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A model has been proposed [78, 79], which describes the variation in the concentration 

of the small grains, 1>s, as a function of height, 2, throughout this final deposit 

(1 _ (-¢m1zo)) ((-¢m-z)/zo) 
¢s= e e 

1 (-(l-¢m)/zo) (1 (-¢m1zo)) ((-¢m-z)/zo) 
-e + -e e 

Equation 6.1 

where 1>m is the depth-averaged grain concentration, and 20 is the dimensionless 

segregation-remixing length-scale. The model assumes that 

¢S + ¢l = 1 Equation 6.2 

where 1>1 is the concentration of large particles (i.e. the total volume of the grains and 

the interstitial pores space is constant and the latter can be subsumed into the former). 

Radiography measurements were made of the deposit at positions 030, 070 and 0100, 

located -30 em, -70 em and -100 em respectively from the lower end of the chute 

(experimental parameters given in Table 6.3). The images (after normalisation to initial 

conditions (Section 4.1.1» were then transformed into plots of the packing fraction as a 

function of height through the deposit and fitted to Equation 6.1 (Figure 6.11). The 

experimental data show good agreement to the theoretical model reasonably well, with 

all three positions fitting well to the same parameters, 1>m=0.5 and 20=0.15. 

630 070 0100 

Camera pca SensiCam pca SensiCam pca SensiCam 

Lens 3Smm SOmm 3Smm 

Camera box [em] 100 100 100 

5 5 5 
Exposure per frame [s] 

[100xSO ms] [100xSO ms] [100xSO ms] 

Table 6.3: Experimental parameters used for a radiographic study of the stationary deposit of a 
granular flow. 
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Figure 6.11: A plot showing the concentration of the small grains as a function of height 
through the deposit for three positions 030, 070 and (j100, located ~30 cm, ~70 cm and ~100 cm 
respectively from the lower end of the chute. 

The significance of the result cpm=0.5 is that the mean local concentration of small grains 

is 500/0. Since the mixture in the hopper also contained 50% small grains, this indicates 

that there was only a weak shear within the flow and that little grain segregation 

occurs inside the hopper. (A strong shear would tend to to push the large particles 

towards the front of the flow and the small grains towards the rear, resulting in </Jnl 

increasing towards the top of the chute). The value of 20 is more difficult to interpret. It 

is defined as a measure of segregation-remixing effects (20=0 corresponds to no 

remixing, Zo ~ 00 corresponds to no segregation) and is related to the grain sizes and 

the velocity profile in the flow, but it is not currently possible to calculate values 

theoretically - they must be found from test measurements of the system under 

investigation. 
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It should be noted that in this example the measured packing fraction is that of the 

large grains, with the role of the air voids discussed in the methodology being filled by 

the small grains. This is justified by the fact that the attenuation of the small grains is 

negligible compared to that of the large grains, which can thus be assumed to be 

suspended in a transparent matrix. The packing fraction of the small grains is then 

found from Equation 6.2. 

6.2.3 Discussion 

The feasibility of this method has been proven and there is a clear potential to exploit it 

further in measuring granular packing fractions. One concern is the contribution of 

boundary effects at the edge of the chute, since with a radiograph it is only possible to 

measure the average packing across the volume. It is expected that these will be 

minimal, but one great improvement would be to use tomography instead, which 

would allow characterisation of the packing density variations not only along the 

length and height of a flow, but across its width. This will prove difficult with neutrons 

because rotation of the sample will likely disturb the grains, but could easily be 

achieved with a standard medical x-ray scanner. 
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Archaeology 

Tomographic studies can allow compositional and structural characterisation of 

archaeological artefacts, which are often fragile, dirt-engrained and in a continuing 

state of deterioration. This can provide an insight into how materials were combined 

and implements were assembled. Figure 6.12 (experimental parameters given in Table 

6.4) shows a pottery sherd (43 x 65x9 mm) from the wall of a food vessel dating from the 

Bronze age (circa BC 1800-2000), which was excavated from the area between East and 

West Heslerton in North Yorkshire, England, a site of human activity and settlement 

since the late Mesolithic (circa BC 5000) [80, 81]. It is possible to delineate six parallel 

bands (-9 mm thick), indicating that the bowl was coil-built (formed by coiling rolls of 

clay) [82]. Embedded within these are numerous rounded, irregular inclusions 

(probably grit, crushed pottery (grog) or flint), which were introduced arbitrarily 

during fabrication to temper the pottery and to limit crack formation and propagation. 

