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Abstract
Andersson, P. 2014. Fast-Neutron Tomography using a Mobile Neutron Generator for
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This thesis describes the measurement technique of fast-neutron tomography for assessing
spatial distributions of steam and water in two-phase flows. This so-called void distribution is
of importance both for safe operation and for efficient use of the fuel in light water reactors,
which compose the majority of the world’s commercial nuclear reactors. The technique is aimed
for usage at thermal-hydraulic test loops, where heated two-phase flows are being investigated
under reactor-relevant conditions.

By deploying portable neutron generators in transmission tomography, the technique becomes
applicable to stationary objects, such as thermal-hydraulic test loops. Fast neutrons have
the advantage of high transmission through metallic structures while simultaneously being
relatively sensitive to the water/void content. However, there are also challenges, such as
the relatively low yield of commercially available fast-neutron generators, the tendency of
fast neutrons to scatter in the interactions with materials and the relatively low efficiency
encountered in fast-neutron detection.

The thesis describes the design of a prototype instrument, FANTOM, which has been
assembled and demonstrated. The main design parameters have been optimized to achieve
maximal signal count rate in the detector elements, while simultaneously reaching an image
unsharpness of ≤0.5 mm. Radiographic projections recorded with the assembled instrument are
presented, and the performance parameters of FANTOM are deduced.

Furthermore, tomographic reconstruction methods for axially symmetric objects, which is
relevant for some test loops, have been developed and demonstrated on measured data from
three test objects. The attenuation distribution was reconstructed with a radial resolution of 0.5
mm and an RMS error of 0.02 cm-1, based on data recorded using an effective measurement time
of 3.5 hours per object. For a thermal-hydraulic test loop, this can give a useful indication of the
flow mode, but further development is desired to improve the precision of the measurements.

Instrument upgrades are foreseen by introducing a more powerful neutron generator and by
adding detector elements, speeding up the data collection by several orders of magnitude and
allowing for higher precision data. The requirements and performance of an instrument for
assessment of arbitrary non-symmetric test loops is discussed, based on simulations.
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Abbreviations 

  
BWR Boiling water reactor 
CHF Critical heat flux 
CRUD Chalk River unidentified deposits 
CT Computed tomography 
DD Deuterium-deuterium 
DT Deuterium-tritium 
FANTOM Fast-neutron radiography and tomography system 
FBP Filtered backprojection 
FWHM Full-width at half maximum 
GEM Gas electron multiplier detector 
IRT Iterative reconstruction technique 
LWR Light water reactor 
LSF Line-spread function 
MCNPX Monte Carlo n-particle extended 
MCP Multichannel plates 
MRT Magnetic resonance tomography 
NG Neutron generator 
NTT Neutron transmission tomography 
PET Positron emission tomography  
PMT Photomultiplier tube 
POM Polyoxymethylene n 
PSPMT Position sensitive photomultiplier tube 
SPECT Single-photon emission computed tomography 
TT Transmission tomography 
WLS Weighted least squares 

  
 

 

 
 





1. Introduction 

Pröva icke vart varje ditt steg för dig. Endast 
den som ser långt hittar rätt. 
Dag Hammarskjöld 
 

Due to the growing global population and the generally improved living 
standards, the energy use in the world is increasing and can be expected to 
continue doing so for a long time to come. The dominating energy supply is 
fossil fuels, which are a cause of considerable CO  emissions, impacting the 
climate. The IPCC has stated that a tripling to a quadrupling of the zero- and 
low-carbon energy supply, such as nuclear energy, is needed by the year 

°C relative to 
pre-industrial levels [1]. Today, nuclear power is used in 

y of 373 GW(e). Another 67 
reactor units are currently under construction  
[ ]. Therefore, it is clear that nuclear power will continue to play a major 
role in the world energy for a long time. 

The majority of the commercial reactors today are light water reactors 
(LWRs) A major concern with nuclear power is reac-
tor safety and the LWRs have strong inherent safety against power excur-
sions. This is due to the dual function of the water, acting both as coolant of 
the nuclear fuel and moderator of the neutron flux (i.e., a material that slows 
down the fission neutrons to thermal energies in order to increase the fission 
reaction rate.) In case of an unwanted increase of the power, the increased 
heating from the fuel quickly causes formation of steam in the coolant (usu-
ally referred to as void), which in turn causes a decrease in the reaction rate 
due to the lack of moderation, thereby stabilizing the reactor.  

To better understand the implications of the void distribution on the pow-
er distribution in nuclear fuel and on the capability of the water to cool the 
fuel rods even at large void fractions, experiments are performed in thermal-
hydraulic test loops. At these test loops, full scale mock-ups of LWR fuel 
bundles and vertical heated pipes are used for studies of two-phase flows 
under reactor-relevant pressures and temperatures. The aim of this thesis is 
to contribute to an enhanced understanding of the two-phase flows by 
providing new measurement capability of void distributions at such thermal-
hydraulic laboratories, and thereby, in the end, contribute to safer and more 
efficient use of natural resources in nuclear power plants. 
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 Void distributions in 
light water reactors 

When the water starts boiling it is foolish to turn 
off the heat. 
Nelson Mandela  

 
Void is defined as the volume fraction of steam in a two-phase flow of liquid 
water and steam. The void distribution is of importance in all LWRs, where 
water acts as both coolant of the fuel and moderator of the neutron flux. 
While the void content is normally low in pressurized water reactors 
(PWRs), it is of major importance in boiling water reactors (BWR), where 
the coolant flow is a mixture of steam and liquid water in most of the axial 
length of the core. Accordingly, in BWRs, good knowledge about the void 
distribution is important for efficient and safe design and operation of the 
core, so-called in-core fuel management (ICFM) [3]. However, even in 
PWRs, where boiling only occurs as subcooled nucleate boiling during nor-
mal operation, the location of the void is important during anticipated acci-
dent or transcient scenarios [ ] and the formation of void is also an important 
cause of formation of chemical deposits on the rod surfaces, so-called 
CRUD [ ].  

The ability of a two-phase flow to cool the LWR fuel decreases drastical-
ly at the critical heat flux (CHF), where a small increase of the heat flux 
causes a large increase of the fuel temperature. The onset mechanisms for 
CHF differ, but in essence the heat from the fuel causes boiling of the sur-
rounding water at such amounts that insufficient liquid water remains to 
efficiently cool the fuel wall. As seen in Figure 1, this rapidly causes a large 
increase in the fuel temperature and might cause damage to the fuel, in 
which case the integrity of the fuel is jeopardized.  

 



 
Figure 1. Conceptual illustration of the critical heat flux (CHF) phenomenon in pool 
boiling, showing the surface heat flux, q’’ as a function of the temperature difference 
between wall surface and bulk fluid (Twall -Ts). In the nucleate boiling regime, vapor 
is formed at certain nucleation sites on the heated surface, At CHF, the bubbles from 
various sites can merge and temporarily cover portions of the surface leading to a 
decreased heat flux with increased temperature, until reaching a minimum at the so-
called Leidenfrost temperature. Here, the bulk liquid and the surface are completely 
separated by a stable vapor film. At higher temperatures, the heat flux grows mono-
tonically with the temperature difference. In the boiling curve, controlled tempera-
ture is assumed. In nuclear reactor, on the other hand, the heat generation, and hence 
the heat flux, is controlled. Therefore, at the CHF, a marginal increase of the surface 
heat flux results in a sudden jump of the fuel wall temperature. 

Because the integrity of the fuel is an important barrier, which protects the 
workers and the general public from the radiotoxic fission products, large 
efforts are made to avoid reaching CHF. Furthermore, if the fuel is damaged, 
the reactor has to be shut down until the damaged fuel has been identified 
and possibly replaced, causing great economic loss due to ceased production. 

Two-phase flows develop in different flow regimes, exemplified in Figure 
, and the mechanisms leading to CHF differ as a consequence of these re-

gimes [6] . In bubbly flows ( a), bubbles might crowd in a boundary layer 
close to the wall, thereby preventing liquid water from accessing the wall in 
the same rate as it is vaporized. In annular flows ( d), which is the normal 
flow mode in the upper core of a BWR reactor, the liquid water film might 
dry out if the CHF is exceeded, due to evaporation and entrainment of drop-
lets in the steam column. This phenomenon is known as dryout and can 
cause fuel damages. 

log(q’’)

log((Twall-Ts))

CHF

Liquid 
phase

Nucleate 
boiling

Transition 
boiling

Film boiling / 
Dryout
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Figure . Conceptual view of four two-phase flow regimes in vertical pipe: (a) bub-
bly flow, (b) slug flow, (c) churn flow and (d) annular flow, adaptation from [7]. The 
flow is directed upwards in the figure. 

Since knowledge about the onset conditions of overheating is essential for 
the safe design and operation of reactors [8], there are several thermal hy-
draulics test loops in the world, where critical heat flux is studied with elec-
tric heating. There are test loops both with simplified geometries and test 
loops that in detail simulate nuclear fuel geometries, shown in Figure 3. As 
an example of the former, the HWAT loop in Stockholm can model test sec-
tions consisting of two concentric cylinders [9] where the inner cylinder 
represents a single fuel rod. As an example of the latter, full-scale models of 
quarter-bundle BWR fuel assemblies are being studied the FRIGG test loop 
in Västerås [ ].  

