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Abstract

The present thesis deals with three comparatively different topics in neutron physics
research. These topics are as follows:
• construction and experimental investigation of a new detector, capable of measuring the

neutron current, and investigation of the possibility to use it for the localisation of a neutron
source in a simple experimental arrangement;

• execution of neutron transmission measurements based on a stationary neutron generator,
and the study of their suitability for determining the volume porosity of geological samples;

• study of the possibility for improving the accuracy of water flow measurements based on
the pulsed neutron activation technique.

The first subject of this thesis concerns the measurement of the neutron current by a newly
constructed detector. The motivation for this work stems from a recent suggestion that the
performance of core monitoring methods could be enhanced if, in addition to the scalar neutron
flux, also the neutron current was measured. To this end, a current detector was based on a
scintillator mounted on a fibre and a Cd layer on one side of the detector. The measurements of
the 2-D neutron current were performed in an experimental system by using this detector. The
efficiency of the detector in reactor diagnostics was illustrated by demonstrating that the
position of a neutron source can be determined by measuring the scalar neutron flux and the
neutron current in one spatial point. The results of measurement and calculation show both the
suitability of the detector construction for the measurement of the neutron current vector and
the use of the current in diagnostics and monitoring.

The second subject of this thesis concerns fast neutron transmission measurements, based
on a stationary neutron generator, for determining the volume porosity of a sample in a model
experiment. Such a technique could be used in field measurements with obvious advantages in
comparison with thermal neutron transmission techniques, which can only be performed at a
reactor. The measurement technique based on a stationary neutron generated has not been
exploited yet. The purpose of the present measurements was the investigation of the accuracy
of the neutron generator based method. The results of measurement and calculation show the
suitability of the method applied for the determination of the volume porosity.

Yet another interesting non-intrusive nuclear technique, based on the pulsed neutron
activation for the measurement of mass flow of water (the FlowAct method), constitutes the
third subject of this thesis. High accuracy of the FlowAct method demands a detailed
understanding of the turbulent flow, and the analysis of a FlowAct measurement is a complex
problem. In order to obtain high precision measurement of water flow, the effect of different
parameters in the experimental set-up has to be understood. The following particular problems
were investigated in detail: a) the effect of collimation of a neutron source and detector on the
time-resolved detector signals; b) the behaviour of the background time distribution signal to
expedite optimum background elimination from the measured signals; and, c) the properties of
water mixing, by measuring the geometrical asymmetry of the activated volume as a function
of distance from the source as well as flow velocity. The current results are promising for the
further development of the method towards a high-precision flow rate measurement.

Keywords: neutron current detector, scintillation detector, optical fibre, localisation,
volume porosity, transmission measurements, neutron generator, flow rate measurement,
asymmetry of activation, water mixing.
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1. Introduction

1. Introduction

Nuclear techniques, i.e. techniques based on the interaction of radiation and particles with
bulk matter, have been used in various fields of research, development and industry for a long
time. One branch of these techniques involves the use of neutral particles, i.e. neutrons and
gamma photons, both of which having a large penetration capability. Whereas charged particles
and low energy photons, i.e. X-rays and lasers only probe the surface of materials, neutrons
have much larger mean free paths and are thus suitable to the investigation of bulk matter.

The use of experimental neutron physics in various fields of basic and applied research
and even in industrial applications has continuously been expanding over a long period of time
and this expansion still continues. This is partly due to the development in nuclear detection
techniques, and partly to the availability of high-yield portable neutron generators. Better
neutron detection techniques result in better statistics and thus higher precision and sensitivity
of the measurement of the material parameters and also better spatial resolution. Access to high-
yield neutron sources means that measurements of various processes in e.g. geology, industry
etc. becomes possible in the field, that is outside the laboratory. All these developments result
in the possibility to solve problems that were previously inaccessible for solution.

The Department of Reactor Physics has several ongoing projects in the field of
experimental neutron physics along the lines described above. I have participated in three
different projects, and the present thesis gives an account of my contribution to these projects.
Here below I will give a short description of these research projects and the background or
motivation for these projects.

