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Preliminaries and objectives of research

ITER [Ayma 02, ITER 14] marks significant progress towards future power plants
that use the energy produced by the fusion of deuterium and tritium. It is a large-scale
scientific experiment, which is aimed at demonstrating that the artificial fusion power
will be available for mankind in the near future. Because reasonably extractable tritium
resources are not available in nature, tritium has to be produced by the fusion reactor
itself in so-called breeding blankets, where neutron induced reactions generate tritium
from Li. In case of the ITER the so-called Test Blanket Modules (TBM) [Bocc 09] are
designed into some selected equatorial ports (special region of the vacuum vessel) in
order to demonstrate the tritium production and handling techniques. The diagnostics
developed to be built into the TBMs need to stand the extreme conditions inside the
TBM, such as the 800◦C temperature, high magnetic field, high γ- and neutron dose.
Therefore, the passive measurement techniques are preferred to be integrated. In my
thesis some of the passive neutron diagnostic methods were under the scope. Thus,
the following outline concerns the neutron activation techniques and the passive tritium
production rate (TPR) measurement techniques.

The activation foil is a general denomination, which refers to a small piece of mate-
rial containing primarily one component. In such a sample, the activity of the nuclides
produced via one principal nuclear reaction is measured in order to determine the neu-
tron flux. Sometimes this principal reaction is named as an activation foil. The value
of the cross section of a nuclear reaction changes to the extent of several orders of
magnitudes versus the energy. So, the measured activity of a foil provides information
corresponding only to a part of the neutron spectrum, which is usually described by the
concept of the response range (see the definition in Ref. [Czif 95]). Therefore, even
more foils having different cross sections are irradiated, the more detailed picture can
be obtained about the neutron spectrum. Nevertheless, the properties of the multiple
foil activation method [11] are the best to cope with the harsh environment inside the
TBM among the other neutron flux monitoring solutions.

The half-life of the product of the nuclear reaction applied to monitor the neutron
flux has significant influence on the uncertainties of derived quantities of an investigated
sample, such as the reaction rates, isotopic composition etc. Sima [Sima 93] described
the effects of the reactor noise on neutron activation analysis (NAA) [Gira 64, Gira 65]
results by applying the Markovian type autocorrelation function of the neutron flux
density. This theory is useful to investigate the processes having a time scale similar
to that of the flux fluctuations, which usually take place on a short time scale. Flux
variations having a longer time scale were investigated by Jacimović et al. [Jaci 12],
who introduced correction factors of NAA results to consider the linear decrease of the
flux. Therefore, during the selection of the monitor foils this effect needs to be also
taken into account.

Passive detectors dedicated to measuring another important property of the TBMs,
the TPR are Li-pellets, thermoluminescence detectors (TLD) and activation detectors
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with cross sections similar to the ones of the tritium producing reactions. The irra-
diated Li-pellets [Verz 96] are usually evaluated using the Liquid Scintillation (LSC)
technique [Haye 53, Dier 73]. LSC measurement performed in ideal conditions can be
always considered as a reference method because it directly measures the amount of tri-
tium through its β− decay. Usually LiF compound is used as a material for TLDs (see
Refs. [Shar 82, Poho 11, Poho 10]). In such a material the neutron dose is recorded
by the electrons trapped in luminescence centres, which are excited by the high en-
ergy charged particles originated to the 6Li(n,T)α and 7Li(n,n’T)α reactions [Fure 03].
Another TPR measurement technique is that, when not directly the tritium amount is
measured but the activity of an activation foil having a cross section (σ(E)) with sim-
ilar energy dependency to the one of the tritium producing reactions [Verz 07]. At the
domain of the thermal neutrons the 31P(n,γ)32P reaction can be used to monitor the
dominating 6Li(n,T)α reaction, while in the fast energy range the 7Li(n,n’T)α reac-
tion gets more contribution to the tritium production, which can be monitored by the
32S(n,p)32P reaction.

