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Neutron resonance absorption imaging is a non-destructive technique that can char-

acterize the elemental composition of a sample by measuring nuclear resonances in

the spectrum of a transmitted beam. Recent developments in pixelated time-of-flight

imaging detectors coupled with pulsed neutron sources pose new opportunities for

energy-resolved imaging. In this paper we demonstrate non-contact measurements of

the partial pressure of xenon and krypton gases encapsulated in a steel pipe while simul-

taneously passing the neutron beam through high-Z materials. The configuration was

chosen as a proof of principle demonstration of the potential to make non-destructive

measurement of gas composition in nuclear fuel rods. The pressure measured from

neutron transmission spectra (∼739± 98 kPa and ∼751± 154 kPa for two Xe res-

onances) is in relatively good agreement with the pressure value of ∼758± 21 kPa

measured by a pressure gauge. This type of imaging has been performed previously

for solids with a spatial resolution of ∼ 100 µm. In the present study it is demonstrated

that the high penetration capability of epithermal neutrons enables quantitative map-

ping of gases encapsulate within high-Z materials such as steel, tungsten, urania and

others. This technique may be beneficial for the non-destructive testing of bulk compo-

sition of objects (such as spent nuclear fuel assemblies and others) containing various

elements opaque to other more conventional imaging techniques. The ability to image

the gaseous substances concealed within solid materials also allows non-destructive

leak testing of various containers and ultimately measurement of gas partial pressures

with sub-mm spatial resolution. © 2017 Author(s). All article content, except where

otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4975632]

I. INTRODUCTION

The penetrating capability of neutrons in most materials, coupled with their sensitivity to light

atoms such as hydrogen, lithium and boron, make neutron radiography an attractive non-destructive

option for the characterization of combinations of substances that include high-Z materials. Whereas

the technique is frequently performed with a white spectrum using a thermal or cold neutron beam1–3

the characterization options are greatly expanded by energy-resolved imaging4–6 in which transmis-

sion spectra are measured for each pixel of the image. This allows spatially-resolved imaging of

features related to microstructure variation such as texture and mosaicity,7–10 residual strain7,10–13

and phase distributions,14 when thermal and cold neutrons are used. Studies that employ resonances

appearing in the epithermal range of energies have been also reported for the investigation of elemental

composition15–21 and remote measurement of temperature.22–24

Energy-resolved measurements can be conducted at reactor sources using velocity selectors25

and crystal monochromators26 with energy resolutions (∆E/E) of ∼15% and ∼3%, respectively.
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By contrast pulsed spallation neutron sources, which typically employ time of flight technique to

resolve neutron energy, routinely offer energy resolution to sub-percent levels4 and extend the spectral

range to epithermal neutrons in excess of 10 keV.15–24 In the region of ∼1-105 eV many elements

exhibit isotope-specific resonances that exist over narrow energy ranges specific to a particular isotope.

Their existence results in sharp decreases in neutron transmission at discrete energies that indicate

the presence of isotopes along the neutron path. For example the attenuation cross sections associated

with resonances of xenon and krypton are shown in Fig 1. The depth of each resonance absorption

dip depends on the cross-section and the amount of the contributing nuclei present in the neutron path

quantified measurements are possible. At current facilities the measurable energy range is typically

limited to less than ∼104 eV by the width of the neutron pulse, the available flux, and by the level

of background signal.17–24 Thus current opportunities are best served for nuclides with resonances

between ∼0.1 eV and ∼10 keV energies. Tabulated attenuation cross sections27 exist for the majority

of isotopes and can be used to evaluate experiment feasibility to resolve a particular element in a

specific sample.

To date the majority of resonance absorption experiments were conducted with a single pixel

device17,22,23 or with a limited (∼1-2 mm) spatial resolution.15,16,20 However recent development of

fast detection devices with 55 µm detector pixel size enables mapping the distribution of elements

(including tomographic 3-dimensional imaging) and temperature in a solid sample with a ∼100 µm

resolution.