The first subject has its origins in the diagnostics of nuclear power plants by measurement
of the static neutron flux and its fluctuation, the so-called neutron noise. As is known, the
neutron flux and the noise can be used to monitor operational parameters, and thus detect an
undesired change in their value, as well as detecting new types of anomalies such as the
occurrence of vibrations, thermohydraulic instabilities etc. In case of local anomalies such as a
vibrating control rod, the task is the localisation of the anomaly within the core. This is achieved
by knowledge of the spatial properties of the neutron noise and the use of neutron detectors in
various positions in the core.

For the improvement of the accuracy and sensitivity of diagnostic methods, sometimes
the number of available neutron detectors is not sufficient. However, the number of detectors in
a core is usually limited, and new positions cannot be created in a power plant already in
operation. For this reason it was suggested that one should construct and use detectors that can
measure, in addition to the scalar neutron flux, also the anisotropy of the angular neutron flux,
such as the flux gradient or the neutron current ([1] - [4]). It was shown in conceptual studies
how the flux gradient or the neutron current could help improving methods for locating a
vibrating control rod or just a neutron source.

Work has already started earlier at the Department to construct gradient or current
detectors. This work was based on a new detector construction, developed at Nagoya
University, which consists of a light conducting fibre with a very small (a few cubic mm
sensitive volume) neutron sensitive tip. With this detector measurement of the static flux with
high spatial resolution is possible. This detector has earlier been used to measure the flux
gradient, and it was demonstrated how the position of a neutron source can be determined by
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performing measurement of the flux and the flux gradient in one single spatial point. My work
consisted in constructing a detector, capable of measuring the neutron current, and verifying the
function of the detector by experiments. It was demonstrated how one can determine the
position of a neutron source in a water tank by a measurement of the flux and the current with
the detector in one single spatial point. The work and the results are published in Paper I.

The second subject concerns neutron based techniques for geophysical and petrophysical
applications. Neutron based methods have long been used in geophysics, mainly pulsed neutron
experiments measuring the decay of reflected/slowed down neutrons (neutron well logging and
cross section measurements) and neutron activation. Recently however neutron radiography has
become an important tool in determining the distribution and transport of water and oil in
geological samples. The Department of Reactor Physics has been involved in such a project
with the Department of Geology.

Neutron radiography so far has, however, been only possible with thermal neutrons, and
thus radiography measurements have only been performed at research reactors. The long term
goal of the work at our Department is to develop radiography with fast neutrons, such that
measurements with a portable neutron generator become possible. This requires better neutron-
to-light conversion techniques, and slightly higher neutron yields than what is available today.
As one step toward this goal, measurements have started earlier at the Department to determine
porosity of geological samples with neutron transmission experiments, using the stationary
neutron generator of the Department. It turned out however that this task is more difficult than
expected, due to various problems related to the stability of the neutron generator and the
detection technique.

We have therefore performed a series of experiments for neutron transmission
measurements of the porosity of well defined samples. The goal was to verify that with a careful
elimination of the previously encountered difficulties, a determination of the porosity of the
samples was possible with a precision of about 10 percents or better. This goal was achieved in
the experiments, and thereby we have gained important experience and confidence how to
develop these techniques further towards fast neutron radiography methods. These transmission
measurements will also be possible to perform in the field with a portable neutron generator that
is under purchase at the Department. The above summarized work is described in Paper II.

The last subject of my work is related to the development of a method of measuring mass
flow of water in a pipe with the pulsed neutron activation method. The method is based on
pulsed activation of the oxygen content of the water, and detecting the induced gamma-activity
downstream in the pipe. This method, and the project concerning with its development, has been
named as "FlowAct". In the frame of an earlier PhD work, a complete flow loop with calibration
possibilities was built and several experiments were performed. The extraction of the mass flow
from the time-resolved detector signals is not a trivial task. It was suggested and proven by
numerical simulations that neural networks can be used to extract the desired information,
i.e.the mass flow, from the detector signals, with the desired accuracy of better than one percent.

In order to develop the Flow Act method to a level where it can be directly applicable for
real measurements, one needs to follow up two lines of development. One regards the
simulations which supply data for the training of the neural network. These need to be
developed to such a level that they can reconstruct a real measurement. The second line
concerns the development of the experimental part of Flow Act. I have taken part in the research
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concerning this latter point. There are several questions concerning the optimization of the
experiment that have not been investigated in the previous experiments. One important question
is whether a collimation of either the source or the detectors improves the accuracy by
decreasing the width of the time-resolved detector peak. Another point concerns the
investigation of the geometry of the activated package of water during the flow, i.e. the mixing
properties. These can help finding optimum detector positioning both axially and azimuthally.
Finally, the properties of the background in the detector signal need to be investigated for
optimum background elimination. These questions were studied in recent experiments and the
results are reported in more detail in Paper III.