 
Figure 3. Schematic illustrations of axial cross sections of (a) An HWAT test sec-
tion, confined and heated by concentric vertical circular pipes. (b) A FRIGG test 
section, modeling a full-scale BWR quarter fuel-bundle. 

a) b) c) d)

a) b)

 



Today, the nuclear power industry uses fuel-specific empirical correlations 
from such test loops for determination of the highest acceptable power and 
heat transfer from the fuel [11]. To find these correlations, extensive meas-
urement programs in test loops need to be performed by the fuel vendors for 
each fuel geometry used. CHF can be identified in these test loops by a sharp 
increase in wall temperature which is measured by thermocouples inside the 
fuel rod wall, cf Figure 1. Obviously, it is desirable to have detailed under-
standing of the CHF phenomena incorporated into mechanistic models, 
thereby increasing the prediction capability and possibly reducing the need 
for fuel-specific experimental testing [ ]. This approach would require a 
detailed and accurate prediction of all important parameters for CHF, for 
example the void distribution in a cross section of the flow at different axial 
levels. However, this type of predictive codes also needs thorough validation 
using experimental data from a wide range of relevant thermal-hydraulic 
conditions and geometries. Accordingly, there is a strong request for exper-
imental assessment in this area. 

Furthermore, the void distribution determines the moderation in a real re-
actor fuel assembly, which affects the power distribution and that, in its turn, 
the void distribution. Thereby, an important reactivity feed-back is created. 
Consequently, knowledge of the void distribution can be used to enhance the 
predictive capabilities of core simulation software used for nuclear power. 
Since the void distribution is a complex function of fuel geometry and the 
fuel power distribution, it is not easily calculated. Measurements of the void 
distribution in thermal-hydraulic test loops thus constitute a valuable tool for 
evaluating and improving this type of calculations. 

Many techniques have been applied or suggested for measuring the distri-
bution of the phases in multiphase flows. Some of them utilize intrusive 
probes such as wire-mesh sensors [13], where the capacitance is measured 
between each wire in a grid covering the flow cross section, or resistivity 
probes [ ] that are inserted into selected positions, where the temporal local 
void is measured using two electrodes placed a short distance apart. There 
are also several non-intrusive techniques that can be used for multi-phase 
flow measurements, such as a wide range of tomographic techniques; gam-
ma tomography [ ], X-ray tomography [ ], NMR [16], electric impedance 
tomography [17], optical tomography [17] and neutron tomography [18], 
[19]. The general principles of tomography will be discussed in section 3, 
however this thesis will not go into detail on all these techniques but rather 
concentrate on transmission tomography using fast neutrons. 
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3. Transmission 
tomography 

No one believes the CFD results except the one 
who performed the calculation, and everyone 
believes the experimental results except the one 
who performed the experiment. 
P.J. Roache 

3.1. General principles 
The term tomography covers a variety of techniques for imaging the interior 
of objects by making external measurements and applying reconstruction 
algorithms. Any type of particle or wave that can penetrate the object can be 
used. Tomography first found use in medicine, where a number of different 
tomographic techniques are available, such as computed tomography (CT), 
positron emission tomography (PET), single photon emission computed 
tomography (SPECT) and magnetic resonance tomography (MRT) [ ].  

In transmission tomography (TT), which has been applied in this work, 
the object is probed with a beam of radiation of uncharged particles, such as 
neutrons or photons, from an external source and the intensity transmitted 
through the object is measured. This technique is sometimes called comput-
ed tomography (CT), but transmission tomography is more describing since 
all tomographic techniques require computation.  

The first reported TT scan was performed in 1969 of a brain [ ] and the 
pioneers G. Hounsfield and A. Cormack were awarded the 1979 Nobel Prize 
in Medicine for their inventions in this area. Subsequently, tomography has 
been exploited as a nondestructive testing technique in many other fields.  

The image reconstruction is based on the attenuation in each line of sight, 
where the transmitted intensity decreases exponentially with the travelled 
length in a medium according to Beer’s law:  

  = ( )    Eq.  1   

Here, S is the signal intensity in the detector, S0 is the reference signal inten-
sity when no object is present, the so called flatfield intensity, ( )  is 

 



the integral of the attenuation coefficient, μ, of the object along the path of 
the radiation. Eq. 1 can be rearranged according to 

( ) = log .    

If the attenuation in all possible lines-of-sight through the object is known, 
the internal attenuation can be reconstructed analytically using the inverse 
Radon transform [ ]. In practice, only a finite number of transmission 
measurements can be performed.  The discretized attenuation data can then 
be converted to a spatially resolved image of the local attenuation coeffi-
cients by back-projection techniques or iterative reconstruction methods 
[ ].  

 Setup configurations 
The basic geometry of the radiographic projections is usually fan beam or 
parallel beam, se Figure , where the fan beam can be applied to gain ad-
vantage from the isotropic nature of many radiation emitters. It can be noted 
that the measurement setup is also often categorized by the number of meas-
urements that can be performed simultaneously [ ], where  

 1st generation systems use only one detector element, which 
makes movement of the detector relative to the source needed for 
the recording of each radiographic projection, as well as rotation 
of the object for the collection of projection data at different an-
gles. 

 nd generation systems use many detector elements, but these do 
still not cover the entire radiographic projection. Accordingly, 
several attenuation paths can be recorded simultaneously, but ad-
ditional movement of the detector relative to the source is still 
needed to record complete projections. 

 3rd generation systems have enough detector elements for simul-
taneous measurement of an entire projection, and only one axis of 
rotation is needed.  

The principles of a 3rd generation fan-beam tomography system are illustrat-
ed in Figure . 

 



 
Figure . Illustration of alternative measurement geometries for transmission tomog-
raphy. The two most common measurement geometries are parallel beam and fan 
beam. It can be noted that this illustration exemplifies setups where three transmis-
sion measurements are being performed simultaneously with a detector that is 
moved laterally relative to the source to cover a whole projection, making this nd 
generation tomographic setup. 

 
Figure . Conceptual illustration of fan beam geometry using a large number of 
detector elements, Nd, to collect a complete radiographic projection simultaneously, 
making this a 3rd generation setup. Object rotation relative to the source-detector 
system is required to record additional projections. The number of rotational incre-
ments is denoted N . The internal attenuation distribution is reconstructed based on 
the Nd * N  data points recorded. 

 

A special case in tomographic measurements, which is important for this 
thesis, is objects of axial symmetry.  
thermal-hydraulic test loops consist of a circular pipe confining and heating 
a two-phase flow, sometimes with the addition of a concentric inner pipe, 
simulating a nuclear fuel rod. In such cases, it can be noted that every rota-
tion of the object around the center will result in a principally identical pro-
jection, and hence only one projection is needed, of either parallel-beam type 

Nd Detector
elements

Source
Object

N Rotational
increments

Reconstruction

Image of internal
attenuation
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or fan-beam type, to obtain a complete data set. Therefore, if an object pos-
sesses such a symmetry, it can be exploited to decrease the amount of data 
needed and limit the corresponding measurement time requirements. This is 
of particular importance for this work because of the relatively low yield of 
neutron generators (see section , which otherwise threatens to require 
unacceptably long data collection times.  

Because of the advantage in terms of measurement time of the axially 
symmetric objects, and because they are widely used in thermal-hydraulic 
test loops, this type of objects have been identified as a first target for neu-
tron tomography in this work. 

3.3. Using neutrons as transmission probe 
A variety of probes, other than the traditional X-rays, have been used for 
transmission tomography, such as gamma and optical light. Over the last 
decades, also neutron transmission tomography (NTT) has been developed 
as an alternative. Neutrons as a probe, has more varying response to various 
materials, depending on the neutron energy and the isotopic composition of 
the material, as compared to electromagnetic radiation, which has an overall 
increasing attenuation with the density of the material and the atomic num-
ber.  

Thermal neutrons have comparatively large reaction cross sections to 
some light materials. Because of this, thermal NTT is often used to image 
hydrogen-rich materials such as water and organic materials, to which X-
rays are less sensitive. Fast neutrons, on the other hand, have low attenuation 
in most materials, which allows them to be transmitted through large metal-
lic vessels or containers, where an X-ray beam might suffer from starvation. 
This property makes fast neutron transmission tomography an interesting 
concept for void distribution measurements in two-phase flows of water, 
where the fast neutrons might easily penetrate the high-density structures 
and simultaneously offer sufficient sensitivity for the water content. The 
cross sections of X-rays, gammas and neutrons of different energies in dif-
ferent materials are compared in Figure 6, showing that fast neutrons have an 
a n-
sitivity to water as compared to structure materials. 

World leading neutron tomography facilities such as those at the Paul 
Scherrer Institute (PSI) [ ] or Forschungsreaktor München II (FRM II) [ ] 
utilize strong neutron sources; spallation sources or research reactors, where 
the neutron beam is lead from the source/core to the experiment station. The 
applicability of NTT at such facilities is limited to small objects that can be 
taken to the facility and positioned in the experiment station. 