In this paper we demonstrate the use of neutron resonances to identify and measure the gas

pressure of xenon and krypton gases in samples that also contain steel, gadolinium, urania and

tungsten. By including knowledge of the volume of the gas canisters the method provides a direct

determination of the partial pressure. The value of this demonstration derives from its potential

application for non-destructive mapping of gaseous substances and measurement of their partial

pressures in regions obscured by high-Z materials. These unique characterization capabilities offer

potential characterization of fission gases in irradiated nuclear fuel rodlets, as well as remote leak

testing of the rodlets that are sealed inside capsules for irradiation tests. At present experimental

facilities quantified measurements are viable for gases that have resonance below ∼1 keV. These

FIG. 1. Attenuation cross sections for Xe and Kr isotopes as a function of neutron energy.27 The natural isotopic abundances

are 0.095%, 0.089%, 26.4%, 4.07%, 21.2% for 124Xe, 126Xe, 129Xe, 130Xe, 131Xe, and 0.35%, 2.25%, 11.6%, 11.5%, 57%

for 78Kr, 80Kr, 82Kr, 83Kr, 84Kr, respectively.
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include Xe, Kr, UF6 but not hydrogen or helium (while hydrogen and 3He can still be imaged without

their elemental specificity by thermal and cold neutrons due to their high attenuation cross section).

II. EXPERIMENTAL SETUP

To determine the energy of a neutron at a pulsed spallation source the time of flight (TOF)

approach is used. The energy of a detected neutron is determined from its time of flight from creation

to detection according to:

Ekinetic =
p2

2m
=

h2

2mλ2
=

mL2

2 (T+∆T0)2
(1)

where m is the mass of neutron, T is and ∆T0 is the time delay of the trigger pulse relative to the

time of spallation and L is the distance between the detector and the source of neutrons (typically the

moderator), h is Plank’s constant and λ is the neutron wavelength. At most spallation neutron sources

the typical value of the flight path length L is between 10 and 25 m and for neutron energies from an

eV to a keV the corresponding time of flight range is ∼10 to ∼1000 µs. The ability to record spatial

and temporal information for every detected neutron in a pixelated detector is a crucial enabling

technology. Recent developments of neutron detectors with ∼55 µm spatial and 20 ns - 500 µs

temporal resolution have enabled neutron resonance imaging with spatial resolution greater than

∼100 µm.19,28,29 Resonance imaging experiments have been previously performed with solid mate-

rials using resonances up to ∼10 keV in energy15–24 and we extend these studies to imaging gaseous

substances.

The proof-of-principle experiments employed two separate tubular containers of natural xenon

and krypton. They were mounted in three different configurations relative to steel rodlets containing

urania fuel pellets with tungsten and gadolinium inclusions, as described in detail in Fig. 2. The

geometry and dimensions of the urania-containing rods are consistent with light water reactor fuel.

The gadolinium and tungsten inclusions existed for reasons unrelated to this study. Both xenon and

krypton exhibit neutron resonances (∼104 barn) in the region of 1 to 100eV (Fig. 1). The gases were

contained in two separate stainless steel tubes (∼12.7 mm outside Ø) each at an absolute pressure of

∼110±3 psi (∼758 kPa± 21, ∼7.5± 0.2 atm) measured by a pressure gauge.

Measurements were conducted at flightpath 5 at the pulsed neutron source at the Lujan Neutron

Scattering Center at the Los Alamos National Laboratory.30 The tubes of gas and rods containing the

fuel pellets were installed in the direct beam in front of a detector as shown in Fig. 3. Neutron pulses

at 20 Hz are generated by spallation of 800MeV proton pulses with a width of 270 ns base-to-base.

After moderation by H2O neutrons with a wide range of energies propagate along an 11.24 m flight

FIG. 2. Schematic diagram of sample assemblies used in the energy-resolved imaging experiments. Configuration 1 included

two mockup nuclear fuel assemblies of ∼5 mm depleted urania (238UO2) pellets mounted in steel cladding and a Xe gas

contained in a steel pipe at absolute pressure of ∼110 psi (758 kPa); Configuration 2 contained two fuel assemblies and Xe gas

in a steel pipe. One fuel assembly contained ∼1 mm wide Gd inclusions of various atomic concentration. The other assembly

was the same as in configuration 3 with W wires; Configuration 3 had two fuel assemblies, and two steel pipes, with Xe and

