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Publishimg tron and X-ray Tomography (NeXT) system for simultaneous, dual modality tomography
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Abstract:

Dual mode tomography using neutrons and X-rays offers the potential of improved estimation of the
composition of a sample from the complementary interaction of the two'probes with the sample. We
have developed a simultaneous neutron and 90 keV X-ray tomogtaphy system that is well-suited to the
study of porous media systems such as fuel cells, concrete, unconventionalreservoir geologies,
limestones, and other geological media. We present the characteristic performance of both the neutron
and X-ray modalities. We illustrate the use of the simultaneouswacquisition through improved phase
identification in a concrete core.

Introduction:

Tomography is a widely utilized non-destructive'methed to.determine the structure of complex samples.
As shown by Liu %, the use of a second probethat has.a different cross section, enables a more accurate
estimation of the composition of the interrogated sample. One field of study that is of interest is porous
media in which one typically wishes to observe.the distribution of a hydrogenous material within a
mineral matrix. For these materials, the comkifation of X-ray and neutron imaging is advantageous, as
X-rays have good sensitivity for the matgix;awhile neutrons have good sensitivity for the hydrogenous
components. This is owing to the factthatiX-rays primarily interact with material through the electron
cloud while neutrons primarily interactawith material through the strong nuclear force. This is shown in
Figure 1 where the attenuationegefficients for thermal neutrons and 90 keV X-rays %3 is given, which
highlights large differences i attentiation for various materials such as hydrogen and iron. Thus, by
combining the image data sets frem both probes, a more complete understanding of a multi-phase
sample can be obtained.“[his leads to a more straightforward segmentation of various materials to
improve structural{orflow medels.

Typically, neutfon and X-ray‘imaging would be implemented in a serial configuration where the sample
would be iméged'with one technique followed by the other #*1. Problems arise when investigating
samples that sl@wly evolve with time or stochastic processes as samples will not be identical for each
imaging'mode‘as seans can take around 12 h to 24 h or more to complete, so only average information
can beiextractéd from the data. To overcome these issues while facilitating improved material
identification ahd volume registration, simultaneous, dual-mode, neutron and X-ray imaging is
necessarys An X-ray generator can be placed perpendicular to the neutron beam so that the sample sits
at the intersection of the beams. The first example of a system like this was implemented by Sinha et al.
at'the Missouri University of Science and Technology Reactor **°. This system demonstrated the
benefits of combining neutron and X-ray imaging but was limited in spatial resolution and application by
the'power of the reactor. A new simultaneous system is also under development at the Imaging with
Cold Neutrons (ICON) beamline at the Swiss Spallation Neutron Source (Spallations Neutronen Quelle,
SINQ) at the Paul Scherrer Institut .
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Publishiwg ‘eport on a system for simultaneous neutron and X-ray imaging that has been developed and
installed at the National Institute of Standards and Technology (NIST) Center for Neutron Research
thermal neutron imaging facility. This work will describe the neutron and X-ray system components and
operation and give an example application, the examination of concrete, that benefits from dual-mode
imaging.

2. Experimental setup
2.1 Overview of NeXT system

The NeXT (Neutron and X-ray Tomography) system operates by opienting asmicrofocus X-ray tube
perpendicular to the neutron beam. Samples sit at the intersection ofthe.two beams as shown in Figure
2. This orientation provides simple registration of the two tofhogramsy rotating the X-ray volume by
90° to align with the neutron volume. The engineering modelishown‘in Figure 2 gives the layout of the
beam directions (neutron beam shown in red and X-ray ieam shewn'in blue) and detector placement
for each beam.

2.2 Details of the NIST thermal neutron imaging facility

The NIST thermal neutron imaging facility is located on‘thg beam tube 2 (BT2) thermal neutron port at
the NIST Center for Neutron Research. This faeility<provides an intense beam of thermal neutrons for
imaging research from a 20 MW nuclear fission reactor. A schematic layout of the instrument is given in
Figure 3. Thermal neutrons exit the reactorwessekthrough an aluminum beam port tube called the
thimble and are initially collimated by'etapered tube consisting of steel rings with progressively smaller
internal diameters labeled #2 in Figure 3%This produces a conical beam with near uniform intensity.
Although the beam is primarily thermal neutrons, higher energy neutrons and gamma rays from the
reactor are present in the beam and could be detrimental to sensor electronics and pose a radiation
safety concern. A liquid nitfogen cepoled bismuth filter, 10 cm in length, (#3 in Figure 3) is used to
remove these unwanteddbeam,components. The 10 cm Bi filter reduces the thermal neuron fluence rate
by about a factor of folr.