A challenge for tomography of thermal-hydraulic test loops is that the ob-
jects are immobile and thus the neutron source has to be mobile. NTT from 
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mobile neutron sources is a still a field in its infancy and one major chal-
lenge is the relatively low neutron yield from portable sources. High-
performance NTT of non-symmetric objects using mobile neutron sources 
has not yet been demonstrated, although some radiographic imaging applica-
tions have been reported, [ ], [ ], [ ]. Plans have also been reported for 
building full-scale tomography devices [ ], [ ], [ ], and NTT of axially 
symmetric objects has been demonstrated [ ]. However, to make NTT a 
technique available to the local laboratory, similar to X-ray CT, fundamental 
development of measurement concepts, selection of adequate detector sys-
tems, neutron sources and methods are still needed. The aim of this thesis is 
to contribute to this process. 

 
Figure 6. The total microscopic reaction cross sections of various tomographic 
probes in test-loop relevant elements. (ENDF/B-VI.8 and NIST XCOM) 

Gamma (662 keV)

Hard X-ray (100 keV)

Hydrogen Oxygen Iron Zirconium

0.49 b
4.1 b 34 b 146 b

0.26 b 2.1 b
6.8 b 11.1 b

Fast neutrons 
(14 MeV)

0.68 b 1.6 b 2.6 b

3.8 b

Fast neutrons 
(2.5 MeV)

2.6 b 1.0 b 3.3 b
4.3 b

Thermal neutrons 
(0.025 eV) 30.6 b 4.0 b 16 b 6.6 b
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3. . Interactions of neutrons with matter 
Neutrons are uncharged particles that are not continuously slowed down in 
matter by the Coulomb force, such as charged particles are. Therefore, neu-
trons may pass through many centimeters of dense material without any 
interaction, making them difficult to shield from or to detect. Occasionally, 
the neutrons may hit a nucleus due to the strong force, whereby a range of 
interactions can occur, including the following: 
 Elastic scattering (n, n) 
 Inelastic scattering (n, n´) 
  
 Induced fission (n, f) 
 Charged particle emission (n, x) … 

For slow neutrons (energy <  [31]), the dominant reaction channels 
For fast neutrons (en-

), the probabilities of most of the capture reactions decrease as 
the energy increases and elastic scattering becomes the dominant interaction, 
[31]. When the neutron energy is high enough to excite the nucleus, inelastic 
scattering becomes possible, where the nucleus is left in an excited state after 
the collision. The nucleus is then de-excited through emission of gamma 
radiation. Since the fast neutron loses energy through the scattering interac-
tions, the flux of neutrons is gradually moderated (slowed down).   

It should be noted that in the context of neutron detection for NTT, the 
secondary gammas from neutron capture and inelastic scattering can be a 
source of background signals if the detector used is sensitive to gamma radi-
ation. Furthermore, only the undisturbed neutron flux is adequately treated 
by the traditional transmission tomography techniques, as described by equa-

. Therefore, also the scattered neutron flux might be considered 
to contribute to the background.  

Depending on the detector type used, the processes involved in the detec-
 

Reconstruction algorithms 
Tomographic reconstruction is performed to convert the radiographic projec-
tion data to a map of the object’s internal attenuation distribution. Although 
the tomographic field has developed significantly during the last decades, the 
mathematical foundation for reconstruction of arbitrary nonsymmetric ob-
jects from its measured projections was developed already 1917 by Johann 
Radon [ ], and even earlier for axially symmetric objects by Niels Henrik 
Abel, in  [33]. 
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However, there is still ongoing development of tomographic reconstruc-
tion methods. There are various reasons for this, such as [ ]: 
 The analytical reconstruction formulae need to be converted to numeri-

cal algorithms that are accurate and efficient. 
 The physical model of the measurement might differ from that of linear 

attenuation. 
 All radiographic projections might not be possible or practical to meas-

ure. 

Today, a great variety of reconstruction methods exist. In general, two cate-
gories are used, analytical methods such as filtered backprojection (FBP) and 
iterative reconstruction techniques (IRT) [ ]. FBP solvers have been used 
extensively in the medical CT field having the advantages of computational 
speed and being easy to implement for standard geometries. IRT, on the 
other hand often have advantages when robustness to noise and artifacts are 
needed. Furthermore, a detailed algebraic model of the tomographic setup 
response can be applied with IRT, making it useful also for non-standard 
measurement geometries. 

 
Given the high amount of background expected when using fast neutrons 
and the relatively low neutron yield of neutron generators, IRT methods 
have been considered suitable for tomographic reconstruction based on fast-
neutron projections.  The IRT method used here is a weighted least squares 
(WLS) method and it is described in detail in paper IV. In short, the follow-
ing steps are followed in the reconstruction procedure: 
 The attenuation distribution in the object is discretized in reconstruction 

elements, such as quadratic pixels or annular rixels. The path-length, , , of each assessed line of sight, m, through each reconstruction ele-
ment, i, is calculated using trigonometric considerations. An example of 
a , is shown in Figure 7. 

 A response function is defined, which expresses the expected radio-
graphic projections as a function of the reconstruction elements’ attenua-
tion coefficients and additional components such as background.  

 The attenuation values that give the best agreement with the measured 
data are searched, here defined as the values that minimize  statis-
tic, i.e., the sum of squares of the deviations between predicted and 
measured intensities, weighted by the variance. The full details of this 
procedure are expressed in paper IV. 
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Figure 7. Example of discretization of the object’s attenuation coefficient in annular 
rixels. This rixel pattern was applied in the reconstructions presented in paper IV. 
The rixels have increasing width with decreasing radius, to compensate for the 
smaller area. 

Response function  

 

Central to this reconstruction method is the response function, which is an 
expression for theoretical prediction of the radiographic projection as a func-
tion of the attenuation coefficient value in the reconstruction elements. The 
response function is based on Beer’s law, eq. 1, but with a modification for 
the high level of background in the detector elements, see eq. 3.  

∑ , .   Eq. 3 

Here, Im is the intensity in transmission measurement m,  is the flatfield 
intensity, i.e., the intensity corresponding to the unscattered beam when no 
object is present. N is the number of reconstruction elements used in the 
model of the attenuation, μi is the attenuation coefficient of reconstruction 
element i and wi,m is the beam path length in i, for measurement m. The term 



 is the background of scattered neutrons and gamma, which is further 
detailed in the following section. It can be noted that in this work, the meas-
ured intensities in each line of sight, Im, have been normalized by the intensi-
ty simultaneously measured in the reference detector , which is 
monitoring the neutron yield to correct for fluctuations of the source intensi-
ty.  

Background components

To include the variability of the background in the response function,  is 
decomposed depending on the origin of the background, as accounted for in 
eq. : = + + .   Eq.  

Here Bobj is the background that originates in interactions in the object itself, 
Bct is the cross talk component of neutrons scattering in one detector element 
and hitting another, and B0 is the background component originating in the 
ambient materials of the walls, shielding etc. Other components could be 
included in a more complete model, such as background events that result 
from interactions in multiple locations. However, this first-order model has 
been used in paper IV. A schematic illustration of the components is shown 
in Figure 8. 

 
Figure 8. Schematic drawing of four types of trajectories, taken into account when 
defining the response function used in paper IV. S is the transmitted signal, Bobj is 
the background scattered in the object, Bct is the background scattered in the 
detector, B0 is the background scattered in ambient materials (such as the shielding, 
walls etc.)  

As accounted for in paper IV, the cross-talk component was experimentally 
assessed and found to be negligible with the sparse detector array used (see 
figure 19 of section ). However, as shown in section 9, this component is 
of greater importance the more detector elements used. 
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Furthermore, the B0 component was included in the response function as a 
constant level relative to the emitted neutron flux. For a more detailed de-
scription on its inclusion in the reconstruction procedure, see paper IV. 

 Here, I will elaborate on the delicate challenge posed by the background 
introduced by neutrons scattered from the object itself into the detector ele-
ments. Because this background will change depending on the object’s inter-
nal composition and position, there is a direct dependence on the property, 
which is to be determined in the measurement. 

To investigate the magnitude of Bobj expected when assessing thermal-
hydraulic test loops, a simulation study was performed of a simplified object, 
a vertical column of liquid water, representing a two-phase test loop. A 
measurement geometry similar to that of paper III and IV was modeled using 
MCNPX [ ], and the amount of flux of neutrons in the detector that 
had scattered in the water column was compared with the unscattered signal 
neutron flux, passing through the center of the water column. The impact of 
Bobj grows quickly with the diameter of the water column, as seen in Figure 
9. It can be noted, that only neutrons scattered in the water column are in-
cluded in this simple model and even the metal pipe structures that are nec-
essary to contain the water column have been omitted. However, this simple 
example serves to show that the neutrons scattered in the object alone can 
contribute significantly to the measured intensity. Already at the 
intensity of scattered neutrons in the object is a few percent of the flatfield 
signal intensity, which requires it being modeled in the analysis. 

At BWR quarter-bundle test-section size (Ø1 , the level of the 
scattered background from the water is almost equal to the directly transmit-
ted signal. However, one should note that an energy threshold can be used to 
discriminate low energy neutrons, as described in paper III, which reduces 
the background since the neutrons lose energy in the scattering process. 