Kr gas at the same pressure. The urania pellets in one assembly had W wires of various diameters placed in the middle of the

pellets.
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FIG. 3. Schematic of the experimental setup at the spallation neutron source at Los Alamos National Laboratory. The samples

were mounted in front of a detector (512× 512 pixels), interrogated by the neutron pulses at a 20 Hz frequency. 3000 spectral

slices are recorded in each measurement providing individual transmission images corresponding to a neutron energy range

Ei±∆Ei with a spatial resolution of 55× 55 µm2.

path passing through the sample to the detector. The time of flight and position are recorded for

each neutron detected in a 512× 512 pixel (55 µm pixel width) detector. This provides simultaneous

measurement of 262144 transmission spectra. The detector consisted of 10B-doped neutron sensitive

Microchannel Plates (MCPs), provided by Nova Scientific, Inc31 and a quad Timepix readout. The

capability of this detector to operate at counting rates exceeding 100 MHz and to detect more than 103

nearly simultaneous particles is a crucial enabling technology.28,29 The intrinsic time resolution of

the detector varies from ∼20 ns for keV neutrons, to ∼100 ns for eV neutrons and to ∼500 ns for meV

neutrons. Open beam normalization (with no samples installed in front of the detector) was performed

after background subtraction to eliminate the effects of beam spectrum and detector non-uniformities.

Thus a neutron transmission spectrum Tr(E)=(I(E)-Bgr)/(I0(E)-Bgr) can be extracted for any sample

region to a limit of 55× 55 µm2 pixel. The neutron flux and beam time constraints limit the number

of neutrons acquired in the spectrum collected within a single pixel, making quantitative analysis to

be very noisy. This problem was alleviated by integration spectra over multiple neighboring pixels

during data analysis.

III. RESULTS AND DISCUSSION

Full spectrum transmission images for the three configurations are shown in Fig. 4. In this mode

inclusions and voids within urania pellets can be visualized from changes in attenuation contrast,

but cannot be explicitly identified. The gadolinium inclusions seen in configuration 2 exhibit a high

thermal neutron absorption cross section and can be seen even for a lower atomic concentration.

White spectrum images that do not require energy resolution can be acquired at any neutron source

with sufficient flux and beam collimation. However, it is impossible to identify location of individual

elements such as U, Xe, Kr, W or elements present in the steel pipe without a priori knowledge about

the sample. For insight on the elemental and even isotopic makeup in such radiography, energy-

resolved imaging extends what can be learnt from such measurements.

A. Calibration of neutron transmission spectra

The energy of each neutron registered by the detector was reconstructed from its time of flight

according to Equation (1). Accurate values of the flight path length L and the delay of the trigger ∆T0,

as well as calibration of the beamline background are needed for the reconstruction of transmission
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FIG. 4. Full spectrum (equivalent to white beam of flight path 530) neutron radiographs of three sample configurations used

in the experiments. The location of certain elements (inclusions in the samples) is specified in the images.

spectra. Calibration measurements with 238U, Ta, Ag and Co foils were performed to calibrate the

experimental setup. Opaque resonances (at energies for which less then few percent transmission is

expected for the foil thicknesses) were used to assess the background as a function of neutron energy,

as well as L and ∆T0 parameters, as shown in Fig. 5.

FIG. 5. Calibration of experimental parameters: background signal as a function of neutron energy, flight path L and trigger

delay ∆T0. (a), (b) – open beam spectra and spectra measured with foils of Ta (2.5 mm), Ag (0.19mm) and Co (0.1mm), all

overlapped over urania (∼5 mm cylinder). The background signal is calibrated using opaque resonances. (c), (d) measured

(markers, background corrected) and calculated (solid lines) transmission spectra. (e) The time of flight values for opaque

resonances (zero transmission) extracted from the measured data are plotted against tabulated resonance wavelengths extracted

from ENDF database.27 Linear fit into that curve is used for calibration of L and ∆T0 parameters according to Equation (1).
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For most neutron beamlines at spallation neutron sources (when no T0 choppers are used) spec-

tra registered in an open beam configuration exhibit an intensity increase towards higher energies

and contain a larger fraction of the gamma photon and fast (>100 keV) neutron background signal.

