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Chapter 1

Introduction

1.1 The nuclear reactor

On December 2, 1942, Enrico Fermi demonstrated the first working nuclear
reactor in the football stadium at the University of Chicago, USA, see e.g. ref.
[1]. The construction of the first reactor followed after some years of intense
research and development, initially based on military reasons but, eventually,
with focus on developing nuclear power for civilian use and generation of
electric power.

As of December 31, 2000, 438 nuclear power reactors are in operation
worldwide. These reactors supplied about 2450 TWh of electric energy to
the power grid during the year 2000. Furthermore, during the same year,
31 power reactors were under construction. In total, 9820 years of operating
experience were established until the end of year 2000, see ref. [2].

1.1.1 Basic principles

The nuclear power reactor is based on the principle of a neutron induced,
sustained, fission chain reaction. Nuclear fission is the process in which
a nucleus breaks into two or more fission fragments. Besides the fission
fragments, beta and neutrino particles, prompt gamma-rays and neutrons
are emitted. The chain reaction is made possible by the fission neutrons,
i.e., in each fission, more than one neutron is produced which, in principle,
enables additional fissions. In the fission of one 2**U nucleus, about 200 MeV
of energy is produced. The fission fragments acquire about 80 % of this
energy, the remaining energy being distributed among the other particles
and emitted as radiation.

It is a well-known feature of the binding energy per nucleon that it exhibits
a maximum energy of about 9 MeV in a region around A = 60, see e.g. refs. [1,

9



10 CHAPTER 1. INTRODUCTION

3]. This fact implies that energy, in principle, is released when two light nuclei
are fused together while for heavier nuclei, energy is released when nuclei are
fissioning. From this arguing one would expect all nuclei heavier than about
A =100 to fission. The fact that such nuclei are observed in nature is due to
a subtle interplay between the Coulomb- and the nuclear forces acting within
a nucleus that prevent such nuclei to fission spontaneously. However, some
nuclei indeed fission spontaneously, which is due to the zero-point energy
of the nuclear motions which, through the quantum mechanical effect of
tunneling, causes a small probability of fission even below the activation
energy.

For some nuclei, so called fissile nuclei, e.g. 23U, 23°U and 23°Pu, capture
of a thermal neutron results in a compound nucleus that fissions. For yet
some other nuclei, e.g. #2Th and #*®U, fission is made possible by capture of
a fast neutron. The latter ones may also be transformed into fissile isotopes
by neutron capture reactions.

The two fission fragments produced in fission of *°U by thermal neutrons
are usually of unequal mass, with the lighter fragment in the range of mass
numbers 80-110 and the heavier mass in the range 125-150. Two maxima in
the fission fragment mass distribution are observed at mass numbers Ax95
and A~2140, respectively. For thermal fission of #*°U, the fission fragment
mass yield curve is shown in figure 1.1. The mass distribution of the fission
fragments is a function of the energy of the captured neutron; the asymmetry
observed for thermal neutrons disappears at higher neutron energies. For
90 MeV neutrons, a symmetric distribution of the fission fragments has been
observed [1].

Two neutron production mechanisms can usually be observed in conjunc-
tion with fission: Prompt neutrons emitted during the fission process and
delayed neutrons emitted from the decay of neutron-rich fission fragments.
The energy distribution of the prompt neutrons range from very low ener-
gies up to about 10 MeV, usually the distribution is described by either a
Maxwellian f(E) ~ /E/T? - exp (—E/T) or by a semi-empirical expression

of the form f(E) ~ C -exp(—FE/a) - sinh (\/b_E) The mean energy of the
prompt neutrons is about 2 MeV. The mean energy of the delayed neutrons
is about 0.4 MeV [1, 3]. In technical applications, the delayed neutrons are
usually divided into six groups where each group has a well-defined half life
of the delayed neutron precursors. The half life of these groups range from
0.2 s up to 54 s.
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Figure 1.2: Neutron reaction cross-sections for **3U. Data from [6].
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1.1.2 Technical principles

In order to obtain a chain reaction, the fast neutrons produced in fission
must be slowed down, “moderated”, into the region of thermal energy, where
the fission cross-section for ?*>U is large. This can be achieved by scattering
processes in various material. It is important that this moderation procedure
is rapid since the neutrons, in their passage from higher energies to low
energy, have to pass through the region of strong neutron capture resonances
in 238U, cf. figure 1.2. For this the uranium fuel has to be combined with a
moderator that provides a large energy loss in the scattering process.

Denoting the average logarithmic energy decrement in elastic scattering
by &, defined in equation 1.1, one may form a quantity £X,/%, that represents
a “figure of merit” of a moderator; i.e., the higher the value of this quantity,
the better is the moderator in thermalizing the neutrons. Here, ¥, ; are the
macroscopic absorption and scattering cross-sections, respectively. Table 1.1
shows values of this quantity for some materials. As may be seen from table
1.1, efficient moderators are D,O, C, Be, *He or H50.

fzm:1+(A—1)2_ln<A—1>

(1.1)

E' 2A A+1
Material | A £ £Y5/%,

'H 1 1.0

’D 2 0.726

‘He 4 0.425 83
SLi 6 0.299 | 0.0059
‘Be 9 0.207 143
1B 10 | 0.187 | 0.00062
12¢ 12 | 0.158 192
88U 238 | 0.0084 | 0.009
H,O 0.920 71
D,O 0.509 5670

Table 1.1: Characteristic parameters of some materials that may be used as
moderators in a nuclear reactor. Data from [1].

The basis for the design, control and operation of a nuclear reactor is
the distribution of the neutron flux density within the nuclear reactor. The
transport of neutrons can be described by the Boltzmann transport equation
1.2, which can be solved to yield the neutron flux density ¢ as a function of
position 7, direction Q, energy F and time t. The transport equation states
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the neutron conservation in an infinitesimal volume-energy-angle element. It
is a linear equation since neutron-neutron collisions are assumed insignificant.