 



  
Figure 9. Neutron flux in a detector element, as obtained in modeling of the FAN-

 for an object consisting of a simple circular water 
column. Here, the signal flux , S, i.e. the unscattered component, is compared to the 
background flux, Bobj, i.e., the neutrons reaching the detector element after being 
scattered in the object. The simulations were performed using the MCNPX code. 
Note that neutrons scattered elsewhere than in the water column itself are not shown 
in the plot. The background component is plotted for no energy threshold respective-
ly for an energy  

In the reconstructions presented in paper IV, the magnitude of Bobj relative to 
the flatfield intensity, S0, was analyzed by means of simulations of the two 
extreme cases of a thermal-hydraulic test section, a filled and an empty pipe, 

MCNPX. For any other void distribution, the average cross sectional void 
fraction was evaluated by interpolation of Bobj between these three data sets. 
The full details of this procedure are described in paper IV.  

3.6. Tomography of the two-phase flow 
3.6.1. Deducing the void distribution 
The local void fraction, ( ), is directly deducible from the local density, ( ), which in turn is directly proportional to the attenuation obtained in 

 



from the tomographic reconstruction. Accordingly, ( ) can be determined 
as 

 ( ) = ( ) = ( ),   
      
where  and  are the densities of water in liquid respectively vapor phase 
at the current pressure, and  and  are the corresponding attenuation coef-
ficients. 
 
3.6. . Time-averaging 
In most applications of radiation transmission tomography, the object is kept 
static during the interrogation. If the object is in motion during the investiga-
tion, the interrogation time must be small enough for the movement during 
the recording of one frame to be negligible, or otherwise a motion blur will 
be introduced in the image. 

In transmission tomography of thermal-hydraulic test loops, it is very 
challenging to achieve such short interrogation times that the bubbles, drop-
lets and slugs of a two-phase flow could be considered static during the in-
terrogation. It can be noted, that some such fast measurements have been 
accomplished through ultra-fast X-ray tomography at adiabatic test sections 
in the TOPFLOW facility [36], where also titanium test sections have been 
planned for applicability of the technique with heated two-phase flows. 
Normally, however, as in the work presented in this thesis, the time-
averaged void distribution is sought, which is achieved by measuring at a 
time span much longer than the rapid fluctuations of the two-phase flow.  

3.6.3. The dynamic bias error 
A problem associated with transmission measurements of the time-

averaged void is the systematic error known as the dynamic bias error [37]. 
The cause of this error is that, typically, the time-average of the transmitted 
intensity in the detector is recorded by the data acquisition system. However, 
the arithmetical mean of the intensity does not relate according to Beer’s law 
(eq. 1) to the arithmetical mean of the attenuation in the objects, since Beer’s 
law is nonlinear. The difference between the two leads to a systematic over-
estimation of the void fraction if this is not taken into consideration, i.e., if a 
static object is assumed. The magnitude of the dynamic bias error increases 
with the variance of the void fraction, , during the interrogation and 
the size of the assessed object. 

In paper II, a correction procedure is suggested for the dynamic bias error, 
which is applicable if the radiation source has a stable yield and the detector 
has a time resolution which is shorter than the characteristic time of the void 
fluctuations in the two-phase flow. The correction is applied to the accumu-

 



lated number of counts in each single transmission measurement, which 
results in a corrected value that corresponds to the average void fraction 
according to Beer’s law, such that  =    ,   Eq. 6. 

where Scorr is the corrected intensity, Smeas is the measured intensity and A is 
the discrepancy. It is shown in paper II that A to a first order approximation 
can be expressed as = ( ),  Eq. 7 

where D is the travelled length of the radiation in the two-phase flow system, 
l and g are the attenuation coefficients of liquid and gaseous phase, and Sl 

is the intensity when the object is liquid-filled.  
 is needed. Possibly, 

there might be many ways to achieve such an estimate. In paper II, it is our 
suggestion that the temporal information about the events in a time-resolved 
detector is used to study the variance of the void fraction. A short summary 
of the method is described in the following numbered list, whereas the full 
details are described in paper II. 

1. By partitioning the data collection time of each transmission 
measurement in an interval of separate sufficiently fast radiation 
counting measurements, the void can be considered static during 
each measurement.   

 The variance in the number of counts is determined. 
3. Two sources of variance in the number of counts are considered, 

the Poisson variance associated with any radiation counting exper-
iment and the variance propagated from the variance in the void 
fraction. By determining the sample variance of the number of 
counts in each time interval and subtracting the predicted Poisson 
variance, the variance in the void fraction can be calculated. 

 Using Eq. 7, a correction term is calculated based on the estimated 
variance of the void fraction and the accumulated number of count 
during the complete time interval. 

In paper II, the method is tested on simulated data according to transmission 
-phase flow system, having various artificial 

fluctuation characteristics. The simulations show that it is possible to reduce 
the bias error significantly, as shown in Figure . Paper II also reports on 
the suggested correction methods implications on the statistical error, show-
ing that it only increases marginally. 

 



 
Figure . The bias error for various temporal void fluctuations with and without 
performing the suggested correction. The correction procedure significantly reduced 
the bias error. Unless corrected for, the bias error increases proportionally to the 
variance of the void fraction. 

It can be noted that with the time-resolved data from the partitioned data 
collection according to our suggested method, the attenuation could also be 
calculated in each separate measurement and the resulting time series of 
attenuation values could be properly averaged. With this procedure, known 
as the discrete time-interval method [38], the dynamic bias error would also 
be avoided. However, this method may introduce an additional error in case 
of very low number of counts in some time intervals (even zero, correspond-
ing to infinite attenuation, which is to be expected for the case of NTT using 
a portable neutron generator, studied here.)  

 
 

 

 



 Components of a mobile 
setup for fast-neutron 
tomography 

 
Engineers like to solve problems. If there 
are no problems handily available, they will 
create their own problems. 
Scott Adams 

 

The most important component of an NTT instrument is the neutron source. 
Generally, there are four types of small-size neutron sources that can be 
available for portable devices: 
 Spontaneous fission from radionuclides, such as Cf. 
 Low Z matrix, such as Be, with  emitter, such as Am or Po [39]. 
 Photoneutron sources, such as D or Be with a high-e -emitter.  
 Neutron generators (NG) using the deuterium-deuterium (DD) or deute-

rium-tritium (DT) reaction [ ].  

While all these are have been used for laboratory purposes, NGs have the 
combination of controlled emission, quasi-monoenergetic neutrons and a 
relatively high yield, which made them the preferred option for transmission 
imaging in this work. 

The central components of an NG can be seen in Figure 11. It includes (1) 
an ion source, which may be a Penning ion sources or an RF antenna driven 
source [ ], producing positively charged ions of one of the reactants, a 
linear accelerator which accelerates the ions (deuterium or tritium) and (3) a 
target, which is preloaded with the other reactant, where the ions fuse. 

 



 
Figure 11. Schematic illustration of the internal constitution of a typical sealed neu-
tron generator system. 

Typically, -
provided by a portable-sized equipment. The neutron-producing reactions 
are shown in Table 1, with the energy of the emitted neutrons in the center-
of-momentum (COM) frame.  Of the neutron-generating reactions, the cross 
section of the DT reaction is the largest at the exploited accelerator energies 
(as seen in Figure ). Accordingly, the yield of NGs containing tritium is 
higher, typically by about two orders of magnitude. However, the handling 

-
is a disadvantage for the DT neutron generators. Therefore DD neutron gen-
erators, offering a lower yield of lower energy neutrons, are also commonly 
used. 
 

 



Table 1. The neutron producing fusion reactions that occur in DD or DT neutron 
generators. 
 
Reaction Neutron energy 
  
H(d,n)3He  

3H(d,n) He  
3H  He 
 

-  

 
Figure . The cross sections of the neutron producing reactions as functions of the 
energy of the incident particle. 

The neutron energy in the lab frame might vary marginally from the energy 
in the COM frame, depending on acceleration voltage and emission angle, 
[ ]. This variation is shown for DT-neutrons in Figure 13.  

 



 
Figure 13. Neutron energy dependence on emission angle and deuteron energy, in 
the laboratory frame. (Here, deuterons are assumed to hit a tritiated target, which is 
at rest.) 

The maximum neutron yield of commercially available sealed neutron gen-
8 1  n s-1. At a distance of 1 m this 

3  n s-1cm-1. This is very low compared to spallation 
and reactor neutron sources, where fluxes 8 n s-1cm-  and higher are 
available for imaging [ ]. Therefore, a NTT system based on a neutron 
generator needs to be constructed with a geometry and a detector system that 
makes efficient use of the low neutron flux. Also, it makes DT NGs the pre-
ferred option due to their generally higher yield compared to DD NGs and 
accordingly, the FANTOM system is using a DT neutron generator, as de-
scribed in paper III. 

As the large amount of scattered neutron background presents a major 
challenge to fast-neutron imaging and physical collimation is difficult, an 
interesting technique for incorporation in future neutron generator NR and 
NT systems is presented by the associated particle imaging (API) technique, 
which has been used previously for applications in nuclear materials identi-
fication systems [ ]. Here, the He or 3He associated with each neutron 
emission, is detected in a spatially resolved detector in close proximity to the 
neutron source spot. Since the two emitted species are emitted at close to 

° angle, coincidence counting can be used to discriminate neutrons that 
hit the neutron after being diverted by scattering reactions as en electronic 
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collimator. A future development of high yield NG systems that includes 
associated particle detectors would provide useful tools for the background 
rejection and thereby improve the achievable accuracy of the imaging sys-

reported with API for such systems [ ], which is low compared to other 
existing commercially available neutron generator systems.  