Choppers (that typically are used to mitigate background) are not fast enough to reduce the back-

ground without also curtailing the neutrons in the 1eV to 1 keV range that are used in resonance

absorption imaging and therefore were not used in employed experiment. After subtraction of the

background the resulting transmission curves shown in Figs. 5(c) and 5(d) were used for the extraction

of parameters L and ∆T0 from the linear dependence of neutron wavelength λ on the neutron time of

flight, Equation (1). TOF values observed for the opaque resonances of known materials are plotted

in Fig. 5(e) versus the tabulated resonance wavelengths (converted from energy) of these materials

extracted from ENDF database.27 The fitted straight line yields the parameter values L=11.241 m

and ∆T0=1.275 µs. The validity of our calibrations is confirmed by the good agreement between the

measured data (shown by markers in Figs. 5(c) and 5(d)) and the theoretical transmission curves

calculated from the known absorption cross section of 238U, Ag, Ta and Co materials of a known

thickness (shown in Figs. 5(c) and 5(d) by solid lines).

B. Reconstruction of the composition

1. Effective thickness of different elements

The energy-dependent transmission of a sample consisting of different materials can be calculated

from the Beer-Lambert law:

Tr(E)=
I(E)

I0(E)
= exp

[

−

∑

i
Nidi

∑

j
σij(E)Aij

]

(2)

where N i is the number of atoms of element i per unit volume, di is the effective thickness of that

element integrated along the neutron path, σij(E) is the energy-dependent neutron attenuation cross

section, and Aij the abundance for the isotope j of element i, respectively. For solid materials the

number of atoms per unit volume can be calculated from the known density of the material and

atomic mass values mij:

Ni = ρi

1
∑

j mijAij

(3)

For gaseous materials the number of atoms of element i per unit volume can be approximated by an

ideal gas equation:

Ni =
si

∑

j Pij

kT
(4)

where si is the number of atoms of element i per gas molecule, Pij is the partial pressure of isotope

j of gas containing element i, k is Boltzmann’s constant and T is the absolute gas temperature.

Separating attenuation by solid material from the attenuation of gaseous substances (steel, urania,

tungsten attenuation from Xe and Kr gases in our experiments), the measured transmission can be

expressed as multiplicative of two terms:

Tr(E)=Trsolid(E) × Trgas(E)

= exp

[

−

∑

i

ρidi

∑

j σij(E)Aij
∑

j mijAij

]

︸                                 ︷︷                                 ︸

solid materials

× exp

[

−

1

kT

∑

l
sldl

∑

j
Pljσlj(E)Alj

]

︸                                          ︷︷                                          ︸

gaseous materials

(5)

For quantitative characterization of reconstructed data multi-parameter fitting using theoretically

calculated transmission spectra can be implemented. With sufficient statistics parameter reconstruc-

tions can be performed for individual detector pixels, as transmission spectra are measured within

each of them. In practice the limited statistics acquired by a single pixel within a given measurement

time necessitates integration of spectral data over multiple neighboring pixels. Post-experiment data

binning provides flexibility in the analysis to select the smallest area consistent with the pre-requisite

accuracy of the reconstructed parameters.
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Quantification of solid materials using measured transmission spectra has been demonstrated

for both resonance absorption16,17,19,21,32 as well for the attenuation within a broad energy range,

e.g. quantification of hydrogen content33,34 in metals (enabled by the high incoherent scattering

cross section of hydrogen nuclei). Here we demonstrate that gaseous partial pressure can also be

reconstructed in situations when gases are concealed within high-Z materials. The analysis presented

here allows reconstruction of either the partial pressure of the gas for a known volume occupied by

that gas, or measurement of the gas volume for a known partial gas pressure [since gas pressure P

and effective thickness d terms are multiplicative in Equation (5)]. In the present study we verified

that either parameter could be determined from the measurements since both were known and could

be tested in our reconstruction. It should be noted again that the feasibility of this technique relies on

the existence of measureable resonances for a particular gas.

The possibility to reconstruct the volume occupied by gas (the gas “thickness” along the trans-

mitted beam, to be more precise) is demonstrated in Fig. 6. Neutron transmission spectra obtained

within the area of 0.28x17 mm2 are shown for different positions within the tube of configuration 1

FIG. 6. Neutron transmission spectra extracted from the data set obtained with Xe-containing steel pipe of configuration 1.