The ability to identify the coil structure within the roughly homogeneous material in 

this example is althought to arise from its extreme coarseness rather than any special 

suitability or applicability of neutron imaging. The large inclusions (-1-5 mm) prevent 

the coils from stacking smoothly, opening up the structure between the bands with air 

voids, and it is anticipated that x-rays would produce equally good results. However, 

one area of research where neutrons are expected to perform significantly better is in 

the investigation of archaeological artefacts with metallic components. 
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5mm 

(a) (b) 

Figure 6.12: Tomographic reconstruction of a pottery sherd, showing the inclusions (top left) 
and the clay bands (top right). The band edges are indicated by the red arrows. The 
reconstructed slices taken (a) 3 mm and (b) 23 mm from the top show the presence of inclusions 
(brighter spots) and voids (darker spots). (See also Appendix C). 

Camera 

Lens 

Camera box [em] 

Rotation angle 

Projections 

Exposure per projection [s] 

Andor iXon 

50rnm 

70 

801 

2 

[20x100 ms] 

Table 6.4: Experimental parameters used for a tomographic study of Bronze Age pottery. 
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Marine biology 

Corals are highly sensitive to their marine surroundings, and their annual skeletal 

growths hold a reliable, long-term, chronological record of the environmental and 

climatic conditions in which they live (changes in temperature, influxes of toxins, etc.). 

Environmental shifts are indicated by changes both in the skeletal density and in the 

the concentration and distribution of accumulated hydrogenous material such as 

organic matter (algae) and fluid inclusions [83, 84], which should be directly 

observable using neutrons (thermal neutrons: a{H}=82.36 barn, a{CaC03}=21.S6 barn). 

Figure 6.13 shows a section of Porites sp. (41x76 x7 mm), a tropical reef-building coral 

that grows in vast colonies of identical polyps (milliscopic in size), which was extracted 

from Myrmidon Reef, part of the central Great Barrier Reef, Australia. Each polyp is 

surrounded by a tubular skeleton, or corallite, of aragonite (a mineral of calcium 

carbonate), which is aligned perpendicular to the growth surface of the colony. The 

growth surface is bumpy, and new corallites form at the summit of the bumps by 

assexual division. As the coral grows upwards and outwards, older corallites become 

progressively displaced from the summit, ultimately disappearing from the growth 

surface at the bottom of valleys between adjacent bumps [85]. It was expected that 

organic material would be trapped within in the skeleton at the points where the 

corallites grow together (i.e. in the valleys). Neutron tomography, however, reveals 

that exactly the opposite is in fact true (Figure 6.14, experimental parameters given in 

Table 6.5). 
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Loss of old corallites 

Figure 6.13: A photograph (left) and an illustration (right) of a section of Porites sp. coral 
showing a bump and valley on the growth surface. New corallites grow at the summit of the 
bumps and are progressively displaced as the coral grows outwards before disappearing from 
the growth surface at the bottom of a valley. The black lines indicate the approximate 
orientation of the corallites. 

Individual corallites are visible emanating perpendicular to the organic-rich layer at 

the growth surface (the top -5 mm). Running parallel to the growth surface are three 

discontinuous bands of hydrogenous material, but these exist only where the corallites 

are perpendicular to the growth surface (i.e. where the corallites are fully developed 

and growing parallel to each other) and stop in the valley region. This reason for this 

curious feature is not currently understood. 
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Figure 6.14: Tomographic reconstruction of a piece of Porites sp. coral showing changes in the 
skeletal density (yellow, green and coral; density increasing from left to right) and the presence 
of hydrogenous material both at the surface (the top -5 mm) and trapped within the skeleton 
(blue). 