 

Collimators 
As mentioned in section , scattering is the dominant interaction of fast 
neutrons. Consequently, one of the major challenges of fast-neutron imaging 
is to minimize the adverse effects of the large component of scattered neu-
tron flux on the measurement results. One possible way to reduce the scat-
tered component is to use collimators to shield the detectors from neutron 
radiation from other directions than the desired. However, the introduction 
of collimators in the setup might also introduce scattering into the detectors 
from the collimator itself. In fact, the collimator might even enhance the 
scattered component, if they are not large enough for complete attenuation of 
the neutrons. For the purpose of void distribution measurements, where a 
mobile setup is needed, such large collimators might reduce the mobility 
unacceptably.  

A brief illustration of the potentially adverse effects of a collimator is pre-
sented in Figure , by means of a study of the signal to background (S/B) 
ratio in a simplified setup for a collimator of varied size. The study was per-
formed using the particle transport code MCNPX [ ]. The simplified model 

section represente

r-
ent lengths were introduced in the space between the water cylinder and the 
detector. The collimator was modeled as 
content.  

3  



 
Figure . An MCNPX simulation setup for investigating the effect on the signal to 
background ratio of collimators of different lengths. Neutron path A represents the 
background flux of neutrons scattered in the object, which is reduced by a 
collimator. Path B represents the signal neutron flux. Path C represents the 
background flux of scattered neutrons, which is introduced by the collimator. 

As seen in Figure , the introduction of a collimator in this simple model 
increases the scattered neutron flux at the detector position when the colli-
ma
flux decreases to a break-even value, i.e., the same S/B ratio as that without 
a collimator. Further increase in collimator length gradually improves the 
S/B ratio. 

However, it can also be deduced from this simple study that applying an 
energy threshold in the neutron counter improves the S/B ratio much more 
than a collimator. In addition, the break-even length of the collimator in-
creases when used in combination with an energy threshold. The break-even 

and if an 8 
MeV threshold is used, break-
length.  
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Figure . Simulated S/B ratio in the simplified measurement geometry presented in 
Figure , for different energy thresholds and collimator lengths (of borated plastic). 

Based on the mobility requirement and the adverse effects of a small colli-
mator, the NTT setup developed in this work was designed without any col-
limation. This allows a mobile NTT device with a compact and lightweight 
construction. Instead, an energy discrimination approach was selected for 
background suppression 3 . In addition, the tomo-
graphic reconstruction method developed takes into account the remaining 
background from scattered neutrons, as presented in paper IV.  

3. Fast-neutron detectors 
Although the penetrating ability of fast neutrons is a major advantage when 
applied to transmission measurements at thermal hydraulic test loops, it also 
makes them difficult to detect with a high efficiency. In all neutron detec-
tors, the neutrons are converted to a secondary radiation signal, which is 
subsequently converted to an electric signal. There is a large variety of de-
tection systems that may be used. Desired properties for fast-neutron tomog-
raphy are foremost high efficiency, possibility of introducing a neutron ener-
gy threshold for background rejection and insensitivity to the relatively high 
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gamma background that is normally present near a neutron generator. In this 
section follows a short description of five possible detector concepts: 
 Scintillator screens with CCD cameras, [ ] [ ]. 
 Neutron converting screens with gaseous electron multipliers (GEM) or 

semiconductor flat panel detectors, [ ]. 
 Fast-neutron fission chambers based on U or Pu. [ ] 
 Multichannel plates (MCPs), [ ]. 
 Scintillator elements with photomultiplier tubes (PMTs), [ ].  

In the following subsections, the properties of the listed detector systems 
will be briefly described. Some extra focus is put on the scintillator element 
detector, which is the detector concept that has been selected in the experi-
ments in this work. 

3.1. Scintillator screens with CCD cameras 

 
Figure 16. Detection principle for a scintillator screen with CCD used for NR in [ ] 
(reprinted with permission). 

A commonly used detector in NTT is scintillator screens with CCD cameras 
[ ], [ ]. Here, the neutrons are converted to secondary radiation of 
charged particles in a thin scintillator screen, often to recoil protons in a 
plastic scintillator. The energy of the charged particles is converted to light 
as they decelerate in the scintillator, which is registered in a CCD camera. 
Often a mirror system is used to guide the light from the screen to the cam-
era, which is positioned in a shielded box. The long mean free paths of fast 
neutrons make this setup inefficient, since most neutrons simply pass 
through a thin screen without interacting. Increasing the thickness of the 
screen might compensate for this, but it also reduces the spatial resolution 
and increases the complexity of the setup with a fan beam geometry [ ]. 

 



Also, the thicker the scintillator screen, the larger the contribution of scat-
tered neutrons is from the detector itself. Furthermore, this setup does not 
allow for energy thresholds on an event-by-event basis, and thus a high level 
of background must be taken into account in the analysis. 

.3. . Neutron converting screens with position-sensitive 
charged-particle detectors 
Neutron converting screens with GEMs are another example of detector 
systems that utilizes a thin screen for conversion of neutrons to charged par-
ticles. Similar systems might also be created, where a semiconductor flat-
panel detector replaces the GEMs. In both cases, the charged particles escape 
the converter screen and are subsequently detected in a position-sensitive 
detector. For fast neutrons, the efficiency of such detectors is limited by the 
range of the charged particle in the converter. The converter thickness can-
not exceed the charged particle range, which is typically in the order of mil-
limeters. Therefore, the neutrons are unlikely to interact in the converter, and 
thus the conversion e
MeV neutrons has been reported in [ ], where the 
detectors was suggested to reach a fast-  

.3.3. Multichannel plates 
Silicone multichannel plates (MCPs) have also been suggested for fast-
neutron detection. In silicone MCPs the incoming neutrons are converted to 
protons, deuterons or alpha particles by a number of reactions in the silicone 
[ ]. The charged particles generate electrons in etched microscopic chan-
nels through the detector. This signal is amplified by applying an electric 
field over the length of the channel.  

Because the conversion takes place within the structure of the MCP, it 
does not automatically suffer from the low efficiency associated with the 
conversion screens. However, the practically etchable thickness in the manu-
facturing process 
glass. For fast-

– 
[ ] 
The silicone MCPs offer inherent scattered neutron background discrimi-

nation due to the energy thresholds of the converting reactions, which are 
 Provided that thicker MCPs become 

available, these may become a viable choice for NTT. 
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3 Fast-neutron fission chambers 
Fission chambers, where the detector material is U or Pu, are possible to 
use for fast-neutron detection. These isotopes offer some energy discrimina-
tion inherently, since absorption of thermal neutrons does not induce fission 
in these isotopes. However, their energy threshold for fission in is close to 1 
MeV, which means that the (on average) many scattering interactions are 
needed before the neutrons end up below the energy threshold, especially if a 
DT neutron generator is used. Thus, the detector will not efficiently discrim-
inate the low energy background of scattered neutrons. Furthermore, the 
fission reaction is not the dominant type of reaction -

total cross section, depending on neutron energy and isotope 
and, accordingly, they offer a relatively low detection efficiency.  

 

.3 Scintillator elements with photomultiplier tubes 
Matrices of scintillation fibers have previously been used to construct space-
resolved screens in combination with CCD cameras [ ].  Larger scintillator 
elements have also been used with individual connections to photomultiplier 
tubes (PMTs) or position sensitive photomultiplier tubes (PSPMTs) for 
event-to-event pulse-height information [ ]. Examples of setups of this type 
are illustrated in Figure 17. For a thermal-
lateral void distribution is searched, only a 1D scintillator array is needed. 
The elements of the array might be extended in the axial direction of the test 
section to allow the recording of neutrons in a larger solid angle from the 
source. 

Here, the neutrons are converted to charged particles in the scintillator el-
ements. As the charged particles slow down, they excite the scintillator ma-
terial, which emits light upon de-excitation, promptly by fluorescence or 
slowly by phosphorescence. The light is transported through light guides to 
the photocathode of a PMT, where it is converted to electrons. Inside the 
PMT, the electrons are multiplied in a dynode system and the output electri-
cal signal is collected at the anode at the back end of the PMT. 

Because the scintillator light response increases monotonically with the 
kinetic energy of the charged particle and the PMT amplification normally is 
close to linear, the charged particle’s energy can be determined. In the case 
of NTT, this property can be used for applying energy discrimination in or-
der to suppress the background from scattered neutrons. To achieve large 
energy transfer from the neutrons, hydrogen-rich scintillator materials are 
preferred, because of the similar masses of the neutron and hydrogen nuclei 
(protons). Since the interactions are dominated by scattering, the neutrons 
predominantly only transfer a fraction of their energy to the hydrogen nuclei, 
depending on the scattering angle. Consequently, the introduction of an en-
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ergy threshold implies that also a fraction of the neutrons above that energy 
will fall below the threshold and be excluded from the signal. The higher the 
threshold is set, the lower the detection efficiency is. Accordingly, a trade-
off has to be made between high detection efficiency and high signal-to-
background ratio. 