(F, G t) ¥, (F, G -G, F - F, t) dYdE"
Wl [ [ (1 - ) v (7, B) ¢ (7.0, B 1) 5, (7, BV, t) dVdE
4

0
£ XX (B) NG (7 8) + 5 (7,9, B, t)
J

Q-ﬁ+E(F,E,t)]¢(F,Q,E,t)
J

Here,
e ¢ is the neutron flux density,

e Y. is the double differential cross-section, i.e. the probability that a
neutron is scattered into the element dV dQ)dFE,

e X, is the energy distribution of prompt neutrons, normalized to unity,

e 3 =73 Bj, where f3; is the fraction of neutrons born in fission that arise
from ]decay of the j group of precursors,

e v is the average number of neutrons born in fission,

e X, is the double differential fission cross-section,

e C; is the average density of precursors in the j group with the corre-
sponding decay constant A\; and energy spectrum y;,

e S is the angular source density of independent neutron sources.

The fission reaction results in production of neutrons that may induce
further fissions in a chain reaction. Control of the reactor is based on con-
trolling the fission chain reaction. Denoting the multiplication of the number
of neutrons generated in the chain reaction by k, see equation 1.3, the chain
reaction is super-critical, critical or sub-critical if kis > 1, =1 or < 1, re-
spectively. A nuclear reactor is maintained at £ = 1 in order to have a steady
state generation of neutrons and, hence, electricity.

b Number of neutrons in generation (n + 1)

(1.3)

Number of neutrons in generation n

Calculation of the multiplication factor k is based on following the life
cycle of a neutron produced in fission, as is depicted in figure 1.3. Considering
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first an infinite system, the multiplication factor is calculated by the 4-factor
formula in equation 1.4.

koo = nepf (1.4)

n is the thermal fission factor which is defined as the ratio of the rate
at which neutrons produced by thermal fission to the rate at which
thermal neutrons are absorbed in the fuel:

E.
| [ vEs (7, B) ¢ (7, B) dEAV
p = Cell ?E (1.5)
f f EaF (FaE)¢(F7E) dEdV

Cell 0

Here, E. is the boundary between the slowing down energy region and
the thermal region (often taken to be 1 eV), v is the average number of
neutrons released in fission, ¥,z is the macroscopic absorption cross-
section for the fuel and ¢ (7, E) is the neutron flux density at energy
E in the space point 7. The volume integration is performed over the
unit cell.

€ is the fast fission factor, which is defined as the ratio of the total number
of neutrons produced by all fission, to the number of neutrons produced
in thermal fission:

J OfovEf (7, E) ¢ (7, E) dEdV
€= (1.6)

J 7 v, (7, E) ¢ (7, E) dEAV

Vi 0

Here, Vi is the fuel volume within a unit cell.

p is the resonance escape probability, which is defined as the probability
that a neutron produced in fission will escape capture in the resonance
energy region:

[T % (7, E) ¢ (¥, E) dEdV
p=1- Cell]%‘; (L.7)

[ 3. (7, E)¢ (7, E)dEdV

f is the thermal utilization factor, which is defined as the ratio of the
thermal absorption rate in the fuel to the total thermal absorption
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[ [ 2. (7, E)¢ (7, E)dEdV
Cell 0
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(1.8)

For a real nuclear reactor, which is finite, k., is modified to take into

account neutrons which leak out of the reactor. For this correction, two fac-
tors Ay, denoting the probabilities that neutrons do not leak out while being
fast (Ay) and thermal (A;), respectively, are introduced. The multiplication
factor for a finite system is thus written as:

Cross section [barn]

k= koA = nepfArA\,

10° 3

Z—

p: Not resonance capture

10* 3

f: Thermal capture

_1 I o i
10 ‘
10" 10° 10° 10® 107 10° 10° 10*

Energy [MeV]

¢: Fast fission

10° 102 10" 10° 10’

Figure 1.3: The life cycle of neutrons in a nuclear reactor and factors used
in the 4-factor formula, equation 1.9. Absorption cross-section data from
figure 1.2 are included.

Most light water reactors (LWR) in operation today are based on using

uranium enriched to a few percent. The uranium fuel is normally placed in
fuel rods that are distributed throughout the reactor core in a heterogeneous
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pattern. The coolant, which also is the moderator, is flowing through the
pattern of rods. The lumping of fuel into rods was first suggested by Fermi
to increase the multiplication factor k. This increase is due to two reasons:
1) Fast fission neutrons will escape from the fuel and slow down by scattering
in the moderator. Using appropriate spacing between the fuel rods, the neu-
trons are thermalized just before they enter into an adjacent rod where they
may induce further fissions. 2) Neutrons that are slowed down to resonance
energies near the surface of the fuel rods will be absorbed in the outer layers
of the rod. This will decrease the neutron flux of resonance energy neutrons
within the rod and, subsequently, the effective resonance absorption of the
rod is reduced compared to that of an equivalent homogeneous mixture.

Since the purpose of the reactor is to produce heat, fuel rods used in a
reactor should have a high thermal conductivity and a high melting point.
Furthermore, the fuel should have a high resistance against radiation damage,
corrosion and be chemically inert. For these reasons, the uranium based fuel
is made of ceramic UOs. To further enhance the mechanical stability of the
fuel and to prevent fission products from escaping into the coolant, the UOq
rods are encapsulated in a cladding of a Zirconium based alloy, which has a
low neutron absorption cross-section and a good mechanical strength.

For safety reasons, as well as for control purposes, special control rods
are used in the core. The control rods contain a highly neutron absorbing
material such as boron, e.g. boron carbide B,C powder, in order to control
the multiplication factor of the core. In boiling water reactors (BWR), the
control rods are made in the shape of a cross that fits in the center of four
fuel assemblies. In pressurized water reactors (PWR), the control rods are
placed in a number of positions in the fuel assembly.

A nuclear power plant is a highly complex installation which has been
designed with great care. However, the principle of its operation is simple:
The heat generated in the fission process is removed by a circulating coolant
and subsequently used to generate steam which, in turn, is fed to a turbine
system to produce electricity. This is illustrated in figure 1.4. In BWRs,
steam is generated within the reactor core, which is fed to the turbine sys-
tem. In PWRs, the pressure within the reactor vessel is so high that steam
normally is not generated, instead the heated water is fed through a heat
exchanger, where steam is generated and fed to the turbine system.