Camera 

Lens 

Camera box [em] 

Rotation angle 

Projections 

Exposure per projection Is] 

Andor iXon 

SOmrn 

100 

271 

800 

S 

[SOxlOO ms] 

Table 6.5: Experimental parameters used for a tomographic study of coral. 
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7 Discussion 

7.1 Instrumentation 

Neutron radiography and tomography are routinely applied non-destructive testing 

techniques on Neutrograph, and the data acquisition, processing and evaluation steps 

are understood and undertaken as a matter of course. However, while the present 

equipment is passable, there are considerable technological limitations that need 

addressing in order to improve performance characteristics. The most important 

aspects of this are the attainable temporal and spatial resolution, and progress in these 

areas would undoubtedly expand the applicability of neutron imaging. 

The temporal resolution, in terms of image exposure times, is limited primarily by the 

measured radiation intensity. Neutrograph already receives a neutron flux around the 

peak of what is possible with the current generation of neutron sources, so any increase 

here must come from improvements in the efficiency of the neutron-photon conversion 

in the scintillator and of the subsequent photon detection in the camera. Also of 

importance, in terms of the frame rate, is the readout speed of the detector electronics. 

It is clearly detrimental to dynamic tomography acquisition rates (as well as wasteful 

in any application) to be have exposure times in the millisecond regime (as is possible 

on Neutrograph), if only tens of frames per second can be recorded. 

The spatial resolution can be increased by improvements in the detection process, 

notably the spot size of the neutron-photon conversion and new optics to decrease the 
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Image pixel size. However, such steps would be pointless for the most part on 

Neutrograph without first decreasing the beam divergence. Hopefully, this will be 

achieved in the near future with the installation of collimators in the primary casemate. 

7.2 Applicability of neutron imaging techniques 

In terms of imaging techniques, the similarities between neutrons and x-rays are so 

striking that it is hard not to constantly draw parallels. It is important when doing so, 

however, to remember that neutrons and x-rays are not necessarily in competition with 

one another, but instead provide complementary information; in situations where one 

fails the other will often succeed. Although the development of neutron-based methods 

has undeniably benefited greatly from some instrumental developments (digital 

detector systems, for example) and knowledge-base laid down by other imaging 

technologies, they have also suffered from the fact that the use of x-rays for non­

destructive investigations already permeates almost every diScipline of physical 

science. This has made it difficult for neutrons to make a substantial impact and, 

although applied to an ever-increasing number of fields, they are exploited much more 

sporadically. Indeed, it is frequently only in situations where x-rays are non-viable (e.g. 

when heavy elements are concerned) that neutrons are a preferred option. Even in 

some cases where neutrons hold an intrinsic advantage (e.g. visualising water flow 

through a system), a solution can be found so that x-rays can be used instead [24 

compared with 86, for example]. 

The reasons for this are twofold. Firstly, unlike neutrons, x-radiation does not induce 

sample radioactivity. Secondly, although neutron techniques have made considerable 

progress in the past decade, this has been stymied by the small number of dedicated 

worldwide facilities with a high enough flux to produce good quality results within a 

reasonable exposure time. As a result, their x-ray counterparts, which have a much 

longer history of research and development (making a direct comparison perhaps a 

little unfair), are far ahead in terms of both performance and accessibility. 

Consequently, the evolution of neutron imaging methods is currently very much 
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solution-driven and problem-lacking. In other words, techniques arise and develop in 

many cases through an aspiration to discover what is experimentally possible and not 

in response to the demands of any specific application. That is not to say that neutron 

imaging is redundant, indeed it has already shown its potential after having been 

employed successfully in a broad variety of applications including palaeontology, 

archaeology, materials science, engineering, and fluid mechanics. Rather, it lacks that 

decisive, quintessential application that would elevate it from something of a fringe 

role to being an influential tool for scientific investigation. 

7.3 Further developments 

Aside from developing the instrumentation and extending the use of neutron imaging 

into new fields of application, it is also necessary to refine the methodology of data 

acquisition, presentation and analysis, which will augment the applicability of imaging 

techniques. 