Neutron image ge@metric unsharpness, Ag, and fluence rate are controlled with the aperture assembly
(#4 in Figure 3)./The aperture assembly provides selectable pinhole sizes to control the L/D (collimation)
ratio where Lis‘the distance from the pinhole to the detector and D is the diameter of the pinhole. With
a sample tg'detectordistance given by z, A; = z D/ L. Larger values of L/D provide greater collimation
and sharperimages for large z, but at the expense of the thermal neutron fluence rate which scales as
(D/L)?{ There areitivo sample positions available inside the BT2 enclosure. The most commonly used
sample'position is at the 6 m position where the beam is about 26 cm in diameter with a maximum
flhence ratewof 3 x 10’ cm? s 1. The shorter, 3 m position is used when the test requires a factor 4 higher
neutron fluence rate (on the order of 108 cm™? s) with a 13 cm beam diameter and small L/D ratios. L/D
ratios'atBT2 range from 150 when high intensity is needed, to 6 000 when high resolution is needed.
Thé NeXT system sits at the 6 m position and typically employs a 1 cm aperture with a fluence rate of 6 x
108cm? st

A rotating drum of heavy concrete is located just downstream of the aperture assembly and serves both
as a local shutter control and additional background reduction. The drum has four positions, 1 closed
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Publishi;mgi 3 open, that allow control of beam state and amount of background reduction. Position 1 is the
ciosed, solid concrete position that stops the beam to allow access to the instrument enclosure.
Positions 2 to 4 are open tubes with different internal diameters that provide increasing amounts of
collimation to reduce background gamma rays and fast neutrons. A fast acting thermal neutron shutter
constructed from two 1 mm thick sheets of cadmium backed by two 6.5 mm thick sheets of borated
aluminum is positioned after the drum. This shutter provides uniform illumination for image plates and
allows the fast neutron and gamma contribution to the image to be measuréd.as the thicknesses of Cd
and B minimally attenuate fast neutrons or gammas. After the fast shutter, the neutrons enter an
evacuated flight tube with 2 mm thick aluminum windows that transpoft the heutrons from the local
shutter to the sample position. The tube is kept under rough vacuum®g reduce the neutron attenuation
due to interaction with air, about a 3 % reduction per meter. The efitire system is situated inside a
shielded enclosure that contains the high radiation fields presentidrom the beam and sample activation.
Steel shot and wax inside the shield walls absorb scattered nettrons‘and gamma rays emitted from the
sample and equipment inside the enclosure.

2.3 Details on the X-ray imaging system

The X-ray imaging system consists of an X-ray generatgor, beam conditioning equipment, and detector
system. X-rays are generated with an Oxford Instruments“UltraBright microfocus X-ray generator ’
which produces a cone beam with cone angle of about-35 degrees. This device has a 10 um to 20 um
spot size (at maximum voltage and minimum.power), and operates with a voltage range of 20 kV to

90 kV and maximum current of 2 mA. At maximum+power, the X-ray generator produces a continuous
Bremsstrahlung spectrum from approximately'd5 keV to 90 keV with tungsten characteristic peaks at

59 keV and 67 keV. This producesf@ mean‘energy of approximately 32 keV that can be raised with the
addition of filtration to block out the tewer‘energy X-rays from the Bremsstrahlung continuum. A
tungsten slit system is positioned just downstream of the X-ray generator to control the size of the beam
at the sample and to prevent directiX-ray exposure to the neutron detector. By removing the unneeded
beam to the side of theSample'with'the tungsten mask the sample can be placed in close proximity to
the neutron detectors The X-ray geherator and detector are mounted on linear rails to allow for
movement in the béam axis'diréction so that flight path length, field of view (FOV), and geometric
maghnification canbe adjusted. A heat sink mounted to the front face of the X-ray generator ensures that
the temperatuke of the X-ray generator remains below 45 °C which strongly reduces drift in the X-ray
spot locatiof.

The linear stages on‘which the X-ray generator and detector are mounted allow for variable source to
sample distance (Z) and source-to-detector distance (Lx) as shown in Figure 4. These distances control
the photen flux on the sample and the geometric magnification of the sample , M = Ly/Z,, on the
detector due to the divergence of the generated cone beam. Higher geometric magnification allows
greater spatial resolution to be achieved for a given intrinsic detector spatial resolution. The available X-
ray.detector FOV limits the maximum magnification as the object being imaged must fit within the FOV.