The control of the thermal power load in the core is performed in principle
in the following manner:

1. During start-up, neutron absorbing control rods are removed from
the core in sequences to enable the fission process to maintain a self-
sustained chain reaction. The control rods are withdrawn from the
bottom in a BWR (since steam used for electric generation is removed
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from the top) and from the top in a PWR.

2. During the irradiation cycle, the power level is controlled by varying
the flow of moderator/coolant through the core. In a PWR, the con-
centration of boron in the coolant is also used for controlling the fission
rate.

3. During shut-down, the power level is naturally decreased when the crit-
icality of the core drops below one. The fissionable material in the core
has been consumed during the irradiation period and its concentration
becomes too low to sustain the chain reaction.

Figure 1.4: The general principle of a nuclear reactor. 1) Core. 2) Control
rods. 3) Steam. 4) Feed to turbine. 5) Turbine. 6) Generator. 7) Power
grid. 8) Coolant intake. 9) Feedback to core from the condenser.

1.2 The nuclear fuel cycle. Safety

The nuclear power industry in Sweden is based on the uranium-plutonium
fuel cycle which is briefly described here in order to put the measurement
techniques described in this thesis into context. Figure 1.5 summarizes the
Swedish once-through! nuclear fuel cycle. Some nuclear fuel is manufactured
within the country but it is not specifically targeted to the Swedish fuel

LCalled “once-through” since no reprocessing is performed.



18 CHAPTER 1. INTRODUCTION

cycle. Also noted in the figure are points in the fuel cycle where techniques
mentioned in this thesis have been studied.

Mining
Conversion
[ =
Enrichment Disposal

[ )]

\\ // Encap-

Fabrication — sulation

O LwR | P Interim
operation = storage

Figure 1.5: The nuclear fuel cycle. The small circles mark where techniques
mentioned in this thesis have been studied. This figure is based on information

from ref. [7].

Ore mining and fuel fabrication

The fuel used in the Swedish fuel cycle is made of uranium mined elsewhere
in the world. Large uranium mining sites are currently to be found in Africa,
Australia, Canada and USA. After the excavation, the uranium is converted
into uranium hexafluoride, UFs. The 2*U content in UFg is enriched to
a few percent, compared to the fraction in natural uranium that contains
about 0.72% ?*U and 99.27% 2**U [8]. The enriched UF¢ forms the basis
of fabrication of UO, ceramic and sintered pellets which eventually are put
into fuel rods. These rods are combined into fuel assemblies, see figure 1.6.
As an example, Westinghouse Atom AB in Sweden produces about 400 tons
of UOy fuel for LWRs per year [9].
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Figure 1.6: Sketch of a PWR nuclear fuel assembly from Westinghouse,
courtesy of ref. [10].

In-core utilization of the fuel

In Sweden, eleven nuclear power reactors are in operation at the time of
this writing, eight BWRs and three PWRs. The total power installed is
9819 MW, and the annually production of electricity from nuclear power is
54.8 TWh? or about 45% of the total amount produced. This electricity
production results in 150-200 tonnes of spent fuel annually.

While the fuel is irradiated in the core and shortly afterward, the heat
produced in the fuel must of course be adequately cooled off by means of the
coolant /moderator. Even after long cooling times, the produced decay heat
can still be significant. The decay heat is further discussed in sections 2.1.3
and 4.1.2.

In the Swedish nuclear fuel cycle, the fuel is typically irradiated in the
reactor core during 3-6 cycles, with irradiation periods of about 10-11 months.
Between each irradiation period, there is a shutdown period when re-fueling,

2During the year 2000. From Statistics Sweden, Statistical Notices.
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re-ordering of fuel bundles within the core, and maintenance of the reactor
and other systems are performed.

Spent fuel management

The nuclear fuel removed from the reactor core after irradiation is stored at
the reactor site and cooled for about one year after which it is transported to
the interim storage CLAB in Oskarshamn, Sweden. The spent fuel is stored
temporarily in CLAB for about 30 to 40 years before transportation to the
site of the final storage. Here, the fuel will be encapsulated and stored in a
deep geological repository [11]. At all stages during the process, a high level
of security as well as safety is of great importance.

1.3 Scope of the thesis

For reasons of safety and efficiency, knowledge of the behavior and charac-
teristics of the nuclear fuel during operation is needed. Also, in all storage
locations in the nuclear fuel cycle, the properties of the fuel must be ade-
quately known in order to obtain a safe and secure storage. Characterization
of the fuel is therefore needed throughout the fuel cycle.

Computer codes are normally used to calculate the characteristics of the
nuclear fuel. The very strong demands put on the quality of the calculated
results necessitate experimental validation and verification of the codes for
the nuclear operation, for the interim storage and for the encapsulation plant.
Further on, safeguard issues raise the need for verification of calculations of
the fissile contents in the fuel.

The measurement techniques presented in this thesis have been developed
with the goal to determine, with high accuracy, various parameters of the nu-
clear fuel. Non-destructive measurement methods utilizing radiation emitted
from the fuel are shown to be valuable tools for characterization of nuclear
fuel. Specifically, methods have been developed for accurate determination
of the thermal power distributions in nuclear fuel assemblies by gamma-ray
tomography. Also, methods have been developed for determination of bur-
nup, the decay heat and fission gas release in a fuel assembly by means of
gamma-ray spectroscopy.



Chapter 2

The nuclear fuel

The nuclear fuel cost is a major expense in nuclear power, representing about
15-20 % of the total cost of generating electricity from nuclear power, see ref.
[12]. Therefore, substantial efforts are put into optimizing the performance of
the fuel, in order to maximize the power output within safety limits. Various
improvements regarding physical dimensions of the fuel, cladding and spacers
are a continuing effort among fuel producers. Also, the composition of the
material in various components of the fuel is an important research area.
With increasing competition on the power generation arena, the need for
more efficient and accurate characterization methods is increasing as well.

In this chapter some parameters of the nuclear fuel are defined. Further
on, the radiation emitted from the fuel, that may be used for characterization
of the parameters defined, is discussed.