These three topics and the corresponding results constitute the subject of the present
thesis. In the rest of the introductory part a summary of the work and the findings in each of the
three topics is given. The second part of the thesis contains the papers themselves, where most
of the details can be found.

2. Measurement of the neutron current and its use for
the localisation of a neutron source

This section deals with experimental and numerical investigations of the applicability of
a newly constructed detector for measuring the neutron current components and for localizing
a neutron source in an experimental system. The measurements were performed with a
recently developed very small optical fibre detector and a Cd layer covering one side (half of
the perimeter) of the detector. With such a detector, the partial currents J+ and /_ , as well as
the components of the net current / = J+ — J_ can be measured in any direction. Measure-
ments of the current have not been reported in the literature before. The two-dimensional cur-
rent vector was measured in an experimental system containing a neutron source in a water
tank. The direction of the neutron current vector indicates the direction of the source from the
measurement point and the ratio of the absolute value of the current to the flux can be used to
estimate the distance to the source. The experiments demonstrate both the suitability of the
detector construction for the measurement of the neutron current vector and the use of the cur-
rent in diagnostics and monitoring. More details can be found in Paper I.

2.1 Experimental set-up

The measurements were performed using a very small optical fibre detector [5] whose tip
is covered with a mixture of converter material, scintillation material and adhesive paste. LiF
converter and ZnS(Ag) powder are mixed together and pasted with epoxy glue on the tip of a
glass optical fibre of diameter 2 mm. The detector mixture is made thin (-0.3 mm). With LiF as
the converter material, the detector is sensitive for thermal neutrons. The neutrons are captured
by the 6Li nucleus in the reaction

6Li + *n - > 3H+ 4He + 4.78 MeV

The charged particles produced in this reaction induce scintillation light in the converter.
The light pulses are guided by the optical fibre to a photo-multiplier tube (Hamamatsu R5600U
Head-on PMT). The PM-tube is connected via a pre-amplifier (ORTEC 113) to an amplifier
(ORTEC 451). After amplification and shaping, the signal is fed into a single-channel analyser
(ORTEC 406) and then into a counter/timer (ORTEC 874).
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The measurement of the partial neutron current is based on shielding the neutron sensitive
part of the detector in 180 degrees, by a half-cylinder Cd layer covering the fibre and the tip.
The cadmium absorbs thermal neutrons and thus only the free side of the detector is exposed to
the thermal neutrons. The principle is illustrated in Fig.2.1. During the measurements, the fibre
detector is positioned vertically. In this way the positive and negative partial current
components can be measured in a horizontal 2-D plane. It is seen that the magnitude of neutron
current vector can be obtained on the basis of the two vector components in the x (i.e. radial)
and the y (i.e. azimuthal) direction.

r detector

/ Cd screen

Fig. 2.1 Schematic view of the detector construction showing
an arrangement which measures the positive radial partial current

The measurements of the partial neutron current were performed in the system composed
of a cylindrical water tank (diameter of 92 cm) and a radioactive neutron source (3 Ci Am-Be
of approximately 1.5 cm in diameter in a steel cladding), placed in the centre of the tank. The
optical fibre with its neutron sensitive tip was inserted into an aluminium guide tube, which was
sealed to protect the fibre from light and direct contact with the water. The tube was put
vertically down into the water from a bridge across the water tank. The active part of the neutron
detector was positioned on the same horizontal plane as the centre of the source. A thin guiding
needle at the tip of the guide tube was put into specific holes drilled in a plastic support plate to
place the detector in an exact radial position related to the source. The azimuthal positioning of
the detector direction was adjusted manually by rotating into the desired direction. The
experimental set-up is shown in Fig. 2.2.

2.2 Measurement results and analysis

The measurements were performed in several points at different distances from the source
in the range from 2 cm up to about 10 cm. The reason for this choice is that the space
dependence of both the neutron flux and the current is interesting in a few diffusion lengths
vicinity of the source only. As is made clear in [1], at larger distances the flux and the current
have a very similar, smooth behaviour that is less interesting and the uncertainty in the



2. Measurement of the neutron current and its use for the localisation of a neutron source

IIIIIIIIIIIIIIIIMIIIIIIIIIIIII

Water tank

Aluminium guide tube

Detector position (inside tube)

Support plate

Fig. 2.2 A schematic view of the experimental set-up

estimation of quantitative localisation of a perturbation increases with increasing distance from
the source.