2.4 Detectors and image characteristics
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Publishing imaging detectors used for both neutron and X-ray modalities use Gadolinium Oxysulfide (GadOx)
scintillators viewed by a camera '8, as shown in Figure 5. A mirror at 45° to the primary beam is used to
reflect the scintillation light at a 90° angle to keep the camera electronics out of the primary beam to
prevent radiation damage. Light produced by the scintillator screen is focused onto the camera using
standard Nikon lenses. Currently available lenses include a 50 mm f1.2, 85 mm f1.4, 105 mm 2.8,

200 mm f4, and extension tubes to alter the reproduction ratio of the 85 mm lens. This permits
optimizing the image resolution and field of view for the sample under study hy selecting the
appropriate lens. The cameras used for both detectors are Andor NEO scientific complementary metal-
oxide-semiconductor (sCMOS) cameras with a 2560x2160 pixel chip with 6.5 im pixel pitch. Effective
pixel size and FOV specifications for various lens configurations are given infable 1.

Data acquisition software developed in-house allows for the simultaneous coeptrol of both cameras and
the 6-axis sample motion control system to maintain time correlatien‘between imaging modes. The two
cameras can operate at different frame rates and number offaccumulated frames to optimize image
statistics for each mode. Temporal resolution is typically set by the nautron imaging system due to the
inherently lower fluence rate of the neutron beam compared to ‘the X-ray system. The sample rotation
stage indexes to the next projection angle once both detectors'have completed the user-specified
exposure time and number of images. Projection angles can be acquired sequentially or with custom,
user-specified positions, such as those employed far quasidynamic systems using the golden ratio
method *°.

There is a potential for a systematic background in“either the neutron or X-ray detector due to scattering
of the complementary beam since the same .GadOxgscintillator material is used in both detectors. To
eliminate this potential systematic, each detectoris shielded from the opposite beam. The neutron
detector has a 6 mm thick lead sheet plaeed between the sample and the scintillator face to block any
scattered X-rays from causing err@heous'eution signal; the neutron transmission through 6 mm of lead
is about 99 %. A 3.5 mm thick sheet of lithiated polyethylene is placed between the sample and the X-
ray detector to absorb the scattered neutson beam without emission of a gamma ray; the X-ray
transmission through the 3(5 mm of lithiated plastic at the peak spectrum energy of 90 keV with 4 mm
of aluminum filtration is@95 %.4q both cases, the measured background from the other modality is
identical to the offset.image with, no radiation present.

2.5 Sample vessel material considerations for NeXT imaging

Many types of systems require some form of containment cell to facilitate fluid flow under pressure,
isolation fromatmosphere, temperature control, etc. Choice of material for the sample cell is critical for
the simultanequs*meutron and X-ray imaging setup to minimize the attenuation of each beam as much
as possible. Mass attenuation coefficients are given in Table 2 for several common engineering materials
used in X-ray'or neutron imaging. The mass attenuation coefficients for X-ray are given for 45 keV X-rays
which represents the mean energy of the X-ray generator when operating at the typically used 90 keV
peak energy with 2 mm of aluminum filtration. Typically, in X-ray imaging it is desirable to use low
atomic weight, that is low Z, materials to reduce the attenuation of the beam since attenuation
increases with increasing Z. Materials usually chosen include beryllium and plastics such as polyethylene.
Neutrons on the other hand require materials with no hydrogen content and can easily penetrate
metals such as aluminum and steel. Because of the large neutron scattering cross-section for hydrogen,
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Publishifigropolymers are preferred where plastic and elastomer materials are required. As shown in Table 2,
most metals such as steel have a large cross-section for X-rays while hydrogenated polymers like
polyethylene have a very large cross-section for neutrons. In summary, the optimal material selection
for sample vessels for NeXT are magnesium, aluminum, carbon and polytetrafluoroethylene (PTFE). NIST
has designed a pressure vessel from aluminum to investigate pressurized flow at moderate
temperatures in geological specimens that will be detailed in a future manuscpipt.