2.1 Some fuel parameters and their signifi-
cance

Several parameters of the fuel are of interest both for general characterization,
e.g. in conjunction with core physics calculations, and for verifying irradiated
fuel, which is a concern of the international safeguards. In this section such
parameters will be presented and discussed to some extent.

Verifying parameters of an assembly such as burnup and cooling time
(which will be defined later on in this section) is an important task for safe-
guard inspectors since a falsified or erroneous declared value may indicate
activities at the facility that have not been accounted for, e.g. handling of
fissile material outside the scope of the safeguards agreement.

Values of some of the fuel parameters such as burnup, decay heat and
concentrations of various isotopes in the fuel matrix can be obtained from
calculations. In such calculations, a homogeneous model of the nuclear fuel

21
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Parameter and notation Values
used in this thesis

enrichment (¢) 1.5-4 wt%
void history ~50 % (BWR)
burnup (/) 20-50 GWd/tU
power history 3-6 cycles
cooling time (7') 0-50 years
decay heat (P) 0.1-1 kW (BWR)

Table 2.1: Some fuel parameters and typical values in Swedish nuclear fuel.

is often used in order to simplify the procedure. The time dependence of
isotope production and depletion in a homogeneous medium is calculated
by developing solutions to equation 2.1, where /N; is the concentration of a
particular nuclide 7.

dN;
dt
When the right hand side of equation 2.1 contains radioactive disintegra-

tion and neutron capture and fission, the time rate of change of a nuclide ¢
is written as:

= Formation Rate — Destruction Rate — Decay Rate (2.1)

dN;
d—tz =Y i iNjb + 0cimiNimid + NN — 0 Nip — 0ciNip — NiN; - (2.2)
J

Here,

° (Zj ’yjiaf,ijqﬁ) is the yield rate of IN; due to the fission of all nuclides NV,

0ci—1N;—1¢) is the rate of transmutation into IV; due to capture in N; i,

AXiN7) is the rate of production of N; due to decay of N/,

o7,iN;$) is the destruction rate of N; due to fission,

0¢;:Nip) is the destruction rate of N; due to other forms of capture: (n,y),
n,a), (n,p), (n,2n) and (n,3n),

[}
—~ —_~ —~ —~ —~

AilN;) is the decay rate of NV;.

74 is the fission yield,

oy is the microscopic fission cross-section,
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0. is the microscopic capture cross-section,

N; is the concentration of a particular nuclide i,

¢ is the space-energy-averaged neutron flux density,
e )\; is the decay constant of nuclide i,

Several codes exist which solve equation 2.2, see e.g. refs. [13, 14]. In this
work, calculations have been performed using the ORIGEN computer code,
developed at Oak Ridge National Laboratory (USA). This code is capable
of calculating the dynamics of the isotope production and depletion as the
fuel is irradiated in the reactor. The code is part of the SCALE package [15]
which is used in computer analyses for licensing.

In ORIGEN;, a space-energy-averaged neutron flux density ¢ is used to-
gether with flux density-weighted averaged cross-sections oy and o, in order
to solve equation 2.2 for a homogeneous medium. Equation 2.2 is the basis of
a system of first-order linear differential equations and is solved in ORIGEN
by the matrix exponential method, in which the time evolution is calculated
by discretizing the time in small time intervals A¢t. The neutron flux den-
sity and the cross-sections are assumed to be constant during At¢. The flux
density and cross-sections may, however, be updated between the time in-
tervals in order to take into account parameters that are not included in the
homogeneous model, e.g. lattice effects and void.

The ORIGEN code uses condensed cross-sections in a homogeneous model,
which implies that the calculation of the integrated cross-sections is a source
of uncertainty in the model. Furthermore, the uncertainties of the basic
cross-sections add further uncertainty to the final result. Ref. [16] reports
results from validations performed with the code; for most nuclides in the
isotopic inventory, the uncertainties were in the order of 5%. For some ac-
tinides, e.g. americium, curium and neptunium, the uncertainties were in the
order of 20%. Updating the condensed cross-section libraries with new data
is an on-going effort pursued by the ORIGEN code developers [17].

2.1.1 Burnup

Burnup (/) is a measure of the amount of energy produced in the fuel and
two definitions are used: 1) The number of fissions per 100 heavy nuclides
(with mass number > 232) initially present in the fuel, expressed in percent.
2) The integrated energy release from fission of initially present heavy nu-
clides, usually expressed in the unit GWd/tU. The two definitions are related
through a factor describing the effective energy released per fission, i.e. about
200 MeV, as indicated in equation 2.3.



24 CHAPTER 2. THE NUCLEAR FUEL

The first definition is often used for dissolved irradiated fuel while the
second definition is used in non-destructive assay (NDA) of spent fuel and
for power reactors. Typical values on the burn-up are displayed in table 2.1.
The burnup can be obtained from measurements of the concentration of a
fission product as suggested by equation 2.3.

B=E - T (2.3)

where

N is the number of nuclei produced during irradiation per mass of initial
heavy metal, of the selected burnup indicator.

Y is the average fractional fission-yield.
E is the average energy released per fission.

N/Y is the number of fission events during irradiation, per mass of initial
heavy metal.

The number of nuclei NV, i.e. the concentration of a fission product, may be
measured using gamma-ray spectroscopy, whereby the intensity of gamma-
rays emitted from the fission product is a measure of the concentration. This
procedure will be further discussed in chapter 4.

For safeguard purposes, the principal goal of spent fuel assay is to deter-
mine the contents of fissile materials in the bundle. The fissile content, e.g.
the concentration of Pu, is related to the burnup of the fuel, therefore non-
destructive techniques for experimental determination of the fuel burnup are
important features of the IAEA safeguards.

2.1.2 Cooling time

The cooling time of a nuclear fuel assembly is defined as the time elapsed
since the end of the last irradiation.

The cooling times encountered in this work, during measurements per-
formed on Swedish spent fuel, range from a few months to up to about 20
years. This can be compared to the expected cooling time of 30-50 years at
the time when the fuel is to be encapsulated for deep geological storage.