(a) – (e) Spectra measured within ∼0.275x18 mm2 areas (markers) and fitted transmission spectra (solid line) calculated from

tabulated cross sections of these materials.27 The locations of the corresponding areas are indicated in image (g) by dashed

lines. (f) The raw transmission spectra measured within area (c) of the sample and in the same area of the detector with no

samples placed in front of it (“open beam” spectra, used for normalization). The background spectra, calculated according to

normalization described in Section III. A is also shown. (g) Full spectrum transmission image indicating the areas for which

the transmission spectra (a)-(e) were extracted.
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TABLE I. Fitted parameters: effective thickness (mm) occupied by specific elements.a All fitted values are with ∼10-15%

error bars. The expected values (obtained from sample geometry and known composition) are shown in parenthesis.

Fig. N Xe Fe Mo Co 238U W Gd Kr

6.a 11.2(11.2) 1.5(1.5) 0.026(0.026) 0.0028(0.0028) · · · · · · · · · · · ·

6.b 9(9.05) 1.8(1.8) 0.031(0.0312) 0.0033(0.0034) · · · · · · · · · · · ·

6.c 8(8.04) 2(1.99) 0.034(0.0344) 0.0037(0.0037) · · · · · · · · · · · ·

6.d 6(5.04) 2.8(2.78) 0.048(0.0482) 0.0052(0.0052) · · · · · · · · · · · ·

6.e · · · 5.5(5.49) 0.095(0.0952) 0.0103(0.0102) · · · · · · · · · · · ·

7.b · · · 1.5(1.5) 0.026(0.026) 0.0028(0.0028) · · · · · · · · · 8(9)

9.b · · · 1.9(1.99) 0.0329(∼0.344) 0.0034 1.8 · · · · · · · · ·

9.c 6(∼5.5) 5.1(∼5) 0.064(∼0.07) 0.0085 4 0.03 · · · · · ·

9.d 11(∼10.8) 1.9(∼1.7) 0.0329(∼0.03) 0.00355 · · · · · · · · · · · ·

9.e 6(∼5.5) 5(∼4.7) 0.054(∼0.05) 0.0082 4 · · · 0.1 · · ·

aNatural abundance (except for the 238U isotope) and density (except for Xe and Kr gases) of solid materials is assumed. The known absolute

pressure PXe ≈ PKr ≈ 110 psi (∼758 kPa) were used in the fitting.

containing Xe gas, as explained by Fig. 6(g). The “thickness” of xenon as expressed by the depth of

the xenon absorption can be seen to decrease from the center of the pipe towards the edge, while the

thickness of steel increased, as reconstructed from transmission spectra via Mo and Co resonances,

and non-resonant absorption by iron. The middle of the pipe [area (a)] has the largest effective thick-

ness of Xe gas seen by the neutrons, which resulted in nearly opaque neutron resonance absorption

at ∼14.4 eV. The cross section (e) of Fig. 6 corresponds to the transmission of the steel pipe only. The

corresponding measured spectra have a decreasing dip at the resonances of Xe gas in Fig. 6(a)–6(d)

and decreasing overall transmission due to a larger absorption by Fe (with no resonances in that

energy range) and increased absorption by Mo (∼2.8 wt% as measured in our experiment) and Co

contamination (<1 wt% in 316 stainless steel, from Ni alloying) in the steel of the pipe.

Multi-parameter fits of the effective thickness di for Fe, Co and Mo and dl for Xe, derived using

Equation (5) are shown as solid lines in figures 6.a through 6.e. Table I shows the fitted parameter

values, which seem to agree with the expected values known from the steel composition, geometry

of the pipe and the pressure of Xe and Kr gases measured by a gauge. Although Fe does not have

resonances in the energy range accessible in this experiment, it still has non-negligible attenuation

cross section and is taken into consideration during the analysis when the theoretical transmission

spectra are calculated. Strictly speaking, a priori information on the existence of a steel pipe in our

samples is necessary for the data analysis as the presence of Fe cannot be identified explicitly jus from

the resonance spectra. All the experimental spectra shown in Fig. 6 were obtained after background

subtraction and normalization by the open beam from the raw spectra shown in Fig. 6(f). The results

demonstrate how thickness for both solid and gaseous materials can be extracted from the measured

data, (providing there is sufficient resonance absorption by a particular material).