7.3.1 Data acquisition 

The amount and type of information extractable from imaging data can be limited by 

current acquisition methods, and new approaches need to be developed to allow access 

to the maximum possible data. As a case in point, consider a Single radiograph of a 

sample with vast variations in local attenuation coefficient (or correspondingly large 

fluctuations in the sample thickness); a long exposure may reveal features in high­

attenuation regions, while overexposing the low-attenuation regions, whereas a short 

exposure may reveal features in low-attenuation regions, while underexposing high­

attenuation regions. However, a series of radiographs with an array of exposure 

settings (from underexposure to overexposure) could be used to cover the whole 

dynamic range; since every region is likely to be well-exposed at least once, the 

separate radiographs could be combined to provide enhanced visualisation of the 

whole sample in a single image. This is akin to high dynamic range photography, 

which achieves much the same effect for regions of dark shadow and bright highlight. 



102 

7 Drscl"ssro\: 

Figure 7.1: An example of standard radiographic imaging (top) compared with (pseudo) high 
dynamic range radiographic imaging (bottom) for a Bronze Age food vessel. The vertical groove 
pattern carved into the bowl is barely visible in the standard radiograph, but becomes much 
clearer in the high dynamic range radiograph. 

Figure 7.1 shows a comparison of standard radiographic imaging and high dynamic 

range radiographic imaging for a Bronze Age food vessel. The high dynamic range 

image reveals many more of the features within the walls of the bowl (the vertical 

incised-groove pattern, and several inclusions and air voids, for example) and in more 

detail. Note, however, that this is only an example of pseudo high dynamic range 

image since data for the regions of lowest radiation transmission (where the curvature 
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of the walls of the bowl is tangential to the beam propagation direction) are missing or 

incomplete (i.e. the brightest areas of the image). In its true form this method is 

expected to yield much better results. 

7.3.2 Data presentation 

While the two-dimensional nature of radiographs makes them easy to convey through 

a variety of media, three-dimensional tomography volumes are much more difficult to 

present. Software can be used to express the data in two dimensions by using 

highlights and shadows to create the feeling of depth, but this could be improved upon 

through the development of algorithms that are capable of displaying volume data as a 

pseudo-hologram. These three-dimensional representations would exhibit parallax and 

depth, and change aspect when viewed from different angles, providing a useful three­

dimensional overview of the sample in a single image. 

7.3.3 Data analysis 

The visual nature of imaging data makes it relatively simple to understand and 

interpret, and thus highly appealing. However, while providing useful diagnostic 

information (if and where a given feature is present), it is often more difficult to extract 

quantitative information (the exact geometrical shape and size and of that feature) 

from the results. It would, therefore, be extremely useful to begin to use the volume 

data in conjunction with algorithms that can recognise and evaluate selected properties 

of structures or surfaces of interest - their morphology, densities, and sizes. 
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Appendix A 

The following is an outline of the mathematical concept of parallel beam tomography, 

which, aside from being the most common neutron imaging beam geometry, is also 

mathematically the simplest. A much more robust and extensive treatment as well as 

further proofs and derivations can be found in, for example, [29-31,43,87]. 

A.1 The Radon transform 

If the sample is described in a coordinate system (x,y,z), where z is the rotation axis, 

then each projection can be described in a coordinate system (E,Z) (Figure A.l), related 

to the fonner by 

E = xcosB + ysin B Equation A.1 

The grey-scale values in each processed projection, P, are connected to the local 

material attenuation coefficients, a(x,y,z), summed along the path through the sample, 

s(x,y,z) according to 

P(E,Z)= f a(x,y,z) ds(x,y,z) Equation A.2 

In parallel geometry, the path through the sample is parallel to 11, which is orthogonal 

to E and z, and any slice can be treated independently of any other, meaning that the 

local attenuation coefficient becomes a two-dimensional function that is independent 

of z,j(x,y). 
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y Ux 

G(w, 8) 

~--------~~~------Uy 

Sample Z 
!(x,y) 

Space domain Fourier domain 

Figure A.I: The coordinate system of the Radon transform and the Fourier slice theorem. 

00 

P(E) = f f(x,y) d1] Equation A.3 
- 00 

More generally, for any projection, Pe(d, measured at an arbitrary angle, 8, about the 

z-axIS, 

00 00 

P e (E) = f f f (x, y) 8 (x cos e + y sin e - E) d x d Y Equation A.4 
-00 - 00 

which is known as the Radon transform of the distribution j(x,y). 