In the first measurement series, the spatial dependence of the scalar neutron flux was
performed. These experiments yielded results that were consistent with earlier measurements
and Monte-Carlo calculations, and thus they will not be shown here.

Thereafter, the radial and azimuthal partial currents were measured with the newly
constructed neutron current detector. By turning the cadmium shielded side of the detector
towards and away from the source, respectively, the positive and the negative radial partial
currents were measured. Both the partial currents J+, J_ and their difference, i.e. the total (net)
radial current Jr = J+ — J_, are shown in Fig.2.3. Cadmium has a cut-off energy of about 0.5
eV, above which it is transparent for neutrons. Thus, strictly speaking, this detector measures
the true partial thermal current only in thermal neutron fields. In our case, especially close to
the source, the partial thermal current will be contaminated with a component proportional to
the epithermal scalar flux. This component is, however, the same in any partial current
measured in one spatial point, and thus it will drop out when taking the difference of two partial
currents for obtaining the net current vector component in a particular direction. Hence,
although the partial currents may contain a bias, corresponding to the epithermal scalar flux, but
the net current should be correct.

In a similar manner, also the azimuthal component of the current was measured. From the
cylindrical symmetry of the system, the azimuthal current is zero in this particular case.
Nevertheless, it was also determined experimentally, since it gave useful information. The
partial currents are not zero, but need to cancel each other. The equality of the partial current
components is a good check of the accuracy of the method (quality of the shielding, accuracy
of the axial and angular alignment of the detector etc.). The values of the net (total) azimuthal
current are also shown in Fig. 2.3.
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Fig. 2.3 The values of the partial and the net currents as functions of the
distance from the source

The radial component of the neutron current is equal to the net number of neutrons in
outbound radial direction, crossing a unit surface, perpendicular to the radial direction, per unit
time. For the first three points located close to the source, this current is negative since close to
the source there is a net influx of thermal neutrons. Omitting details, given in Paper I, the results
of the estimation of direction angle of measured current show that the neutron current vector
points approximately into the direction towards the source for the points close to the source, and
for all others points it is in the opposite (outbound) direction. The deviation of the calculated
angles of direction from the expected results of zero or ±180° is most probably due to the non-
perfect alignment of the guide tube and non-perfect positioning of a Cd layer exactly around
half of the detector, so the estimated statistical error is only a small fraction of the total
measurement error. The results show that it is sufficient to measure only the radial component
of the neutron current in any single point to determine the direction where the source is located.

To check the correctness of the measurement results, one should compare them to
calculations. However, at this point we only have access to numerical results regarding the flux
gradient, obtained by Monte Carlo calculations. For reasons, explained in Paper I, however, in
the present case the thermal neutron current agrees quite well with the gradient of the thermal
flux. This is demonstrated in Fig.2.4 which displays measured values of the neutron current, the
flux gradient and the results of the MCNP calculation [6] of the gradient of the neutron flux.
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Fig. 2.4 Measured values of the gradient and the current and calculated valu<
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To locate the position of a neutron source it is necessary to use the magnitude of both the
current and the flux i.e. the quantity \J\ / ^ in dependence on the distance from the source. The
source position can be determined by using the value of |7|/<& at a single measurement
position and a calculated curve of the ratio of the magnitude of neutron current vector and the
neutron flux as a function of distance from the source. This was already the case in the previous
work, where the static flux gradient was used for localisation [4]. The function |VO|/O was
determined by Monte-Carlo calculation, using MCNP-4B.

Fig.2.5 shows measured values of the current to flux ratio depending on the distance from
the source and the results of MCNP calculation for the ratio of the gradient flux and scalar flux.
The results of the calculation have been normalized to the measurements. The experimental
values of the quantity \JV® and results of calculation of |V<5|/<& obtained with Monte-Carlo
technique agree very well. By using the measured value of the \J\/® only in a single
measurement position as well as the direction of the current vector, together with a calculated
curve of this quantity, one can find the source position. Thus it is seen that localisation of the
source with the measurement of the current and the scalar flux in one point is possible.