The same analysis can be performed for Kr sealed at ∼110 psi (758 kPa) absolute pressure

in a similar steel pipe. The spectrum extracted for a small area shown in Fig. 7 exhibits clearly

FIG. 7. Full spectrum (white beam) transmission image and the measured (markers) and fitted theoretical (solid line) spectra

of Kr gas encapsulated in a steel pipe. Configuration 3 of sample assembly used in this experiment. The small rectangle

indicated on the transmission image indicates the area for which the spectrum was extracted.
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distinguishable resonances of 82Kr and 83Kr isotopes. The lower resonance absorption cross section

of these natural isotopes of Kr gas leads to a weaker resonance dips compared to Xe. The theoretical

transmission calculated with fitted thickness parameters for Fe, Kr, Mo and Co shown by the solid

line in Fig. 7 still enables identification of areas where Kr gas is present in the pipe, but with a lower

accuracy on the measured quantity of that gas.

2. Pressure of gaseous materials

The partial pressures of gaseous substances can be reconstructed if the volume occupied by

gaseous material is known, as seen from Equation (5). For a simplified case, when only one element

in the sample assembly is in the gaseous form the pressure of the gas can be calculated from equation:

PXe,Kr =
kT

dXe,Kr

∑

j σj(E)Aj

ln

[

Trsolid(E)

Tr(E)

]

(6)

where j index indicates different isotopes of these gases, dXe,Kr is the effective thickness of the gas,

σj(E) and Aj are their attenuation cross section and abundance, respectively. The pressure recon-

structed from Equation (6) is most accurate for energies at which the attenuation cross section is the

highest, as demonstrated in Fig. 8. Absorption peaks, corresponding to 124Xe, 129Xe and 131Xe iso-

topes were used for the calculation. Multiple independent measurements are possible using different

regions on the detector provided that the pipe internal diameter is accounted for. The parameters for

the attenuation by the solid materials (steel pipe) were taken from the fitted spectra of Fig. 6. The

transmission spectrum of steel pipe only Trsolid(E) (excluding Xe gas) was first calculated with these

parameters (Fig. 8(a)) and then used in Equation (6) for the calculation of xenon pressure within a

0.275 mm-wide regions of the pipe indicated by dashed lines in Fig. 6(g). Same Trsolid(E) can be

obtained experimentally for the pipe not filled with the gas. Apparently the accuracy of pressure

reconstruction decreases from the center to the edge of the pipe due to the smaller effective thickness

of gas encountered by neutrons. Moreover, not entire measured spectrum should be used in the anal-

ysis: an accurate reconstruction of pressure value is possible only from the part of the transmission

spectrum where attenuation coefficient of gas is relatively high, otherwise both terms ln
[

Trsolid (E)
Tr(E)

]

and σj(E) in Equation (6) become small leading to a large error. The calibrated attenuation cross

FIG. 8. (a) Measured transmission spectrum Tr(E) and calculated spectrum for solid materials only Trsolid (E) (transmission

of steel pipe) for the area (a) of Fig. 6(g). (b) Reconstructed pressure of Xe gas in the pipe (markers), calculated around

two resonance energies for the areas (a)-(d) of Fig. 6(g). The value measured with a pressure gauge is shown by the dotted

lines bounding the measured value by ±21 kPa. The location of Xe resonances is shown by the sold line representing natXe

attenuation cross section.
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section of natXe gas shown in Fig. 8(b) exhibits two resonances at ∼9.55 eV and ∼14.4 eV. The

symbols indicate the absolute pressure values reconstructed from Equation (6) for multiple energy

values E for the areas (a)-(d) determined in Fig. 6(g). Since the pressure value does not depend on

neutron energy a linear fit to these extracted values can be used to reconstruct the pressure in a given

region of the steel pipe. The dispersion around the average reconstructed value is higher at ∼9.55 eV

resonance, which has a lower resonance cross section. The reconstructed pressure values of Xe gas

appeared to be 739±98 kPa and 751±154 kPa for 14.4 eV and 9.55 eV resonances, respectively.

These values are in a relatively good agreement with the value of 758±21 kPa determined with the

help of a pressure gauge. As demonstrated here, the quantification of gases can be performed with

some spatial resolution.

