-
bution map can be obtained through computed-
tomography techniques. An example of this is
shown in Fig. 4, where UN/U-Si composite fuels
were imaged using ERNI techniques over � 60

Fig. 3. (a) Schematic of flight path 5. (b) Examples of radiographs collected at energies around a neutron absorption resonance. (c) Schematic of
the pixilated time-of-flight imaging detector.

Fig. 4. Thermal neutron radiography (a) and reconstruction of 235U (b) and 238U (c) isotope densities.
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sample rotations. Transmission spectra with
absorption resonances from 235U and 238U within
the transmission spectra were fit using SAMMY to
extract areal densities of 235U and 238U for each
pixel in each sample rotation image. These isotopic
density maps of 235U and 238U are processed by CT
reconstruction software57 to ultimately create 3D
density maps of 235U and 238U within the imaged
pellets. It has been demonstrated that this tech-
nique can not only be qualitative, but also a
quantitative probe in actually measuring isotopic
contents at fractions of atomic percent levels.23

Recently, it was demonstrated that neutron
radiography of irradiated fuel assemblies can be
performed with an equivalent detector system
despite the very intense radiation fields produced
by the fuel that make their postirradiation exami-
nation very difficult.58,59 The neutron imaging
detector, equivalent to the one used at the FP5
beamline, comprising microchannel plates (MCPs)
and a Timepix readout, was tested in intense
gamma and neutron radiation environments on a
beamline at the Neutron Radiography Reactor
(NRAD) at Idaho National Laboratory. Initially,
neutron radiography experiments of nonirradiated
materials were performed with the detector
installed 17.5 m from the reactor core in a line-of-
sight view to the core of the reactor. Therefore, the
detector was exposed to a fast and epithermal
neutron spectrum as well as high-intensity gamma
radiation.60 The gamma-ray dose rate in the beam
line was 812 mSv/h. Complementary measurements
were made using 137Cs and 60Co isotopic sources at
gamma dose rates in excess of 6 Sv/h. The detector
functioned normally over several hours in this
environment. These measurements were followed
by the imaging of an irradiated fuel assembly with
the detector installed at 4.8 m from the reactor core,
again with a direct view onto the reactor core. A 75-
cm-long irradiated fuel assembly was posi-
tioned � 4 cm from the detector during neutron
radiography. The radiation generated by the fuel
assembly at the detector position was 5.48 Sv/h. A
set of neutron transmission images was acquired by
the detector, which could operate in these high-
radiation environments despite several single-event
upsets observed in the field-programmable gate
array (FPGA) processing electronics. These experi-
ments demonstrated that high-resolution imaging
of irradiated fuel assemblies is possible with digital
detectors, which can extend the capabilities of
nondestructive studies to many advanced imaging
techniques such as tomography, resonance absorp-
tion, Bragg-edge imaging, dark-field imaging, and
others. These conditions are comparable to planned
radiography of irradiated nuclear fuel assemblies,
but with a pulsed source, the time during which the
detector is active can be reduced to the neutron time
of flight of interest, thus greatly improving the
signal-to-noise ratio.

Handling Cask

In a collaboration between LANL, INL, and
University of California, Berkeley, a container for
nuclear-irradiated fuel rodlet transportation and
nondestructive tomography imaging as well as time-
of-flight neutron diffraction is currently being devel-
oped, the Radioactive Material Handling Mecha-
nism (RaMHaM). The proposed container design
has four main components: shielding structures,
pneumatic shutters, a center plug, and a rodlet
adaptor (Fig. 5). In the current design, the main
shielding structure contains a 0.25-inch stainless-
steel frame with an average of 4 inches of cast-lead
fill-ins in lateral thickness. Further shielding anal-
ysis is on-going for further validation of the radia-
tion attenuation assumption. The design also
integrates a shutter mechanism. When the con-
tainer aligns with the neutron beam in the beam-
line, the pneumatic shutters can be remotely
controlled to expose and close the imaging window
as well as beam paths for 90� diffraction. The
container has only one open end, fit with a center
plug stopper to reduce the potential for radiation
leakage. The center plug also hosts the irradiated
fuel rodlet adaptor and the fuel rodlet. When
installing the rodlet into the container in a hot cell,
operators can attach the rodlet to the custom-
designed adaptor and secure it onto the shaft in
the center plug. Stepper motors can be attached to
the shaft for positioning the rodlet vertically as well
as for providing rotation for the neutron
characterization.

Commercial type B casks such as the BEA
Research Reactor (BRR) cask are certified by the
Nuclear Regulatory Commission (NRC) to carry
radioactive payload on open roads. The design of
RaMHaM will allow it to fit into such casks,
enabling transport between national laboratories.