The experiments show both the suitability of the detector construction for the
measurement of the neutron current vector and the use of the current in localizing a neutron
source. Nevertheless, use of the current is more advantageous than that of the gradient, because
the current can be determined from fewer measurements (two partial current measurements per
vector component) than the gradient with the same statistical accuracy. Moreover, in cases such
as determining the position of misplaced thermal absorbers by measuring the thermal current,
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larger deviations from Fick's law can be expected, in which case use of the current is even more
advantageous.
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Fig. 2.5 Measured values of the current to flux ratio and calculated values of
the gradient to flux ratio

The promising results obtained here may be extended to measurements of the current in
three dimensions, and also time-dependent fluctuations of the current (current noise).

3. Transmission measurement of porosity with a neutron generator in geo-
physics applications

Many problems in geological sciences, and in particular in petrophysics can be
successfully investigated by nuclear non-intrusive techniques. The advantage of the non-
intrusive investigation is that the measurement does not destroy the sample, and it does not
interfere with the process under investigation (e.g. with fluid flow in the rock). Finally, non-
intrusive measurements are often much faster than the traditional methods, and can also be
applied in field measurements.

One common type of nuclear measurements is based on neutron transmission. The most
advanced forms of transmission experiments, such as dynamic radiography and static
tomography with thermal neutrons, have shown a very significant advancement lately ([7],[8]).
However, the measurement technique with thermal neutrons is not suitable for the field
measurements. The only possibility is to use the fast neutron sources such as radioactive sources
and neutron generators. The transmission technique with a neutron generator for determining
the volume porosity in geological samples has not been exploited yet. Transmission
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measurements described in Paper II present a continuation of the development of methods for
determining the water content in geological samples ([9],[10]).

3.1 Experimental details

Fast neutron attenuation measurements with known water content in a sample were
performed in a simple arrangement. A mock-up made of an aluminium cylinder (inner diameter
28 mm and height 96 mm) and glass was used instead of a geological sample. In order to change
the volume porosity of the sample, the aluminium cylinder was filled with different numbers of
glass rods and with sand. The diameter of the glass rods was 6.1 mm. Then insertion of two glass
rods in the cylindrical sample with diameter 28 mm constituted about 10% of the sample
volume. The free volume in the sample could thus be decreased in steps of roughly 10% by
adding two glass rods at a time. For the two smallest porosity values sand was used to decrease
the free volume further.

The neutron generator of type SAMES at the Department of Reactor Physics, Chalmers
University of Technology, was used as the 14 MeV neutron source. A monitor detector (Pilot B
scintillator) recorded the number of neutrons directly from neutron generator in order to monitor
instabilities of the neutron yield from the generator. Transmitted neutrons through the samples
were detected by a plastic scintillation detector. For both detectors the lower discrimination
level was set at the energy of 7 MeV to eliminate contribution of the neutron and gamma
background and to enhance the signal to background ratio.

A schematic view of experimental set-up is shown in Fig. 3.1. The detector was
surrounded by paraffin blocks which termalize the neutrons scattered by the laboratory
structure. Boron carbide (B4C) was used in an inner layer to absorb thermal neutrons. A lead
shield of 5 cm thickness was placed around the detector to shield the detector from gamma
background and capture photons. The beam from the neutron generator was collimated with
paraffin blocks.

Neutron
generator

Paraffin

Paraffin

Sample

Paraffin

'A
Boron carbide

I
Detector Lead

Fig. 3.1 A schematic view of experimental set-up

3.2 Discussion of the results

The reference values of the sample porosity were determined experimentally by weighing
before and after flowing water into a sample. Samples with porosity in the range from 10.4%
up to 100.0% were used. The material of the glass rods, mainly SiO2, is relatively representative
for a sandstone sample from the neutron physics point of view. Its macrosopic cross section of
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JLtot = 0.1323 cm is only slightly larger than that of the water, and in view of the sample
diameter and number of rods, no self-shielding problem of the rods occurred in the experiment.