2.1.3 Decay heat

Radioactive isotopes are produced by the neutron irradiation of the fuel dur-
ing operation. The decaying isotopes within the fuel matrix produce decay
heat due to absorption of particles and electromagnetic radiation emitted in



2.1. SOME FUEL PARAMETERS AND THEIR SIGNIFICANCE 25

the radioactive decay. The decay heat can be calculated using, for instance
the ORIGEN code [18, 19]. Figure 2.1 shows time evolution of the decay
heat produced in a typical BWR fuel assembly.

As indicated in figure 2.1, the residual thermal power in a typical BWR
assembly drops from about 75 kW to about 0.2 kW between one hour and
40 years of cooling time. For a PWR assembly, the residual thermal power
follows the same behavior as for a BWR bundle but is scaled by roughly the
mass of the fuel, i.e. about a factor of 3.

10° ¢

10*
10° ¢

102 ¢

Total decay heat [W]

10" ¢

107

10

Tyl

Figure 2.1: The time evolution of decay heat produced in a nuclear fuel
assembly. Calculated with ORIGEN-S [19] for @ BWR 8x8 fuel assembly
with 3% initial ** U enrichment and with burnup 40 GWd/tU distributed
equally over four fuel cycles.

A summary of the most important contributions to the decay heat for
fuel with cooling time above ten years, calculated using the ORIGEN code,
is shown in table 2.2. Some elements are long-lived and contribute to the
decay heat for decades while other elements dominate the decay heat at short
cooling times up to a few years.

After about 40 years of cooling time, i.e. at the time when encapsulation
is expected, heavy elements and actinides produced in the irradiation process
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T [y] 10 15 20 25 30 35 40 45 50
990Gy 53 55 54 52 51 49 47 45 4.3
N0y 25.3 26.0 25.6 24.9 24.1 23.3 224 21.5 20.6
134Cg 49 1.1 02 00 00 0.0 00 00 0.0
137Cs 78 81 80 79 77 75 72 70 6.8
137TBa™ | 26.1 27.0 26.8 26.3 25.6 24.9 242 234 225
154 Ey 24 18 14 10 07 05 04 03 0.2
238py 88 98 10.5 11.1 11.7 123 129 134 13.9
239py 0.7 08 09 09 10 11 12 13 14
240py 1.3 16 1.8 19 21 23 25 27 30
2MAm | 46 70 93 11.4 135 156 176 19.7 21.8
24Cm | 108 104 95 86 78 71 63 57 5.1

Table 2.2: Main contributors to the decay heat as a function of cooling time
(T ), in percent. Calculated with ORIGEN-S [19] for a BWR 8X 8 fuel assem-
bly with 3% initial **> U enrichment and with burnup 40 GWd/tU distributed
equally over four fuel cycles.

contribute by about 40% to the decay heat, mostly due to « decay, and this
contribution increases with time due to their long half-lifes. Fission products
contribute with about 60% to the decay heat, mostly by means of § decay and
v de-exciation. This contribution decreases with time. Elements produced
from irradiated construction materials in the fuel, e.g. °°Co, do not contribute
significantly to the decay heat.

2.1.4 Void fraction

Void fraction is defined as the volume fraction of the coolant (water in LWR
reactors) in the gas phase. The presence of void is a typical design feature of
BWRs. The mass density (p) of the mixture between a liquid coolant and a
coolant in the gas phase can be written as p = p,a+p; (1 — «) where « is the
void fraction, p, is the mass density of the gas and p; is the mass density of
the liquid. For a BWR operating at 70 bar, the values of p, and p; are about
37 kg/m? and 740 kg/m? respectively. The void fraction is often summarized
as an average value of the entire irradiation time. The average value is then
called “void history”. Typically, the void history value is about 50%.

The relatively large span of void fractions possible in a BWR implies a
large effect on the moderating conditions and consequently a large effect on
the build-up of plutonium, burning of fissile material and the build-up of fis-
sion products. Uncertainties attributed to the void fraction is one of the main
contributions to the total uncertainty obtained in reactor core calculations
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of e.g. power distribution, in and reactivity of, the fuel assembly.

2.1.5 Enrichment

The initial enrichment is defined as the fraction of uranium atoms that consist
of 25U in the fuel matrix. It is usually expressed in percent by weight. The
uranium of the fuel is enriched in ?**U to between 1.5-4 percent by weight as
compared to natural uranium that contains 0.72% #3°U and 99.27% 2**U [8].
Current development of nuclear fuel is aiming at higher enrichments to meet
increasing demands of energy out-take per fuel element. The world-wide
average enrichment is predicted to increase from 3.35 % in 1990 to 3.85 %
by the year 2010 [20].

The initial enrichment is an important variable parameter when designing
nuclear fuel bundles. The rate of build-up and burning of fissile material in
the fuel matrix is strongly dependent on the shape of the neutron spectrum,
which in turn depends strongly on the distribution of void (in BWR reactors)
and the control rods. A careful design of the distribution of enrichment,
makes it thus possible to obtain a more homogeneously distributed power
out-take compared to the case with constant enrichment.

2.1.6 Irradiation history

The irradiation history of a fuel assembly is defined as the burnup as a
function of time, while the fuel assembly was in the reactor core. If the
nuclear fuel has been subject to an unusual irradiation history, e.g. if it
has been irradiated in a low flux density of neutrons for long periods, the
production rate of e.g. plutonium is higher than during normal irradiation
periods. The ability to detect such an unusual irradiation history is valuable
for international safeguards. This is discussed briefly in section 4.1.1.

2.1.7 Contents of fissile materials

Initially, the fuel consists of UO,. During irradiation, processes such as neu-
tron capture and (- and a-decay produce various concentrations of fissile
material, depending on parameters such as irradiation history, neutron en-
ergy spectrum and void fraction in the core. Figure 2.2 shows the mass of
235U and #Pu as a function of time in a typical BWR fuel assembly.

2.1.8 Fuel integrity

Fuel integrity is important for two reasons. First, it is important that the fuel
rods remain intact during fuel handling and during operation in the reactor
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Figure 2.2: The time evolution of the mass of the fissile isotopes **° U and
9Py in a nuclear fuel assembly. Calculated with ORIGEN-S [19] for a
BWR 8x8 fuel assembly with 8% initial **>U enrichment and with burnup
40 GWd/tU distributed equally over four fuel cycles.

core. Second, it is a significant effort for safeguards authorities to verify the
completeness of fuel rods in a fuel assembly against operator declared data.
In this work, the term integrity is used in connection to the second reason,
when discussing missing rods in a fuel assembly.