I have developed a new passive technique for TPR measurement, which is based
on the secondary charged particle activation method (SCPA) [Sher 56]. For sake of
clarity the term triton is used to distinguish the ionized, accelerated 3H particle from a
tritium atom. In this method a sample containing two main components is irradiated: a
target (in our case this is 6Li or 7Li), which produces tritons and a so-called indicator

nuclide, which has a relatively high cross section for an incoming triton. During the
neutron irradiation of such a sample, 6Li and 7Li produce tritium (primer activation).
The energy of the emitted triton is high enough to cause charged particle activation
reactions on the indicator nuclei (secondary activation), what results radioactive nuclei
(monitor nuclei). After being irradiated, the activity of the produced monitor nuclei,
which is proportional to the amount of generated tritium, can be determined using γ-
spectroscopy.

Goals

The scope of my PhD work was to develop passive measurement techniques to mon-
itor the neutron field and the neutron induced interactions in breeding blankets of a
fusion reactor. The elaboration of a new characteristic of an activation foil concerning
the relation between its cross section and the neutron spectrum was necessary for aim-
ing at selecting foils for an irradiation experiment. Another question to be answered
was, that if the neutron flux varying in time is monitored by an activation foil, then how
high is the influence of the half-life of the product of the nuclear reaction taking place
in the foil on the uncertainties of the quantities need to be determined in an investigated
sample, such as the reaction rates, mass of the components etc. Formulae had to be
worked out both for estimating the extent of such an uncertainty and to choose a mon-
itor foil or irradiation time matching to a specific experimental condition to perform a
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more accurate activation analysis. For TPR measurement a new passive technique needs
to be developed, which is a competitive alternative to the existing ones. Therefore, an
indirect method using the SCPA had to be tested both experimentally and with simula-
tions. The outcome of the research was requested to be a reliable, verified technique,
which can be integrated into the TBMs.

Investigation methods

The equations belonging to the subject of neutron activation techniques are applied
for activity calculations. The foil selection algorithm has been tested using the SULSA
unfolding code [Suda 89], which is based on the generalised least squares method
[Pere 77, Muir 86].

For investigating the TPR measurement potential of the SCPA method a series of
irradiations have been carried out in the Training Reactor of BME NTI. Two types of
samples were prepared: a mixture of powders which were compressed with a spindle
press for making pellets, and an aqueous solution of Li2CO3 which has been sealed
into quartz ampoules. The irradiations have been performed at the thermal irradiation
position of the rabbit (sample transport) system, and in the vertical irradiation channel
(G6/right/2). After the irradiations the samples were analysed by γ-spectroscopy using
a HPGe detector having a carbon-epoxy window. The tritium amount of the liquid
samples has been measured in the Laboratory of Environmental Studies of ATOMKI
in Debrecen using the 3H−

3He ingrowth method, where the 3He produced during the
storage time is measured by a static noble gas mass spectrometer (VG-5400).

The measured quantities of the SCPA related experiments were also calculated us-
ing the MCNPX [Pelo 05] Monte Carlo particle transport code, which is capable of
simulating the transport of both neutrons and charged particles, such as tritons. Simula-
tions have been performed for both the neutron field according to the irradiation exper-
iments in the Training Reactor, and the expected neutron field in the TBM. During the
modelling the ENDF/B-VI.1 [McLa 96], the ENDF/B-VII.0 [Chad 06], the FENDL-
3.0/SLIB (Release 4) [Trko 09], the JEFF-3.1.2 [Stat 11], the TENDL-2010 [Koni 10]
and the TENDL-2013 [Koni 12] data libraries were used.
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New scientific results

Thesis 1

I have defined the sensitivity range, which is such a domain of energy, where the
flux can be estimated with the lowest uncertainty by considering a specific nu-
clear reaction and the actual measurement conditions of a chosen activation foil.
Using this new characteristic I have prepared an algorithm which can suggest a
selection of foils, containing a predefined number of foils already amongst an
unlimited set, for spectrum unfolding. I demonstrated the usefulness of this algo-
rithm in practice using a spectrum unfolding technique based on the generalized
least squares method [1] & [6].

Thesis 2

I have set up a theoretical model to provide an upper-bound estimate for the un-
certainty of the reaction rates as integral quantities in NAA. This type of uncer-
tainty is originated to the variation in time of neutron flux, when the flux value
is determined by an activation (monitor) foil during the irradiation. Based on the
elaborated formulae one can determine a domain of the possible half-lives, which
has to contain the half-life of the chosen monitor foil to obtain a flux variation
related uncertainty less than a required value. If the flux takes its values only
within its uncertainty range determined by the direct measurement of the flux,
then the uncertainty predicted by the model will be the same, which proves the
self-consistency of the model [4].