Two available hydrogen-rich scintillator materials are plastic scintillators 
and liquid organic scintillators. The plastic scintillators have the advantage 
that they are easy to manufacture in fibers or other shapes. In the past, the 
liquid scintillators had the advantage over plastic scintillators of also offer-
ing pulse-shape discrimination of neutron and gamma radiation. It can be 
noted, that plastic scintillators have recently been developed that also have 
pulse-shape discrimination ability [ ]. However, the scintillator material 
used in the FANTOM setup (papers III and IV) does not have this property. 

Two spatially resolved detector concepts with plastic scintillators, for 1D 
Figure 17. The spatial resolution offered by a 

scintillator element detector is limited by the effective area that the individu-
al elements expose to the neutron source. With an isotropic point-source, it is 
advantageous to align each element with the direction of the signal neutrons, 
i.e., pointing them towards the source spot. 

  

 
Figure 17. Detector concepts. A) Scintillator fiber matrix for imaging. B) Scintillator 
plate array, with fish-tail light guides to the right. 
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The detection efficiency is proportional to the detector area that is covered 
with scintillator element as seen from the source spot. Furthermore, the in-
trinsic detection efficiency of each scintillator element depends on the dis-
tance travelled by the neutron in the element. This could potentially be very 

w-
ever, the intrinsic efficiency is still limited by the interactions with carbon in 
the scintillator material, which are largely parasitic because of carbon’s poor 
conversion efficiency to light. Therefore, the intrinsic efficiency has a theo-
retical upper limit defined by Eq. 8. =     Eq. 8. 

Where  is the maximal theoretical counting efficiency (neglecting 
multiple scattering),  and  are the cross sections and NH and NC are the 
particle densities for hydrogen and carbon, respectively. Eq. 8 limits the 

 is expressed for an infinitely 
large scintillator and introduction of dimensional constraints on the elements 
and an energy threshold in the analysis can lower these figures considerably. 
For a scintillator element of finite depth, L, the detection efficiency can be 
expressed as =  (1 ( ) ) ,  Eq. 9 

where L is the dimension of the scintillator element in the direction of the 
beam.  

One additional factor that will affect the intrinsic detection efficiency is 
the width of the scintillator elements. The mechanism that comes into play 
for thin elements is the escape of the recoil protons, released in neutron in-
teractions, through the sides of the scintillator, before depositing all their 
energy. If the detector element is large compared to the recoil proton range 
in the scintillator, the response to a monoenergetic neutron signal is gov-
erned largely by the energy distribution of the recoil protons, which is close 
to rectangular from zero to the full neutron energy. In this case, introducing 
an energy threshold to suppress low energy background, the counting effi-
ciency will decrease close to proportionally with the ratio Ethreshold/Eneutron.  

However, for the purpose of high spatial resolution in NTT, it is desired 
to have scintillator elements with small dimensions, possibly in the same 
order of magnitude as the recoil proton range. In this case, the energy depo-
sition distribution might differ substantially from the recoil proton energy 
distribution due to proton escape events. It can be noted that the recoil pro-

MeV proton reaches abo
about  

39 



The counting efficiency for plate shaped detector elements with dimen-
sions in the order of the recoil proton range has been studied in paper I. The 
investigation was performed using a Monte Carlo technique described in 
paper I. The proton energy deposition spectra in plate-shaped detector ele-
ments of various widths can be seen in Figure 18, where the results are com-
pared to MCNPX calculations, which were performed for verification. 

 
Figure 18. E  scintillator 
elements of varied width. The neutrons are assumed to be traveling parallel to the 
scintillator plane. Distributions calculated in paper I are compared to distributions 
calculated with MCNPX for validation.  

As Figure 18 shows, the recoil proton effect can be important, in particular 
when energy discrimination is applied, such as in the experiments described 
in paper III and IV. Accordingly this effect had implications on the design of 
the instrument (FANTOM) that was constructed, favoring detector elements 
with a larger width placed at a larger distance from the source (to maintain 
the same spatial resolution). 

 



 FANTOM, the FAst-
Neutron TOMography 
system 

You can look at practically any part of anything 
manmade around you and think 'some engineer 
was frustrated while designing this.' It's a little 
human connection. 
Randall Munroe 

 
The FANTOM system is a fast-neutron radiography and tomography system, 
which has been designed, assembled and tested within the course of this 
doctoral project. The main motivations for constructing the instrument were  
 to gain experience of neutron transmission interrogation, 
 to achieve experimental validation of selected NR and NT concepts, 

including hardware choices, analysis methods and performance, 
 to offer two-phase flow assessment capabilities, primarily at an axially 

symmetric test loop. 

(FWHM). 

The setup 
 em-

ployed in this work is based on: 
 er 

yield than the options. 
 A detector array of plastic scintillator elements, which can be used for 

energy discrimination of scattered neutrons 
 A data acquisition system offering event-to-event analysis of pulse am-

plitudes. 
 No collimation, since it is difficult to achieve efficient collimation in 

limited space and since mobility was prioritized. 

 



The FANTOM setup comprises a Sodern Genie 16 DT neutron generator 
8 neutrons per second. The detector is a light-

shielded box with space for four scintillator elements in a sparse interval of 
° (of which three have been used). A reference detector, which is identical 

to the main detector elements, is used for neutron yield monitoring. A photo 
and a drawing of the design can be seen in Figure 19. 

 
Figure 19. a) A 3D drawing of the FANTOM instrument including (1) neutron gen-

, (3) a test object at-
tached to a rotational and a linear motor, and n-
tillator elements. b) A photo of the assembled setup. 
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Two motors are used for movement of the object relative to the setup.  In 
the current setup, the object is moved by rotation around its own axis and by 
linear translation across the field of view of the detector. It can be noted that 
to be used on a static test loop, motors moving the source-detector system 
are needed, whereas in the experiments performed so far, the movements 
have been applied to the objects.  

The detailed design and dimension optimization of the FANTOM is de-
scribed in paper III. 

 
The scintillator light pulses from the detector elements are lead via fishtail 

light guides to the photocathodes of photomultiplier tubes (PMTs). The 
PMTs convert the light to an electric signal that is amplified. The photomul-
tiplier outputs are connected to a high-speed digitizer, which stores a pulse if 
the voltage level exceeds a preselected threshold level. Each pulse record 

samples of the voltage value with an interval of 1 ns, encom-
passing the pulse. Some examples of pulses are shown in Figure . Each 
record is also associated with a trigger time stamp. Accordingly, the stored 
pulse records allow for post-processing for energy discrimination and time 
discrimination, which is further  

 
Figure . Scintillation pulses stored by high-speed digitizer. 

 

 



.3. FANTOM modes of operation 

The possible modes of operation of the FANTOM system are the following, 
listed by order of increased complexity: 
1. Single line of sight, chordal void fraction measurements can be recorded 

using a single detector element. 
 Radiographic projections of an object can be achieved by linear transla-

tion the object across the field of view. It can be noted, that this allows 
for multiple parallel beam projections to be recorded simultaneously, if 
desired, one for each detector element used. In paper III, such radio-
graphic projection data are used to analyze the performance. 

3. Tomography on axially symmetric objects can be performed based upon 
single or multiple radiographic provided that analy-
sis methods that take advantage of the axial symmetry are used. Such re-
construction methods and some tomographic results are presented in sec-
tion  and in paper IV. 

 Tomography of arbitrary, non-symmetric objects can be accomplished 
by collecting multiple radiographic projections, where the object is ro-
tated by a small increment between each measured radiographic projec-
tion.  

While full tomographic measurements of non-symmetric objects using the 
FANTOM instrument are planned for the future, it can already be noted that 
the instrument represents a nd generation tomography geometry [ ]. The 
detector elements collect data in a fan beam variety, but they are too few to 
cover the whole field of view. Therefore, two degrees of freedom are needed 
in the relative movement of the object to the setup in order to collect a com-
plete tomographic data set, a rotational and a linear movement.  

 

. . Instrument optimization 
In paper III, the FANTOM design is detailed. In short, the FANTOM in-
strument was designed with an imposed constraint on the numbers of detec-
tor elements used. The dimensions of the instrument were chosen to achieve 
a maximal signal count rate in these detector elements, while the unsharp-
ness was allowed to be less a-
rameters of importance are the detector element length (L), the distance 
source-to-object (d1), the distance object-to-detector (d2), the detector ele-
ment width (F), the detector element height (H), the source spot size (a) and 
the neutron yield (Y) (of which some are shown in Figure ).  

 



 
Figure . Schematic illustration of the measurement geometry of one detector ele-
ment. The important design parameters in the figure are the detector element length 
(L , the distance source-to-object (d1  and the distance object-to-detector (d2), the 
detector element width (F) and the source spot size (a .  