The neutron beam transmitted through the sample was recorded by a scintillation detector.
By means of remote control, water under gravity force was allowed to flow through the sample.
The samples were saturated with water within a few seconds. In Fig. 3.2. an example of the
detector and monitor count rates, obtained for samples with porosity of 10.4% and 100.0%, is
shown. The detector and monitor count rate data were processed by a least-squares digital
polynomial smoothing filter [11] to reduce the effect of statistical fluctuations and to smooth
the raw experimental data. Computational results obtained with the MCNP code [6] and by a
simple first flight exponential attenuation model are presented in Fig. 3.3. The MCNP code was
used in combination with a nuclear data file based on JENDL3.2 [12]. The intensity ratio Iwet /
Idiy denotes the ratio of average count rate for sample with and without water. The errors of the
measured values are related only to counting statistics and the uncertainties of the Monte Carlo
calculation are due to statistical errors.
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Fig. 3.2 The raw and filtered experimental data

In Fig. 3.3 the Monte Carlo results and experimental data are seen to be in good
agreement. On the other hand, there is a deviation between the first flight analytical model and
the more advanced MCNP calculations. This demonstrates the significance of the contribution
of the scattered neutrons in the experiment.
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The results of the MCNP calculations were used as calibrating data and the experimental
intensity ratios could then be converted into porosities as is shown in Table 1. Experimental
values of porosity in the second column are given with uncertainties corresponding only to
uncertainties of the intensity ratio. As can be seen from Table 1. the uncertainties of the
porosities were normally within 10% for a single measurement. A higher degree of accuracy
with this method can be obtained with a higher stability of the neutron yield from the generator
and better counting statistics. In order to develop a more reliable and high accurate method, the
contribution of scattered neutrons from the laboratory structure and of gamma radiation from
neutron generator to the detector signals as well as the energy spectrum of the neutron beam
should be carefully investigated.
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Fig. 3.3 The logarithm of the intensity ratio as a function of porosity

Table 1: Comparison of nominal and evaluated values of porosity

l\vet '-'•dry
(%)-

experiment

98.86+0.43

93.02+0.34

95.83+0.34

94.53+0.33

90.71+0.32

89.03+0.20

nominal
porosity

(%)

10.40+2.14

27.40+1.93

31.96+1.83

41.68+1.86

51.40+1.67

61.12+1.12

evaluated
porosity

(%)

6.03

36.35

20.85

28.14

48.16

57.32

deviation
(in percent

units)

4.37

-8.95

11.11

-13.54

-3.24

-3.80
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Table 1: Comparison of nominal and evaluated values of porosity

^wet' Mry
(%)-

experiment

88.14+0.19

85.38+0.29

82.59+0.31

79.00+0.31

nominal
porosity

(%)

70.84+1.06

80.56+1.62

90.27+1.75

100.00+1.89

evaluated
porosity

(%)

62.29

77.65

93.25

114.10

deviation
(in percent

units)

-8.55

-2.91

2.98

14.10

4. Possibility of high accuracy flow measurements with the pulsed neutron
activation method

This section presents a study of the possibility for improving the accuracy of water flow
measurements based on the pulsed neutron activation technique. The pulsed neutron activation
method (PNA) can be used for the measurement of fluid flow rate without introducing pertur-
bation into the flow. In flow rate measurement, the 16O(n,p)16N reaction is very useful tagging
reaction because of the combination of the fast decay of 16N (Ti/2 =7.13 s) and the high energy
of the emitted gamma-photons (E=6.13 MeV) which can be detected in the presence of lower
energy background. The transit time of the activated nuclei in flowing water from the activa-
tion site to the detector location can be evaluated from the time-resolved detector signal.

The possibilities and performance of water flow measurements with pulsed neutron
activation (PNA) have been investigated in the past few years within the project Flow Act at the
Department of Reactor Physics, Chalmers University of Technology. Whereas the proof-of-
principle was relatively easy to achieve, the accuracy of the method is not competitive enough
with the traditional flow measurement. The reasons of the inaccuracy and the possibilities of
improving the accuracy have been considered in the present work. The effect of different
parameters in the experimental set-up has been investigated such as: the effect of collimation of
a neutron source and detector on the time-resolved detector signals; the behaviour of the
background time distribution signal and the properties of water mixing as a function of distance
from the source as well as flow velocity. More details can be found in Paper III.