TAEA Safeguards Criteria [21] use the term defect as the “difference be-
tween the declared amount of nuclear material /.../ and the actual amount
present”. Three types of defects are specified:

1. Gross defect for a nuclear assembly for which the declared data have
been falsified to the maximum extent possible, i.e. with all rods missing
or replaced by dummys.

2. Partial defect when a considerable fraction of the fuel rods are wrongly
declared.

3. Bias defect when a small fraction is wrongly declared, e.g. a few indi-
vidual rods in a fuel assembly are missing or replaced.
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Measurement methods for verifying fuel integrity of the partial and bias
defect level have been developed during the course of this work. These are
further discussed in sections 4.2.2 and 4.3.

2.2 Nuclear fuel as a radiation source

The isotopes of uranium are weakly radioactive and decay via a-decay and
spontaneous fission with long half lives: 7-10% y and 4.5-10° y for 23°U and
2387 respectively [8]. During irradiation, processes such as fission and neu-
tron capture reactions produce many radioactive isotopes, see for example
figure 2.3. Most of the fission products produced have short half lives and
decay within a few seconds. Some fission products, though, have life-times
ranging from the order of days up to several years and decades. See table
2.3.

After irradiation, no direct buildup of radioactivity takes place and the
total radioactivity decreases with time. Some radioactive isotopes are still
produced, however, mainly via decay. As an example, figure 2.3 shows the
activity of various isotopes as a function of time in a typical BWR assembly
as calculated using ORIGEN-S.
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Figure 2.3: The time evolution of some gamma activities (top) and neutron
sources (bottom) in a BWR nuclear fuel assembly. Calculated with ORIGEN-
S [19] for a BWR 8x8 fuel assembly with 3% initial **U enrichment and
with burnup 40 GWd/tU distributed equally over four fuel cycles.
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2.2.1 Gamma radiation

During irradiation, a vast number of fission products are produced in the
fuel matrix. In practice, however, only a few are of interest for diagnostic
purposes, since most of the fission products have short half lives. Table 2.3
lists some isotopes that emit gamma-radiation, together with their fission
yield. The activities of these isotopes in a typical fuel assembly are shown in
figure 2.3.

Within the order of days up to a year after irradiation, the isotopes >Nb,
%7y, 18Ru, Ru, "'Ba and '*'Ce are available for measurement. Years
after irradiation, the short-lived isotopes have decayed and the gamma-ray
spectrum is dominated by *Cs, ¥*Eu and 3"Cs.

The production path and decay scheme of some of the isotopes displayed
in table 2.3 are shown in figures 2.4 and 2.5. Decay schemes for some isotopes
are shown in figure 2.6. The isotopes *°Zr, '%Ru, 37Cs, *°Ba and '*'Ce
are produced directly from the beta decay of precursor fission products, see
e.g. the path for 3"Cs. This is not the case of ¥*Cs and '**Eu since they
are only to a small extent produced directly from fission. The cumulative
thermal fission yields of ¥7Cs and 'Eu are 6.19-1072 and 1.94-107% per
fission, respectively [4]. For '3*Cs, the thermal fission yield is negligible.
Instead, the production involves series of (n,y) reactions and beta decays,
as shown in the figures. Due to their relatively complex way of production,
the buildup of ¥*Cs or '®Eu is dependent on the neutron spectrum in the
reactor and thus on the initial enrichment of the fuel and void.
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Figure 2.4: Main production path and decay chain for 13+ Cs and 13" Cs. Half-
lifes are from [8] and thermal (2200 m/s) neutron-capture cross-sections,
printed on top of the horizontal arrows, are from [2/]. Stable isotopes are
underlined.

) The resonance integral cross-section in '3 Cs of 421 barns [24] is a signif-
icant contribution to the production of **Cs.
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Figure 2.5: Main production paths for '®*Eu. The half-life for “** Pm™ is indicated within parenthesis. Half-lifes are
from [8] and thermal (2200 m/s) neutron-capture cross-sections, printed on top of the horizontal arrows, are from [24].
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Figure 2.6: Decay schemes for some gamma emitters encountered when
performing measurements on nuclear fuel. Only the energies listed in table
2.3 are given, (in keV).
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2.2.2 Neutrons

In the spent fuel matrix, three reaction types are the main sources of neu-
trons: Spontaneous fission, induced fission and (o,n) reactions. Other re-
actions such as (n,2n) and (7y,n) are also possible but contribute less due
to small cross-section.Table 2.4 shows concentrations of the most common
neutron emitting isotopes in typical spent fuel.

Figure 2.8 shows the major production paths of transuranic isotopes in the
fuel matrix. The neutron signal from spent fuel is dominated by neutrons
from isotopes of curium. Shortly after shutdown of the reactor, the most
significant neutron emitter is ?*?Cm and after several years of cooling the
neutron source is dominated by 2#*Cm. These two isotopes emit neutrons by
means of spontaneous fission for which the energy distribution f(E) of the
emitted neutrons often is described by Watt’s function according to equation
2.4, where a and b are parameters, specific for each isotope as shown in table
2.4. Figure 2.7 shows Watt’s distribution for some isotopes.

f(E) = Ce /" sinh (VbE) (2.4)
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Figure 2.7: The spontaneous fission neutron energy spectrum according to
equation 2.4, for some isotopes. The energy spectra f(E) have been normal-

ized so that Tf(E)dE =1.
0

Isotope T )s a b C Neutron-rates [s!]
[MeV]  [MeV™!] Spont. fission | (a,n)
240py 6.56(2) ky | 0.799 4.903  0.268 6.2-10° 9.3-10*
242py 373.3(12) ky | 0.834 4.432  0.279 3.0-10° 3.8-10
22Cm 162.8(2) d 0.891 4.046 0.271 8.8-103 1.8-10°
24Cm 18.10(2) y 0.906 3.848  0.279 6.2-107 4.7-10°