Therefore this technique can still be implemented in cases where several secluded sections exist

within the sample as partial pressure can be reconstructed within a small area of the image.

The accuracy of the pressure reconstruction can be improved by a multi-parameter fit to the

entire spectrum. Under ideal circumstances this would account for each pixel and take into account

variations in the pipe thickness. Then the average value of pressure across the entire sample can

be taken as a final answer if it is known that sample has no isolated sections. The accuracy of

pressure reconstruction can also be improved if a thicker gas volume and/or a higher gas pressure are

measured.

C. Element-specific imaging

In addition to quantification of gaseous substances, the quantified maps of elemental composition

with ∼100 µm spatial resolution can be extracted from the same dataset acquired in energy-resolved

neutron imaging experiments. That can be very attractive for the applications where the spatial

distribution of gases relative to other elements is important. The amount of material in a small area,

which can be extracted by multi-parameter fitting of the theoretical transmission curves into the

measured spectra, can be demonstrated for any region of the detector that offers data of adequate

statistical quality. In the limiting case this could correspond to an individual pixel. Fitting with

dedicated tools, such as SAMMY code35 or as reported in references17,22,23 can be implemented for

more accurate quantification of the elemental composition and it is a subject of a separate dedicated

study.32 The accuracy of the quantification depends on factors that include; the number of neutrons

acquired in each spectrum, the strength of the resonance absorption cross section and the accuracy

of fitting. Repeating this analysis for every pixel requires a substantial amount of computational

power.

A semi-quantitative analyses of elemental composition can be performed quickly, even during

the experiment, for the assessment of the elemental distribution within the sample, as demonstrated

in this section by imaging of multiple overlapping materials as in configuration 2 of Fig. 1. The

spectrum over the area, shown by a wide rectangle in the image of Fig. 9.a exhibits resonance dips

corresponding to all the elements present in the sample, consisting of urania pellets with Gd and W

inclusions, all sealed in a steel pipe.

We demonstrate here that an image, specific to a particular element, with contribution of other

materials nearly non-existent or at least greatly suppressed can be reconstructed from the data. That

is achieved by division of images acquired at the resonance energies of a particular element (e.g.

regions 1, 2 and 3 of spectrum shown in Fig. 9(a)) by the images corresponding to the part of

spectrum where no resonances are present (region “norm” of spectrum 9.a). Such reconstructed

element specific images for 238U, W, Xe and Gd are shown in Figs. 9(b)–9(e). The same type of

element-specific images were obtained for the sample configuration 3, shown in Fig. 10. The tungsten

wires of varying diameter enclosed within 5 mm urania pellets can be easily visualized even for a

wire diameter of 50 µm, as seen in Fig. 10(c), demonstrating the spatial resolution consistent with

the pixel size. The voids in and between urania pellets can also be easily visualized from the same

data set by the ratio of transmission images acquired in the epithermal range of energies to images

of a thermal neutron transmission. These images demonstrate the uniqueness of neutron energy-

resolved imaging at epithermal range of energies to provide element-specific (isotope specific) maps

of materials (including gaseous ones) which are enclosed or obscured by other materials (including

high-Z), opaque to other more conventional imaging techniques.
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FIG. 9. Element-specific images acquired with samples in configuration 2. (a) Full spectrum (white beam) radiograph and a

spectrum obtained in the area indicated by a wide dashed rectangle. The letters in the radiograph indicate the areas for which

spectra are extracted in figures (b)-(f). The energy ranges shown by the shaded areas in the spectrum of figure (a) indicate

the energy range for the subset of images which were used to reconstruct the element-specific maps (b)-(f), except for the

map of Gd, where thermal neutrons were used due to high absorption cross section of Gd. 238U, W, Xe and Gd are imaged

separately from other elements despite the fact they were overlapped with each other as well as with steel pipes. Steel pipes

are visualized by the resonance of 59Co in image (f), which is normalized by the full spectrum open beam image. Iron itself

has non-negligible attenuation in the entire range of measured energies, but does not have resonances.