Laser-Driven Neutron Sources

Transport of irradiated samples between irradia-
tion and characterization facilities is expensive and
cumbersome. A facility such as LANSCE requires
investment in excess of US $1B with concurrent
operational cost for linear proton accelerator and
target systems, therefore lying out of reach for
deployment at, e.g., INL in proximity to the
Advanced Test Reactor as a characterization tool.
However, recently, laser-driven neutron sources
may have opened an opportunity to provide
LANSCE-like neutron flux on samples at greatly
reduced investment and operational costs. As illus-
trated in Fig. 6, in a laser-driven neutron source,
particles are accelerated by an intense (> 1021 W/
cm2) laser pulse impinging on a thin-film target,
sweeping a large fraction of the electrons outside
the surface on the opposite side of the laser. The
resulting electric field on the order of TV/m accel-
erates the remaining cations of the target material
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(so-called target sheath-normal acceleration27,28).
Coupling of an appropriately shaped laser pulse
with the electrons remaining in the target acceler-
ates these electrons to become relativistically heavy
on the order of the cations, suppressing the inter-
action of the laser photons with the electronic shells
and making the remaining target material rela-
tivistically transparent. This allows coupling of the
laser pulse with the cations, which in turn are,
besides acceleration by the electric field caused by
the electrons outside the thin-film target, also
accelerated by the laser pulse, via the so-called
break-out afterburner (BOA) effect.61 For a deuter-
ated polymer target of appropriate thickness, this
results in a deuteron pulse of � 20 MeV traveling in
the direction of the incident laser pulse. A

suitable � 1-cm target, typically Be, in the path of
this deuteron pulse several millimeters from the
thin-film target for the laser allows conversion of
the deuterons into neutrons. This occurs predomi-
nantly by the deuteron break-up reaction, which is
not a nuclear reaction via an excited state of the
target nucleus, and therefore the momentum of the
incoming deuterons is preserved, providing a neu-
tron pulse predominantly traveling in the direction
of the original laser pulse.27,28 This can be readily
captured in a moderator, avoiding the losses of � 2
orders of magnitude between target and moderator
in the isotropic spallation process using, for exam-
ple, the 20-cm-long tungsten spallation target at the
Manuel Lujan Neutron Scattering Center,51 leading
to a two orders of magnitude larger fraction of the

Fig. 5. Isoview of the Radioactive Material Handling Mechanism (RaMHaM).

Fig. 6. Schematic of the process of laser-driven neutron production. See text for details.
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produced neutrons becoming available at the sam-
ple position in case of a laser-driven neutron source.
By changing a deuterated polymer foil and Be target
for neutron production with a conventional proto-
nated polymer foil and a high-Z-material target,
such as a tungsten target, MeV x-rays of sub-
nanosecond duration can be produced. Initial tests
with the TRIDENT laser at LANL indicate that
these pulses originate from a source size smaller
than � 100 lm.28 This is at least one order of
magnitude smaller than x-rays produced by Brems-
strahlung in conventional microtron x-ray sources,
allowing one to magnify the object under examina-
tion in x-ray radiography or CT. Similarly, using the
unmoderated fast neutrons for radiography appli-
cations provides a small source size not possible
with conventional neutron sources. The compact-
ness of a laser-driven setup would allow inter-
changeable targets, providing multimodal
characterization of objects such as irradiated fuels
without the need to move the sample.

While conventional proton or deuteron accelera-
tion in electromagnetic fields for neutron production
is limited by an upper physical limit for the charge
per volume,62 acceleration utilizing sub-picosecond
photon pulses with charged particles, only experi-
encing repulsion on similar sub-picosecond time
scales before being converted to neutrons, allows
one to surpass this limit. Furthermore, the initial
investment and operational costs of such a laser-
driven neutron source are expected to be also about
two orders of magnitude below those of a conven-
tional spallation neutron source.63 This will likely
allow deployment of LANSCE-like neutron sources
as sophisticated characterization tools at irradiation
facilities, significantly increasing the pre- and
postirradiation characterization capabilities and
therefore accelerating development and licensing
of advanced nuclear fuels.

CONCLUSION

The methods presented here provide a set of tools
that will ultimately allow characterization of the
entire irradiated volume within a standard irradi-
ation capsule for parameters including:

� Voids, cracks, pellet-to-cladding distances, etc.
using epithermal neutrons not suffering the
strong absorption of thermal and cold neutrons
by fissionable material. Ultimately, intense sub-
nanosecond-long MeV x-ray or MeV fast neutron
pulses originating from< 50 lm source size
from a laser-driven source in combination with
gated imaging detectors will allow to overcome
the intense gamma radiation emitted from the
samples for additional radiography and CT
modalities. Development of combined CT recon-
struction codes, utilizing these different interac-
tion physics to characterize the same voxel, is
ongoing.

� Isotope densities from neutron absorption reso-
nance analysis that will provide absolute isotope
densities of fission products, including fission
gases,64 on a � 100-lm resolution. Routine 3D
mapping of densities of fission products will
provide benchmarking of burnup simulation
codes predicting these quantities that are hith-
erto only very rarely if at all available.

� For samples allowing penetration by thermal
neutrons, such as fuels with less than � 5%
enrichment level (low enriched), microstructural
parameters such as qualitative and quantitative
phase analysis, texture, and defect densities can
be assessed in millimeter slices along the axis of
the irradiation capsule using neutron diffraction.

� Infrastructure to handle irradiated fuels in a
cask designed for neutron characterization at
LANSCE is under development.

All of the aforementioned information can be com-
pared with the equivalent preirradiation datasets,
thus providing unprecedented pre- and postirradi-
ation comparison of the entire irradiated volume.
Nondestructive preirradiation characterization of
the entire irradiation capsule adds both baseline
data as well as quality checks. Furthermore, the
information can ensure that the most rewarding
smaller volumes are prepared destructively from
the irradiated volume for more local, smaller length
scale investigation using other techniques.
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