Table 2.4: Typical neutron sources in nuclear fuel. Half-lifes are from [8].
Parameters a and b for Watt’s fission energy spectrum f(E) for spontaneous
fission of some isotopes, from [26]. The normalization parameter C was

calculated so that Ofof(E)dE = 1. The spontaneous fission and (a,n) rates

0

i a typical BWR with a cooling time of 30 years are shown. Calculated
with ORIGEN-S [19] for a BWR 8x8 fuel assembly with 3% initial *3°U
enrichment and with burnup 40 GWd/tU distributed equally over four fuel

cycles.
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Figure 2.8: Main production paths and decay chain for the transuranic elements most commonly found in the nuclear
fuel matriz. Half-lifes are from [8] and thermal (2200 m/s) neutron-capture cross-sections, printed on top of the
horizontal arrows, are from [25]. *) The two first isomers of > Am have half lives of 141 y and 14.0 ms, respectively.



Chapter 3

Measurement techniques

3.1 Gamma radiation detector systems

In general, high count rates may be preferred for two reasons in gamma-ray
spectroscopy measurements: 1) Measuring weak activities in the presence on
strong peaks may require a high count rate. 2) Limited time to perform the
experiment may require fast counting. Specifically, for studies of nuclear fuel,
both reasons are often the case.

3.1.1 Detectors

Two types of gamma radiation detectors are widely used in the field of
non-destructive assay of nuclear fuel: Scintillation detectors (e.g. Nal(Tl)
or BGO) and semiconductor (e.g. high-purity germanium) detectors.

In this thesis, two applications involving gamma-ray measurements are
described (in chapter 4): Gamma scanning and tomography. For the first ap-
plication, the intensity of the gamma-ray flux density from certain isotopes is
measured using high-resolution gamma-ray spectroscopy. High energy resolu-
tion is often needed in this case due to a relatively complex energy spectrum.
A germanium detector has therefore been used in this application.

In the second application, the energy spectra measured are dominated
by one peak (from '*°Ba at 1596 keV), implying that a smaller and less
expensive scintillation detector can be used. Peak efficiencies of scintillation
detectors are comparable to germanium detectors and the count rates that
may be achieved using a scintillation detector system are at least as high. In
the tomography application, the detectors are placed relatively close to the
fuel assembly, implying a varying temperature of the detectors. Therefore,
special attention was paid in order to measure and stabilize the temperature.

Both applications are subject to time constraints, set by the nuclear fa-

39
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cility, which imply that the measurements need to be performed using a high
count rate system. This imposes constraints on the type of electronics and
data acquisition system used.

A third application also involves high-resolution gamma-ray spectroscopy.
A large Compton background can, in cases where the peaks of interest are
very weak, make the peak evaluation more uncertain. The anti-Compton
suppression system described in paper I utilize a set of scintillation detectors,
surrounding a high-resolution germanium detector. By measuring the pulses
from the scintillation detectors in coincidence with the germanium pulses and
using that coincidence as a veto against pulses in the germanium detector,
a suppression of the Compton background is established. This implies that
peaks that are barely visible without the suppression are enhanced, thus
reducing the uncertainty of the peak evaluation.

3.1.2 Electronics and data acquisition systems

There are several criteria regarding the properties and/or the performance
of the electronics and data acquisition system used for the applications men-
tioned in this work:

e The data acquisition system should be portable or easy transportable
to facilitate measurements at nuclear facilities which often have restric-
tions on transporting items in and out from the facility.

e High count rates have been the priority due to limited time to perform
experiments. Time constraints are set either by the operator of the
facility (in order not to interfere with the normal facility routines) or
by safety regulations regarding handling of nuclear fuel.

e Energy resolution of the detector system should be appropriate for the
application.

In the early part of the work, electronics and data acquisition systems was
based on the Nuclear Instrumentation Module (NIM) standard. In papers I,
IT and III, the NIM standard has been used. Following, is a list comprising
essential features of the NIM-units used:

e Pre-amplification of the signals was performed using a transistor-reset
amplifier which allows for high count rates.

e Amplification with the gated integrator method! was performed, also
in order to allow for high count rates.

IModel: Ortec 973U.
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e Analog-To-Digital conversion was done using an ADC with a fixed con-

version time?. This type of ADC has a fixed deadtime.

e A pulse generator with a frequency of 2 kHz was used for dead time
correction, see section 3.1.3. The relatively low frequency of pulses
was about one percent of the total count rate and did not contribute

significantly to the system dead time.

e A specially designed PC-card interface® was used to collect and store
data from the ADC with on-line display of gamma-ray measurement
results. This card is capable of storing spectra into computer memory

at count rates exceeding 200 keps [27].

The features of the data acquisition system as described above allows
for a throughput of over 100 keps with an energy resolution of about 3 keV
FWHM of the 37Cs peak at 662 keV. A typical electronic setup based on
this system and used for gamma scanning measurements of nuclear fuel is
displayed in figure 3.1, see e.g. chapter 4 and papers II and III.

Ge detector
with preamp.

Figure 3.1: Block scheme of the electronics used in gamma scanning. Ab-
breviations used here: HV = High voltage, GI = Gated integrator, INH =
Inhibit, PUR = Pile-up rejection and FIFO = First in, first out circuitry.

In the latter parts of the work, a PC-card* was utilized that contains all
the essential NIM-electronics on a single card, i.e. amplification and multi-
channel analyzing capability. In the tomography application, see chapter 4,

HV

INH

ADC

PUR inhibit

Pulser

Interface
with FIFO

PC

Multiscaler

2Model: ND 582 with a fixed conversion time of 1.5 us.

3Model: GammaData PC16BIV2.
4Model: GammaFast 5004 from Aptec-NRC Inc.
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this card was used. This commercially available card allows for count rates
over 100 keps with minimal spectrum distortion. Due to the PC-card format,
which allows installation in a transportable computer, fuel measurements are
more easily performed compared to bringing the NIM crate and associated
electronics along for the experiment. Some features of the card used are
listed below:

e Spectroscopy amplifiers with bipolar, unipolar, and gated integrator
shaping type.

e Software driven peak digital stabilizer circuits.
e ADC and memory of 2, 4, 8, or 16k channels.
e Multiple time constants.

e ADC fixed conversion time of 800 ns including less than 200 ns to add
one event into memory.

e Single plug-in card, industry standard 16 bit ISA full length slot, AT
height, x86 or Pentium compatible.