4.1 Experimental set-up

The 14 MeV neutron generator of type SAMES was used for the irradiation of water in a
specially designed test loop. An open flow loop was used during the experimental runs, which
was the same as the one used in the earlier work [13]. A schematic view of the piping system is
shown in Fig. 4.1. The accuracy of the flow calibration system, consisting of a weighing tank,
a scale and a quartz crystal timer, was better than 0.5%. Data acquisition system contains two
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detector counting lines, consisting a cylindrically shaped 2"x 2" BGO scintillator crystal and a
multi-channel sealer (MCS). The lower discrimination level of MCS was set at the energy of 4
MeV. Both the counting lines and the neutron generator were fed with a trigger signal for time
synchronization. A neutron monitor (Pilot B-scintillator) was used to record variations and
instabilities in the neutron yield from generator. In all the experimental runs the neutron pulse
length was 100 ms.

Fluid Container

Constant Fluid
Level Container

Flow Control
Valve

Switching
Valve

Detector 2 Detector 1 Neutron
Generatoi

1

Weighing
Tank

Recirculation
Container

Fig.4.1 Schematic view of the piping system

4.2 Measurement results and analysis

In order to achieve a good reproducibility of results, possible sources of error have to be
investigated. For reliable method of flow rate measurement, a signal with narrow time width and
good signal to noise ratio as well as an understanding of the structure of the background is
needed.

4.2.1 Collimation

The effect of a neutron and detector collimator on the width of the time-resolved detector
signals has been investigated. A paraffin collimator with length of 5 cm and slit width of 3 cm
was placed between the pulsed neutron generator and the pipe. Detectors with lead shield and
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lead collimator (length of 5 cm and slit width of 3 cm) were placed at the distances of 0.7 m and
1.5 m downstream a pipe. Fig 4.2. shows the time-resolved detector signal in the different
configurations at the same distance from a neutron source. The detector collimator confines the
detection area and narrows the time distribution, reducing the FWHM at 0.7 m from 2.50 s to
2.25 s. In this experimental set-up the loss in countrate due to the collimation is acceptable.

lOOOOr

9000 -

Det#1 at the distance of 0.7m

* without collimation
D detector collimation
O generator collimation
A detector+generator collimation

8 10 12 14
Time from neutron pulse (s)

16

Fig. 4.2 The time -resolved detector signal (ref.flow 11.25 cm/s)

However, the collimator of the neutron generator reduces the signal to background ratio.
Therefore, the configuration with the detector collimator and neutron generator without
collimation has been chosen as an optimal measurement configuration for the experimental runs
described in this paper.

4.2.2 Background time distribution

Since the background time distribution represents one of the main sources of inaccuracy
in the flow rate determination, the structure of it has to be considered. The PNA time spectrum
contains a background component due to activation and decay of material in the surroundings.
It is a non-trivial task to define and subtract this background from the data, partly because
difficulties in measuring and defining the background. Ideally the background would be
measured with the same neutron scattering as during an actual experimental run, but without
activating the water in the pipe. In our case, a background measurement was made with stagnant
water in the loop. Fig. 4.3 shows the time resolved detector signals due to the background at two
different distances from a neutron source. Apart from different amplitude both curves show an
exponential decay with ^=0.108 s"\ which is very similar to the A^O.097 s"1 of 16N, suggesting
that much of the observed background stems from the activation of 16O in the experimental set-
up and in the surroundings.
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i 20 r

100 :

x background at 0.7m
O background at 1,5m

20

10 15 20
Time from neutron pulse (s)

Fig.4.3 Background time distribution at different distances

4.2.3 Activation asymmetry and water mixing

The water in the pipe is activated in a non homogenous way due to the asymmetric set-up
of having the neutron generator on one side of the pipe. The velocity of the activated water
might differ from the average velocity of the water in the pipe if there exists a velocity profile
in the pipe, and if the mixing of the water is not instant.

Due to the high energy activation threshold at about 10 MeV a simple model is used to
describe the radial distribution of the activated water, as reported in [14]. The scattered neutrons
are neglected and only the uncollided neutron flux is considered for calculating the activation
rates. The PNA activation profile in a radial plane, assuming that the neutron source is
positioned on the peripherial of the pipe can be plotted as in Fig. 4.4. It is seen that the
significance of those nuclei close to the neutron source is pointed out because fluid nuclei are
preferentially activated on the side of the pipe close to the neutron source.