D. Microstructure of solid crystalline materials

Thermal neutron diffraction has been widely used for the studies of microstructure within various

crystalline materials and lately the use of neutron transmission techniques was demonstrated for the

same purpose.4,7–14 The energy resolved neutron imaging reported in this paper covers a broad range of

neutron energies, including the thermal and cold neutrons. Therefore not only elemental mapping can

be performed from the data acquired in such experiments, but also some microstructure parameters can
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FIG. 10. (a) Image of voids within 238UO2 pellets. The contrast is enhanced by normalization of images acquired at the

energies of 49 meV to 1.3 eV by images acquired in 4.6 meV to 48 meV range of energies. (b)-(d) Element-specific images of
238U, W and Xe gas, all acquired simultaneously for sample configuration 3. The 50 µm W wire mounted inside of urania pellet

is clearly visible, as well as Xe gas encapsulated in steel pipe and obscured by steel, urania and W. The same normalization

as in Fig. 9 was used to reconstruct the element-specific images (b)-(d).

be reconstructed at the same time, as demonstrated by all the previous thermal neutron transmission

studies. The strain distribution in the cladding of nuclear fuel assembly, for example, can be studied

simultaneously with the elemental distribution within the samples. The transmission technique strictly

does not allow a quantification of residual stresses. Indeed, in the center region of the pipe neutrons

probe the strain in the radial direction, while in the outer region of the pipe hoop strains are measured,

with a mixture of both strains in between them. However, such characterization would allow to identify

inhomogeneities of the strain between different regions in the axial direction, providing guidance for

more localized or destructive examination using other techniques. The transmission spectra of the

steel fuel cladding and the steel pipe containing Xe gas shown in Fig. 11 in a wide range of energies,

exhibits typical Bragg edges, which can be used for the reconstruction of residual strain. Such analysis

is not included in the present paper as no strain was expected in the mockup fuel assemblies used in

FIG. 11. Full spectrum (white beam) radiograph of sample configuration 1 and a full transmission spectrum of steel cladding

and steel pipe measured in the areas indicated by the dashed lines at the edge of the pipe (corresponding to the thickest part of

steel seen by neutrons). Typical steel Bragg edges are seen at the thermal neutron energies <100 meV. Some microstructure

properties of steel can, in principle, be reconstructed from such spectra (not attempted in the present study due to limited

neutron statistics). The cladding steel did not contain as much 95Mo as the steel pipe filled with Xe gas. That difference in

transmission spectrum can be used to differentiate the two steels in the image.
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our experiment and no sufficient neutron statistics per small area were acquired for the reconstruction

of strain.

IV. CONCLUSION

The energy-resolved neutron imaging technique implemented at spallation neutron sources

described in this paper enables simultaneous acquisition of neutron transmission spectra within each

pixel of data set in a wide range of neutron energies, spanning from epithermal energies to cold

neutrons. These spatially-resolved neutron transmission measurements provide a unique possibility

to reconstruct the maps of bulk elemental (isotope-specific) composition within samples opaque to

other more conventional imaging techniques, based on X-ray of electron interrogation. In addition to

previously reported mapping of solids, we demonstrate here that gaseous substances can be imaged

with relatively high spatial resolution within the samples consisting of high-Z materials. For elements

with relatively high resonance absorption cross section (exceeding ∼103-104 barn) this technique can

also be used to quantify the number of gas atoms present in the path of neutrons, which can be

converted into gas partial pressure if geometry is known.

A more detailed analysis will be required for the estimation of the sensitivity limit of this

approach, i.e. what is the minimum amount of gas molecules or lowest gas pressure which can

be reconstructed in such experiments. It will definitely not be as accurate as other more sensitive

techniques, such as X-ray or Gamma-ray fluorescence in quantification of isotopic ratios, for example.

However neutron energy-resolved imaging is an attractive complementary method for the cases

where other interrogation techniques fail due to sample opacity or where quantification with spatial

resolution is not possible.

Although the technique described in this paper provides the means to measure gas pressures

remotely but with limited resolution and only for relatively high gas pressures or large volumes it is

still a very unique method for the studies of substances concealed within high-Z materials, such as

interrogation of spent nuclear fuel assemblies, pre-screening of rare samples such as double-sealed

containers with lunar materials, cultural heritage objects and others. It can also be used for a remote

measurement of gas leaks even in the case of double-sealed containers.
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