A.2 The Fourier slice theorem 

The objective of tomographic reconstruction is, given knowledge of Pe(E), to solve the 

inverse Radon transform to find j(x,y). The solution is based on the Fourier slice 

theorem, which relates the two-dimensional Fourier transform, F(ux,uy), of the function 

j(x,y) to the one-dimensional Fourier transform, G(w,8), of Pe(E) . 

G ( W , e) = F ( W cos e , W sin e) Equation A.5 
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In words, the value of the two-dimensional Fourier transform of !(x,y) along a line 

subtending an angle 8 with the axis Ux is given by the one-dimensional Fourier 

transform of the projection Pe(e). It follows that if sufficient projections, Pe(e), are 

found over different angles, Ux-Uy space can be filled, generating a complete F(ux,uy), 

which can be solved to find its inverse Fourier transform, !(x,y). 

A.3 Filtered back-projection 

By definition, F(ux,uy) is related to !(x,y) by 

00 00 

( ) J J ( ) -i2rru x -i2rru y d d ! x,y = F ux'uy e x e Y Ux Ux 
00 00 

2rr 00 

J J F( e . e) -i2rrwxcosO -i2rrwysinO dwde = w w cos ,w sm e e 
o 0 

2rr 00 

= J J wG (w, e) e-i 2rrw(xcosO + ysinO) d w d e Equation A.6 
o 0 

but G(w,8+n) = G(-w,8), which gives 

rr 00 

!(x,y) = J J wG(-w,e) e-i 2rrw(XCos(o+rr)+YSin(o+rr)) dwde 
o 0 

rr 0 

= J J (-w )G(w ,e) e-i2rrw(xcoso+ ysinO) dwde 
o -00 

rr 00 

= J J IwIG(w,e) e-i2rrw(XCoso+ySinO) dwde 
o -00 

rr 

= J Qo(xcose + ysine) de Equation A.7 
o 

where 

00 

Qo(E) = J IwIG(w,e) e-i2rrwEdw 
-00 

Equation A.8 

is a filtered projection obtained by convolving the measured projection, Pe(e), with a 

ramp filter, Q(e), defined in frequency space as R(w) = 1 w I. The reconstructed slice (i.e. 

the function !(x,y) can be found by summing Qe(e) over all angles, 8. Since Qe(E) 
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contributes to all points in the slice along E, this can be visualised as Q being projected 

or smeared back across the image plane along this line. 

A.4 Number of projections 

Fourier space is filled radially with a sampling interval, Llwr, given by 

1 
~w=­

r nA 
Equation A.9 

where n is the number of sampling points in the projection (i.e. the number of pixels 

across the width of the image) and.A is the projection sampling interval (i.e. the pixel 

width). According to the Nyquist theorem, the highest resolvable frequency, Wmax, is 

1 Equation A.IO w --
max 2A 

Although the radial sampling frequency is constant, the angular frequency of sampling 

points decreases towards towards the periphery (Figure A.2), where the interval, Llwa, 

is largest 

~w =w ~e a max 
Equation A.II 

where Ll8 is the angular spacing between projections. To ensure sufficient sampling, 

the interval (both angular and radial) at all points in the Fourier domain must be of the 

same order. Equating Llwa and Llwr leads to 

~w 2 
~e= __ r=_ Equation A.I2 

wmax n 

Hence, theoretically, for a high quality image, the number of projections, L, required in 

rr-rotation is 

_ rr _ rrn x---­
~e 2 

Equation A.I3 
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Uy 

--

Figure A.2: The radial filling of Fourier space, F(ux,uy), by the sampling points (blue) of 
projections, G(w,8). The red dashed lines are intended as guides to the eye. 
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Appendix B 

The following is intended as a rough guide to the steps routinely involved in neutron 

imaging experiments, as well as some useful tips in aVOiding some of the more 

common pitfalls. 

Sample activation: When atoms absorb a neutron they are transmuted into a new 

isotope. These new isotopes are commonly unstable and return to their original state 

via radioactive decay. For most elements, the level of activity is low and the half life is 

short, but this is not always the case and radioactive samples require safe radiation­

shielded storage. This is worth bearing in mind if the sample is highly valuable or is 

required for other measurements. If constituents of the sample are unknown, then one 

possibility is to irradiate the sample briefly with neutrons and to then measure its 

gamma spectrum (radioactive decay is often accompanied by gamma ray emission at 

element-specific energies). Note, however, that if the sample does contain problematic 

elements, after even a few minutes in a high intensity beam it may already be too late. 