The radial asymmetry of the activated water during the transport has been investigated. A
good measure of the degree of radial mixing would be to compare responses from detectors
placed on the opposite sides of the pipe at the same distance from a source. Two detectors were
positioned on opposite sides of the tube, one on the same side as the neutron generator ('on-
side'), and the other one on the opposite side ('off-side'). The detector response was recorded
and the position of the detectors was swapped and then the measurement was repeated. Omitting
details given in Paper III, the relative efficiency of the detectors as well as the ratio of the
gamma intensity on the opposing sides of the pipe can be deduced from those measurements.
Fig. 4.5 shows the detector response ratios as well as the gamma intensity ratio on the opposing
sides of the pipe for some different distances from the neutron generator. The error bars shown



16 4. Possibility of high accuracy flow measurements with the pulsed neutron activation method

in the figure are related only to counting statistics. A linear background subtraction method was
used. At the used reference flow of 20 cm/s in a 10.36 cm diameter pipe, the Reynolds number
is about 20000, which indicates turbulent flow.

Fig.4.4 PNA activation profile in a radial plane

If the fluid is well mixed, both detectors should indicate the same relative activity. Fig. 4.5
shows that there exists an asymmetry in the radial distribution of the activated water which
indicates that the radial mixing of the activated water is incomplete. At larger distances from the
neutron source the relative intensity of activity is approaching to unity and closer to the
activation point the radial asymmetry increases. Measurement of the time position of the PNA
peak at both sides of the tube also shows a systematic difference in time with larger times for
the 'on-side' detector. This suggests that the activation is located in a laminar sublayer close to
the pipe wall where the water velocity would be lower and that the radial mixing of the activated
water is a relatively slow process. The results of the present measurements show that the mixing
is not perfect, thus in general the method will lead to the underestimation of the mass flow due
to the effect of the laminar sublayer close to the wall whose contribution to the total mass flow
will be enhanced in the measurements. This is in accordance with the results reported earlier
[15]. If the activated water is mainly located in such a layer, the measured velocity will be lower
than the average fluid velocity. This bias can be reduced by placement of the gamma detector at
larger distances from the source and on opposite side of the pipe. The correct simulation of the
incomplete mixing would contribute to a significant improvement of the simulation techniques
for producing the training data for the neural network that was used in the earlier stage of the
project [16] for the extraction of the water flow rate from the numerical simulation data.

An attempt was also made to measure the effect of the flow velocity on the water mixing.
However, the large differences in water velocity and time distribution of the PNA peak, make
the background subtraction more difficult than in the previous experiment. Generally, the
dependence of water mixing on flow rate is weak, compared to the dependence on distance.
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Fig. 4.5. Detector responses and gamma intensity ratio as a function
of the distance from a neutron source

4.2.4 Methodology of flow rate evaluation

The extraction flow rate data from the PNA measurements with a high accuracy is not a
trivial task because of the asymmetric effects in activation and detection processes as well as
difficulties in the background reduction. The evaluation of the mass flow rate from the
experimental data was made by the classical averaging methods, such as the <t>- and <l/t>-
methods in accordance with [13]. Both methods have been applied with linear and exponential
background reduction. In these simplified models it is assumed that only a thin plane of fluid is
uniformly irradiated across the area of the pipe, and that the induced activity is detected far
downstream for fully developed flow conditions. By assuming that the flow is uniformly mixed,
the velocity at the detector position is equal to the local cross-section averaged fluid velocity.
These assumptions imply that the evaluation methods have an inherent bias. However, the bias
can be decreased as a result of the quality of the measurement.

For the <l/t>-method estimation of the average flow velocity is based on the known
distance L between the activation site and the detector (or two detectors) location and the
average value of the inverse transit time given by the following equation

_ I h (5)
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where C, is the number of the detector counts recorded in the i'th channel, tt is the time after
irradiation in the i'th channel and X is the decay constant of the radioactive nuclide 16N. The
average (expected) time of the activity passing in the front of the detector can be expressed as:

(6)

A bias function, defined as relative difference between the estimated average flow veloc-
ity from experimental data and the reference flow velocity, has been used as an accuracy esti-
mator. The relative errors in estimated average flow velocity for different values of the
reference flow rate using the <t>- and <l/t>-averaging methods with linear and exponential
background reduction are shown in Fig. 4.6. Measurements were performed at the distances of
0.8 m and 1.5 m as a function of the reference flow rate. The figure show larger underestima-
tion of the water velocity close to the activation point. This is in consistency with what would
be expected if a large part of the error is due to incomplete water mixing. Further development
of the modelling of the water flow is needed to quantify these effects.
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