Thesis 3

I have set up and experimentally proved a passive measurement technique aiming
at measuring the neutron induced tritium production on lithium target, which is
a new course of action in the experimental determination of the tritium breeding
ratio, a characteristic of the breeding blanket of a fusion reactor. The developed
procedure is based on the secondary charged particle activation (SCPA), where
the tritons produced in the primary 6Li(n,T)α reaction induce secondary reactions
on indicator nuclei, and the activity of such radioactive products is measured. I
prepared the samples of Li2CO3, MgO, S and LiAlO2 powders, and I designed
and planned the standard procedure for handling the materials and pelletising. I
irradiated samples made of both Li2CO3-MgO and Li2CO3-S powders in different
mixing ratios and LiAlO2 powders in the Training Reactor of BME. I observed the
26Mg(T,p)28Mg, 26Mg(T,n)28Al, 32S(T,n)34mCl, 16O(T,n)18F, 27Al(T,p)29Al and
18O(T,α)17N reactions in the activated samples using γ-spectroscopy and neutron
detectors. By the first four reactions I investigated the effect of the indicator/6Li
atomic ratio on the sensitivity of the determination of the tritium breeding
[2] & [7].
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Thesis 4

I have verified the adequacy of modelling in the case of the 26Mg(T,p)28Mg,
26Mg(T,n)28Al, 32S(T,n)34mCl and 16O(T,n)18F reactions by the simulation of the
transport phenomena in pellets using the MCNPX Monte Carlo particle trans-
port code. The tendency of the curves fitted to the experimentally determined,
normalized net peak areas, drawn in the function of indicator/6Li atomic ratios,
corresponded with the ones originated to simulations in the case of each nuclear
reaction. This finding is solid evidence that the difference between the measured
and simulated values originates only from the uncertainty of the cross sections of
the triton induced reactions. According to my simulations using the neutron field
calculated for the volume of the HCPB-TBM, I could give an estimate concern-
ing the expected reaction rates in the case of the operation conditions of ITER in
pellets already used within the experiments [2] & [7].

Thesis 5

Based on the analysis of the simulation results of the prepared pellets, I came to
a conclusion that the asymptotic peak area normalized by the pellet weight has a
maximum in the function of the indicator/6Li atomic ratio in the case of indicators
26Mg and 32S, while the tendency of the asymptotic peak area normalized by the
amount of the produced tritium is strictly increasing. In the case of 18F coming
from the 16O(T,n)18F reaction in Li2CO3-MgO powder mixture, the tendency of
the asymptotic peak area normalized by the amount of the produced tritium is
different, as it is monotonically decreasing. I could explain this effect with my
simplified model set up for describing the charged particle induced reactions.
This model points to the relation that an activity induced by a secondary particle
taking part in SCPA is proportional to the product of the density of the indicator
nuclei and the free mean path of the charged particle [2] & [7].

Thesis 6

I set up and executed a measurement procedure to precisely verify the calculation
of the reaction rate of 6Li(n,T)α reaction using MCNPX. I applied the combi-
nation of already known experimental techniques. During the experiment I irra-
diated an aqueous solution of Li2CO3 in hermetically closed quartz ampoules in
the thermal neutron field of the Training Reactor of BME. The amount of tritium
produced in the ampoules is measured with the T-3He ingrowth method at the
Laboratory of Environmental Studies of ATOMKI in Debrecen. I performed the
simulations in the case of the ENDF/B-VI.1 , the ENDF/B-VII.0 , the FENDL-
3.0/SLIB and the JEFF-3.1.2 data libraries. Thanks to both the high accuracy
measurement results and simulation outcomes with good statistics, I could deter-
mine the C/E ratios of these integral quantities in higher precision –with uncer-
tainties below 2%– than that found in literature in the case of the afore-mentioned
data libraries. The C/E ratios in turn obtained by myself are: 0.9242± 0.0181,
0.9462±0.0184, 0.9201±0.0188 and 0.9224±0.0179 [3], [8] & [5].
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