3 Identification of degradation modes in concrete using NeXT System

Concrete is a multiphase system with several degradation modes‘that/can.lead to premature and
unexpected failure of critical infrastructure such as buildings @nd“oridges. One important degradation
mode is delayed ettringite formation (DEF) where the brittle mineral'ettringite crystalizes in voids and
cracks along aggregate-paste interfaces in hardened contrete. Due.to the hydrogen content of
ettringite, determining the distribution throughout a samplé of‘eoncrete lends itself to neutron
tomography. X-rays provide additional information on“structure‘such as the paste-aggregate interfaces
and voids within the paste. In prior efforts, researchers integested in using both neutron and X-ray
tomography to analyze concrete must use different facilities for each mode like a reactor or spallation
source for neutrons or a lab based X-ray scarther-ersynchrotron radiation facility and data sets can be
separated in time by some weeks. This is problematic for the analysis of the onset of DEF as significant
changes and expansion of the concrete camnvoccur.over this time period. Applying the NIST NeXT system,
the evolution of DEF can be accurately tracked with excellent volume registration between the modes to
allow more reliable estimates of cempositional cthanges in core samples up to 5 cm in diameter. By
combining the two modes it is also possible to make two-dimensional histograms (neutron vs. X-ray
attenuation coefficients) of the materialallowing for greater separation between individual material
peaks. The greater separation of peaks is necessary to properly identify and distinguish ettringite from
water as they have similar neutron attenuation coefficients but different X-ray mass attenuation
coefficients.

The differences in attenuation between neutrons and X-rays produces contrast differences that highlight
various featuresiwithin the concrete as shown in Figure 6. Voids that appear very strongly in the X-ray
image are oftendifficult to differentiate from the surrounding material in the neutron image. This
indicates that what'appears to be a gas filled void in the X-ray is actually a water/liquid filled pore from
the neutronidata. Information regarding the pores/voids present in the concrete matrix would be
missed by only Using a single imaging mode whereas the simultaneous system gives the full picture. The
state ofithese Vpids can change with time as the water is absorbed/redistributed as the concrete
hydrates and.cures. Figure 7 shows how the X-ray reconstruction highlights interfacial effects compared
toYjust theineutron image alone. The arrow highlights a crack along an aggregate which has formed from
the cement paste separating and pulling away. This is a prime region for the future growth of ettringite
whichsis indicated as brighter spots in that region in the neutron image.

Current efforts on data reduction and material identification are ongoing. Reconstruction techniques
and alignment algorithms are being improved to better overlay the volumes and identify individual
materials. High resolution imaging of the concrete core samples with a focused ion beam — scanning
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Pub|iShi1ﬂg( tron microscope will provide validation of the mineral structure in the regions identified by the
neutron tomography reconstruction. Concrete samples with intentionally engineered composition
variation are currently being imaged over several months to collect a time sequence for identifying the
onset and growth of DEF.

4 Conclusions

A simultaneous neutron and X-ray tomography system has been established at NIST*Simultaneous
tomography is accomplished by placing a microfocus X-ray generatorperpendicular to a neutron beam.
The sample sits at the intersection of the two beams and each transmissien image is captured by
separate detectors. Crosstalk between the modes has been mitigated through the use of shielding that
is transparent for the desired beam while opaque to the oppasite beam. The system offers significant
benefits over serial imaging: capturing dynamic or stochastic systems with each mode in identical states,
offering complementary information arising from the differenees in material interaction with the two
modes, faster overall acquisitions times, and simplified volume alighment. The system has proven useful
for a range of applications including fuel cells, batterigs, petrogeology, and concrete. An example from
concrete demonstrated the ability to improve the detectign offlaws and defects in materials that would
have been missed by single mode imaging. The itnproevement in material phase detection and separation
will allow understanding to the formation of unwanted phases and improvements to the strength and
durability of concrete.
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Publishimgble 1: Detector effective pixel pitch and FOV specifications
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Pub”Shih@Ie 2: Mass attenuation coefficients for common engineering materials typically used for sample

environment.

Material
Beryllium
Carbon
Magnesium
Aluminum 6061
Titanium
304 Stainless Steel
Inconel 625
Copper
Polytetrafluoroethylene
High Density Polyethylene

Density
[g cm?]

1.848
1.7
1.74
2.699
4.54
7.874
8.44
8.96
2.25
0.96

Mass Attenuation
Coefficient [cm? g?]

Thermal
45 keV x-ray neutrons /
0.15920 0.510254
0.19570 0.371101 ‘)\
0.39150 0.09274
0.54480 0.03878

1.57800
2.58100
4.34600
3.49800

10
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Figure 1: Comparison of 90 keV X- hermal neutron (25 meV) mass attenuation coefficients as a
function of atomic number, where the neutron cross section assumes natural isotopic abundances.
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Figure 3: Schematic layout of the neutron imaging facility.
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Figure 5: Schematic layout of neutron and X-ray detectors.
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