The expected performance in terms of unsharpness and signal count rate was 
calculated for a large variety of possible design parameters, and their per-
formance is plotted in Figure . As seen in the figure, the achievable signal 
count rate depends on the level of unsharpness allowed. The final design is 
summarized in Table . It can be noted that this design is predicted to result 
in 

8 n s-1 and the radiographic unsharpness, which is dominated by the 
finite detector element width, is predicted to be   

 



Table . The final value of the main design parameters of the FANTOM setup. 
Design parameters Acronym Selected val-

ue 
Detector element width F 5 mm 
Detector element length  
   (in the direction of the neutrons) 

L 100 mm 

Detector element height  H 100 mm 
Distance source-to object d1 100 mm 
Distance object-to-detector d2 900 mm 
Magnification m  10 
 

 
Figure . Scatterplot of the calculated performance in terms of signal count rate (y-
axis) and unsharpness (x-axis), according to paper III, for various randomly sampled 
design parameter sets (gray). Only the designs in the upper left curve should be 
considered (black), where neither of the two performance parameters can be im-
proved without adversely affecting the other. In the selected FANTOM design, 
marked with circle, the expected unsharpness is , which yields an expected 
signal count rate . 

 



6. Experimental 
investigations 

In theory there is no difference between theory 
and practice. In practice there is. 
Unknown origin  

6.1. Measurements 
 
To demonstrate the capabilities of the FANTOM instrument, radiographic 
projections of axially symmetric objects have been collected and evaluated. 
For this purpose, test objects of known constitution have been constructed. 
They consist of steel pipe -

 mm, mimicking a 
circular test section of a thermal hydraulic test loop. Each of the pipes was 
filled with a unique interior of polyoxymethylene (POM, (CH O)n), as a 
means to model simple distributions of water/void. A photo of a test object 
mounted in the FANTOM setup can be seen in Figure  and the internal 
distributions of POM are shown in Figure  of section 7.1. The objects are 
axially symmetric, which enables the reconstruction in annular reconstruc-
tion elements, as described   

The radiographic projections were recorded by moving the objects with 

 all three 
detector elements, which were situated l-
erator current. The data was used for analysis of the radiographic perfor-
mance (paper III) and to demonstrate tomography of axially symmetric ob-
jects (paper IV). 

 



 
Figure . Photo of a test object positioned on in front of the neutron generator. 
Objects are attached to a rotation axis, which in its turn is attached to a linear axis. 
Only the linear movement was used in the experiments presented in this thesis. 

 

the full pulse records for each individual event and its associated time stamp, 
various data processing procedures are possible. The full details of the data 
processing of the radiographic data are reported in paper III. In short, the 
analysis that was performed includes the following steps: 
 Energy discrimination was applied in the neutron counting by using a 

hardware trigger (applied to the maximum amplitude of the pulse, cf. 
Figure ) and a software energy threshold (applied to the integrated 
pulse amplitude). See illustration in Figure .  

 Time discrimination was applied based on the emission cycle of the 
pulsed neutron generator in order to discriminate background events oc-
curring during the off-duty time of the pulsed neutron generator, when 
high-energy gamma rays can be expected due to neutron activation, ra-
diative capture and inelastic scattering in the ambient materials. The 
count rates at different times of the generator’s emission cycle are illus-
trated in Figure . 

 PMT gain monitoring was performed to correct the software energy 
threshold for variations in the PMT gain. 

 Neutron yield monitoring was applied using a reference detector outside 
the projection of the object. This proved absolutely essential, since the 

 



neutron yield was showing large fluctuations during the recording of the 
radiographs .  

 The counting statistics in each data point was taken into account by 
evaluating the uncertainty due to Poisson statistics in both the detector 
elements and in the reference detector. 

 

 
Figure . To the left: Example of a pulse-height spectrum collected with low 
hardware energy trigger. To the right: Pulse height spectrum collected using a higher 
hardware trigger level. The vertical line shows an example of a higher software 
energy threshold, introduced in the post-processing of the data. 

 
Figure 
neutron generator emission cycle. The neutron generator was configured 

are excluded in the analysis. The time window used in this work are illustrated with 
vertical dashed lines. 

 



Examples of the resulting radiographic projections are presented in section 7 
and in paper III. 

The radiographic projections were used for tomographic reconstruction of 
the radial material distribution inside the steel pipes. A summary of the re-
construction procedure follows below (the full details of this can be found in 
paper IV): 
 
1. . The at-

tenuation distribution of the objects was discretized in annular rixels, as 
seen in Figure 7  

 Two of the objects, filled pipe and empty pipe, were used in reference 
measurements to calibrate the coefficients of the response function, i.e., 
the signal to background ratio, the objects zero position and a calibration 
constant for the linear motor step length. 

3. The reconstruction method outlined in section  was used to recon-
struct the radial attenuation distribution.  

 The uncertainty in the reconstructed attenuation coefficient values due to 
the counting statistics was evaluated by sampling Poisson errors for all 
data points and adding to the radiographic data and repeating the recon-

 standard devia-
tions of the reconstructed rixel values were used as a measure of the sto-
chastic uncertainty. 

 

 



7. FANTOM results 

Mät aldrig bergets höjd förrän du nått toppen. 
Då skall du se hur lågt det var. 
Dag Hammarskjöld 

7.1. Radiographic imaging  
Radiographic projections of five steel pipes with various internal radial dis-
tribution of the polymer POM have been collected and presented in paper III. 
Parallel-beam projections, recorded with one of the detector elements 
achieved by moving test objects across its field of view, can be seen in Fig-
ure . As illustrated, the different POM contents of the five test objects 
affect the radiographic projections considerably. 

 



 
Figure . Radiographic projections of five test objects consisting of steel pipes with 
various radial distributions of POM. Figure reused from paper III. 

The spatial resolution of these projections was evaluated by comparing the 
measured radiographic projections with the ideal theoretical projections, 
with the addition of a Gaussian line spread function where the FWHM was 
varied. The FWHM offering the best fit to the measured projections was 
used as a measure of the spatial resolution. In this way, the FWHM was es-

 mm, in the three detector 
elements.  These values are in 
reasonably good agreement with the expected spatial resolution (see section 

 

 



. Tomography on axially symmetric objects 
As described in paper IV, the measured radiographic projections of the test 
objects were used to reconstruct their internal attenuation distribution. Here, 
two of the objects, the empty and the filled pipe were used to calibrate the 
response function according to section 6.3.  Each reconstruction presented in 
paper IV rixels for the pipe interior, which have decreasing 
width with increased radius. One additional outer rixel depicts the steel wall 
of the pipe. The numeric value of this rixel is not reconstructed, instead its 
attenuation coefficient, which is known beforehand, is inserted.  
The results of the reconstructions are shown in Figure , where the cross-

 In addition, a reconstruction 
using  rixels is introduced for comparison. As might be expected, the er-
rors of the reconstructed values increase with the number of reconstruction 
elements, i.e. there is a trade-off between precision and spatial resolution. 

-
-rixel reconstruction. Figure  shows a comparison of the true and the 

reconstructed radial attenuation distributions, with errorbars corresponding 
to the uncertainty due to the Poisson uncertainty of the transmission meas-
urements. 

 



 
Figure . Attenuation coefficient [cm-1] of steel pipes with various radial distribu-
tion of the polymer POM. The true attenuation map (left column) compared to re-
constructed attenuation map (right col-
umn). The reconstructed rixel values range from - -1 while the 
greyscale has a wider range of -  cm-1 to include the steel attenuation 

-1. Note that the steel wall attenuation coefficient was simply 
included, but not reconstructed. 

 



 
Figure . Reconstructed radial attenuation profiles of test objects with various dis-
tributions of the polymer POM inside steel pipes . The 

attenuation while the average deviation is  Image reused from paper IV. 

It was noted in paper IV that the errors of the reconstructed values of the 
rixels were larger than the uncertainty that was expected due to counting 
statistics. Accordingly, it is concluded that other sources of error are affect-
ing the accuracy significantly, and in the radiographic projections of paper 
III, a drift is noted in the measured radiographs as compared to the theoreti-
cal, which might be a reason for this inaccuracy. However, the cause of this 
drift is not yet understood, and further work is needed in order to reduce its 
effects. Currently, the actual RMS errors that have been registered on the 
reconstructed rixel values are larger than the expected statistical errors with a 
factor of about two. 

 



8. Conclusions and 
discussion 

You live and you learn. At any rate, you live. 
Douglas Adams 

8.1. A concept for neutron tomography of two-phase 
test loops 
In this thesis, the concept instrument FANTOM for fast-neutron radiography 
and tomography has been presented. The FANTOM system is a table-top 
sized equipment which can be available to the local lab. It is constructed to 
allow for NR and NT on stationary objects, by deploying a portable neutron 
generator and detector system. In its current setup, intended for demonstra-
tion measurements at the lab, the object is moved relative to the source-and-
detector system. For stationary objects, similar positioning capabilities must 
be provided for the source-and-detector instead.  

A detector array consisting of plastic scintillator elements has been used 
with a high-speed digitizer to achieve pulse-form records of each detector 
event, which allows for energy discrimination on event-to-event basis to 
reduce the impact of the scattered neutron background, which is always a 
concern in imaging using fast neutrons. Furthermore, the individual time 
stamp of each event provided by the data acquisition system gives infor-
mation on the time fluctuations of the void fraction. This enables an analysis 
of the variance of the time variations of the void fraction, which is required 
for the correction method for the dynamic bias error, suggested in paper II.  

8  

maximizing the detection efficiency using a limited set of detector elements. 
The design considerations have been presented and a performance evaluation 
of radiographic measurements  axially symmetric 
test objects of known geometry, consisting of steel pipe of inner and outer 
diameter of  , filled with different radial distribution of 

 



the polymer POM. The experimental validation of the spatial resolution was 
in good agreement with the expectation. 