Contrast: Although possible to the calculate theoretical beam transmission and 

material attenuation coefficients, this does not always give a clear indication of, for 

example, how scattering will affect the spatial resolution, or whether sufficient 

neutrons will be detected to produce a usable image. Whenever possible, the best 

approach is often to make test measurements. 

Just because a feature is not detectable with radiography does not necessarily mean 
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that it will not be detected by tomography. A radiograph has no depth perception and 

so cannot differentiate between a short path with high attenuation and a longer path 

with lower attenuation. A subtle attenuation variation may thus be concealed inside an 

irregularly shaped sample. 

Sample preparation: In order to ensure the maximum possible spatial resolution, the 

sample should be positioned as close to the detection plane as possible without 

disturbing or being disturbed by it - remember that in tomography experiments it may 

need to be periodically moved in and out of the field of view to acquire open beam 

images. The sample should be fixed firmly to the rotation table to prevent artifacts 

caused by slippage. 

On a high flux instrument, once irradiated the casemate and sample are likely to 

remain active (and therefore out of bounds) for upwards of an hour afterwards. It is 

therefore worth taking extra preparation time to ensure that equipment is correctly set 

up and functioning before opening the primary beam shutter. 

Data acquisition: A complete set of tomography data (assuming parallel beam 

geometry) consists of a series of projections with equiangular separation from 0 to IT 

(2n for a divergent beam), one dark image and one (or more, depending on the 

magnitude of detector degradation during the measurement) open beam image. The 

whole of the sample (not just a region of interest) must be in the field of view for every 

projection. 

Data should be as noise-free and as statistically accurate as possible. This requires that 

exposure times be as long as possible, measuring a strong signal through the most 

opaque parts of the sample, without saturating any part of the detector (i.e. use the full 

dynamic range of the detector). Statistical accuracy can also be improved by averaging 

many images for each projection. Although the projection data are undoubtedly 

important, a small number of missing or erroneous data in a small number of 

projections will not necessarily be overly detrimental. Much worse would be if these 
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errors appeared in the dark images or open beam images, since these are used to 

correct, and are therefore present in, every single projection. 

For simplicity, projection data, dark images and open beam images should be acquired 

with exactly the same experimental parameters, i.e. exposure time, image dimensions, 

and number of images over which to average. 

Number of projections: The theoretical number of projections required is (IT n )/2 , 

where n is width of each projection in pixels (Equation A.13). More projections will not 

improve the resolution of the reconstruction, but they will contribute to statistical 

accuracy. 

Alignment of tomographic data: Tomographic data should always include a 

projection at IT (assuming IT-rotation). Although it will not be used in reconstructions, it 

serves an important purpose as it is a mirror image of the projection at 0 and can 

therefore be used to align all projections at the centre of rotation (Figure B.1) -

subtracting Po from -Pn will yield a roughly homogeneous image when properly 

aligned. It can also be used to correct any tilt associated with a twisted camera or with 

an inclination of the sample rotation axis perpendicular to the beam propagation 

direction, i.e. only when the inclination is coplanar with the field of view - any 

inclination of the sample rotation axis parallel to the beam propagation direction is 

impossible to correct completely. 

Figure B.1: An example using Po and -Pn to align a tomography dataset, showing (a) 
completely misaligned data, (b) horizontally aligned, but rotationally misaligned data, and (c) 

well aligned data. 
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AppendixC 

The following images are supplementary to Section 6: Archaeology, and show a three­

dimensional rendering of a Bronze Age pottery sherd (circa Be 1800-2000) from a 

variety of angles. 
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Figure C.l: A 3-D rendering of a Bronze Age pottery sherd, showing the horizontal band 
structure of the clay. (See also Section 6: Archaeology). 
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Figure C.2: A 3-D rendering of a Bronze Age pottery sherd, showing the inclusions within the 

clay. (See also Section 6: Archaeology). 
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