The performance of the FANTOM in tomographic reconstructions has al-
so been demonstrated. Here, two of the test objects, the filled and the empty 
pipe, were used for calibration of the FANTOM response function and the 
assessment was performed on the three other test objects. Tomographic re-
constructions 
mm have been presented in paper IV. The RMS errors in such tomographic 
reconstructions were -1, corresponding to the data collection 
time of approximately . 

As might be expected, the errors increase in magnitude with the number 

MS errors of  
The FANTOM equipment is now available for further testing and for ad-

aptation to thermal hydraulic test-loops. In particular, axially symmetric test 
sections are well-suited for interrogation, where the relatively low neutron 
yield of portable neutron generators can be compensated for by the axial 
symmetry, which makes only one radiographic projection needed for tomo-
graphic reconstruction. 

It should be noted that when applying the FANTOM instrument on two-
phase flows in thermal-hydraulic test loops, as opposed to POM test objects, 
the influence of the conversion from the attenuation reconstruction to the 
void distribution has to be considered. In this case, the void is determined 
according to Eq. . in section 3.6.1, and accordingly the error propagates  as =  = 1 ( ) ,   Eq. .  

where  is the attenuation coefficient of the liquid phase and  is the vapor 
phase attenuation coefficient. The value of the coefficient 1/( ) de-

 r sys-
tem, respectively. Consequently, RMS errors of  

- s-
- based on the precision and accuracy 

presented in paper IV.  
In order to improve the performance, a focused effort on reducing the sys-

tematic errors by analyzing the encountered drift is advised. Also, the neu-
tron generator might be upgraded to a model with a higher yield and addi-
tional detector elements might be introduced, to allow for higher count rates 
and thus reduced stochastic uncertainties for the same effective data collec-
tion time, or to collect equivalent data in a shorter time. Neutron generators 
with a higher yield by are commercially available and 
the number of detector elements could be increased by at least 
thus substantially enhancing the data collection speed. 

 



9. Outlook: Towards 
tomography of non-
symmetric objects 

Men occasionally stumble on the truth, but most 
of them pick themselves up and hurry off as if 
nothing had happened. 
Winston Churchill 

 
The results obtained using the FANTOM device indicate that axially sym-

-  , using an effec-
tive measu , in the current configuration of the 
FANTOM. Using a neutron generator with higher yield and additional detec-
tor elements, the data collection time might be reduced significantly, and 
improved precision can also be expected as compared to the demonstrations 
in this work 

However, the long-term objective of this work is to achieve neutron to-
mography for arbitrary non-symmetrical objects. Accordingly, a future in-
strument development should enable assessment of non-symmetric objects in 
reasonable measurement times with adequate precision. As mentioned 
above, this requires a higher neutron yield in the used neutron generators and 
more closely stacked scintillator elements in the detector array. With com-
mercially available neutron generator yields of more than two orders of 
magnitude higher than the one used in this work, and a possibility to use 
more than one order of magnitude higher number of scintillator elements in 
the detector, tomography of non-symmetrical objects in quarter BWR fuel 
bundle sizes might be accomplished in acceptable measurement times.   

A suggested setup is shown in Figure  from ref. [ ], which is a mas-
ter’s thesis supervised by the author of this thesis. Here 73 plate-shaped plas-
tic scintillator elements are closely stacked to cover a complete projection, 
which excludes the need for lateral translation of the detector array. Accord-
ingly, the suggested setup is a 3rd generation device. In a detector consisting 
of such a large number of closely stacked scintillator elements, the cross-talk 
component can be expected to be substantial. Therefore, the  cross-talk was 
examined for the detector array, which consists a-

 



[ ]. The suggested detector 
array and a possible light-guide configuration can be seen in Figure . 

 
Figure . Suggested scintillator element and light-guide configuration for fast-
neutron tomography system for nonsymmetrical objects [ ]. 

 
The cross-talk, in terms of the detector response to a well-defined beam 

directed to a single detector element, the so-called Line Spread Function 
(LSF), has been evaluated based on simulations with the MCNPX code [ ]. 

-MeV neutrons hitting the center 
element can be seen in Figure , where the relative number of events with 
an energy deposition larger than a selected energy threshold is presented.  

 



 
Figure . The Line Spread Function, i.e., the count rates in each detector element 
relative to the target element count rate when applying a varied energy threshold 
level. [ ] 

As seen in Figure , the cross-talk component can be strongly sup-
pressed by applying a high energy threshold in the analysis.  As an example, 
an energy threshold of 11 MeV reduces the cross talk component from the 
nearest element to less than a percent of the signal recorded in the target 
element, and the accumulated cross talk in all elements amounts 
of the signal in the target element. However, this cross-talk is still large 
enough to require implementation in the algebraic expression of the detector 
response. Also, it should be noted that the simple MCNPX model includes 
only the scintillator elements and their light-guides. Other parts of the detec-
tor structures and the laboratory environment could be included in the model 
for a more complete picture. 

The expected radiographic projections of a rough model of a quarter 
BWR fuel bundle have been calculated. By randomly sampling the Poisson 
errors associated to each transmission measurement (including an addition of 
background events amounting t based on the 
expected signal-to-background ratio) and reevaluation the attenuation map 
and the corresponding void distribution, the magnitude of the resulting error 
of the void fraction was investigated. A conceptual illustration of the proce-
dure is seen in Figure 31.  

 
 

 



Figure 31. Left:  rods (square) and surround-
ing homogeneous void distribution in a quarter BWR fuel bundle object. Middle: 
The expected transmitted intensity of each projection was calculated and Poisson 
noise was added corresponding to the accumulated number of counts. Right: The 
attenuation map was reconstructed. The average deviation  
was used as an estimate of the ultimately achievable precision.  

 Assuming 11 neutrons per second and a 
high energy threshold of 11 MeV, to suppress the high level of scattered 

ent time of c-
onds each (i.e., accumulated effective measurement time of about one hour), 
the results showed that the achievable precision of the local void was  void 
percent units, when using pixels dth. However, more detailed 
studies are needed, in particular to include the systematic errors and the scat-
tered neutron background from the water/steam itself can be expected to be 
substantial, as shown in Figure 9 when objects of this size are 
examined.  
 

61 



 Sammanfattning på 
svenska 

Om du inte känner till namnen försvinner också 
din kunskap om tingen. 
Carl von Linné 

 
Den här avhandlingen handlar om en ny icke-förstörande mätteknik som 
använder snabba neutroner för att undersöka hur ånga fördelar sig i ett två-
fasflöde av vatten och ånga. Denna så kallade voidfördelning är av stor vikt 
för både effektiv resursanvändning och för säkerheten i lättvattenreaktorer, 
vilka utgör majoriteten av världens kommersiella kärnkraftsreaktorer. Mät-
tekniken är avsedd att användas på termohydrauliska testloopar, som an-
vänds till att studera tvåfasflöden under reaktorrelevanta tryck och tempera-
turer. 

Snabba neutroner har fördelen av att ha god förmåga att transporteras ige-
nom metallstrukturer med hög densitet, som typiskt förekommer i tryckkärl 
och kärnbränsleelement, medan de samtidigt är relativt känsliga för vatten-
innehållet. Samtidigt finns det utmaningar med snabba neutroner som att 
portabla neutronkällor typiskt har låg intensitet, att neutronerna tenderar att 
spridas då de interagerar med olika material, vilket ger en relativt hög bak-
grundsnivå i mätningarna, och dessutom är detektionseffektiviteten låg. 

I avhandlingen presenteras en instrumentprototyp under namnet FAN-
TOM (FAst-Neutron TOMography), som har designats och byggts under 
detta doktorandprojekt. Dess dimensioner har optimerats för att uppnå så hög 
räknehastighet som möjligt i detektorn samtidigt som rumsupplösningen 
begränsats till  

FANTOM innehåller en detektor med tre separata plastscintillatorele-
ment. Sådana scintillatorer mäter den energi som neutronerna deponerar i 
dem, vilket kan användas till att reducera bakgrunden från spridda neutroner 
då dessa typiskt har lägre energi än de som kommer direkt från källan. 

Tomografiska rekonstruktionsmetoder har tagits fram för att återskapa en 
bild av det undersökta objektets inre struktur utifrån uppmätta radiografiska 
projektioner. Särskild uppmärksamhet har riktats mot axiellt symmetriska 
objekt, för vilka man bara behöver en radiografisk projektion för att genom-
föra den tomografiska rekonstruktionen. 

 



Testobjekt med polymeren POM innesluten i stålrör  
har framställts och använts för att demonstrera tekniken. Tomografiska re-

rumsuppösning har framställts 
baserat på uppmätta data. Resultaten visar en noggrannhet på -1 i den 
rekonstruerade dämpningskoefficienten
koefficient, då  

Dessutom har en metod tagits fram för att korrigera för ett systematiskt 
fel som uppstår vid genomlysningsmätningar av void som orsakas av tvåfas-
flödets fluktuationer under mätningarna. Den föreslagna metoden bygger på 
att variationerna av strålningsintensiteten i en tidsupplöst detektor analyse-
ras. Metoden har demonstrerats på simulerade mätdata. 
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