3.1.3 Deadtime correction

The time period during which the detector system processes one event is
called the deadtime. There are two general types of deadtime: 1) Extend-
able (also called paralyzable) deadtime where the deadtime is extended upon
the arrival of a second pulse, i.e. the detector system is sensitive to pulses
during deadtime. 2) Non-extendable (also called non-paralyzable) deadtime
where the arrival of a second pulse simply is not detected, i.e. the system
is insensitive to pulses during deadtime. In the first case, pile-up of events
may distort the signal which can lead to loss of the information from both
events. In the second case, events which arrive during dead time are lost.
Thus, monitoring of the deadtime of the detector system is required in order
to compensate for loss of events so that the true count rate is measured. For
more details on deadtime and correction methods, see refs. [28, 29, 30].

The deadtime of a data acquisition system may be significant at high
count rates. To accurately compensate the measured count rate for dead-
time, one of several methods may be utilized, e.g. pulser-based correction,
electronic correction or using a reference source (see below). In the gamma
scanning application, the pulser-based deadtime correction method was used
while in the tomographic application, the electronic correction method was
used.
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Reference source

By using a calibrated reference source in a fixed position relative to the
detector, pulses are inserted into the data acquisition system. The reference
source peak activity is known, which makes a dead time correction possible.
The correction factor is simply the ratio of the rate of the reference source
pulses and the rate of the reference source peak pulses as measured in the
spectrum. In principle, this method is the most accurate method. However, a
source with an appropriate gamma-ray energy or half-life may not always be
available. Furthermore, the peak area of the reference source may not always
be readily measured due to interference with other peaks in the gamma-ray
energy spectrum.

The pulser method

The pulser method uses a pulse generator to generate an electric pulse which
is led into the electronics system through the pre-amplifier circuit. Using a
pulser frequency much lower than the spectrum count rate, one may assume
that the artificial pulse is subject to the same deadtime as the gamma-ray
pulses. The correction factor is calculated in a manner similar to the reference
source method.

The assumption of equal deadtime of the pulse from the pulse genera-
tor and gamma-ray events may not always be valid. Pulses generated by
commonly used pulse generators are, in general, not Poisson distributed.
Furthermore, the peak shape of the artificial pulse may sometimes differ
from the true events implying a risk of difference in deadtime due to varying
processing in the amplifier electronics. Including these drawbacks, the un-
certainty of the deadtime correction factor can, however, be as low as 0.1%
[28]. The major advantages of this method are that the amplitude of the
inserted pulse can be adjusted so that the artificial peak is positioned in the
spectrum in order to avoid interference with the gamma-ray peaks of interest
and that the width of the pulser peak can be relatively small, which implies
high accuracy in determining the area of the pulser peak.

Electronic correction

The electronic correction operates using fast-timing electronics. The elec-
tronics start the deadtime when an event occurs with a fixed pileup rejection
interval. When two or more pulses arrive within the interval, they are dis-
carded and the count time is extended to compensate for the loss.

Another method of extending the count time is by starting the deadtime
interval when a pileup event occurs and ending it when the next good event
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occurs. The time between a pile-up event and the next good event is stored
as an extended deadtime.

Even though this method is an approximation since it does not com-
pensate for undetected events, but using a typical rejection-gate period of
20 ps and a pulse-pair resolving time of about 120 us, the uncertainty of the
correction may be only a few percent [28].

3.2 Neutron detector systems

Several types of neutron detectors are used for the study of nuclear material:
Gas-filled detectors such as helium-, BF3- or CHy-filled detectors, fission
chambers, and organic and inorganic scintillators. One common detector
used by safeguard authorities is the FORK detector, see e.g. ref. [28], which
is equipped with fission chambers. The FORK detector is shown in figure
3.2. The detection efficiency of fission chambers is relatively low, but since
the detector is used in the unshielded flux density from a spent nuclear fuel
assembly, an appropriate count rate is still achievable.

Figure 3.2: The FORK detector. Picture from [31].

Both active and passive measurements can be used for neutron assay. In
active assay, an external source of neutrons is used to induce fission in the fuel
under study and the emitted fission neutrons are measured. However, due
to safety regulations, active neutron assay methods have not been pursued
in this work. In passive assay, spontaneous fission neutrons emitted by the
fuel are measured.



Chapter 4

Methods & applications

Basically, three methods for characterization of nuclear fuel assemblies by
means of nuclear spectroscopy have been studied in this work:

1) Gamma-scanning
2) Gamma-ray tomography

3) Passive neutron measurements

4.1 Gamma scanning

Measurements of gamma radiation emanating from irradiated nuclear fuel
has proven to be suitable for characterizing the reactor fuel after irradiation
[32, 33]. In the case of gamma scanning, the fuel is scanned axially using a
gamma detector in order to determine the axial intensity profile and/or the
bundle average intensity of the radiation detected. A complex gamma-ray
source such as nuclear fuel contains many decaying fission products which
necessitates good energy resolution of the detector system used in order to
resolve peaks in the gamma-ray energy spectrum. In this respect, germanium
detectors are the obvious choice. However, for e.g. fuel with a long cooling
time, where the gamma-ray spectrum is dominated by '37Cs, measurements
using detectors with less good energy resolution are often more economically
attractive. For such cases, even gross gamma measurements using ion cham-
bers may sometimes suffice. Figure 4.1 shows a typical setup where the whole
length of a fuel assembly is scanned. For some purposes, scanning may also
be performed on individual fuel rods [34].

Prior to measurements, the spent fuel assemblies are positioned into a
fixture that can be elevated and rotated relative to a horizontal collimator
mounted in the pool wall. Such equipment is available at the Swedish and

45
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Finnish nuclear power plants and at CLAB. The fixture at CLAB comprises
a motorized control of both the vertical and rotational motion of the fuel
as indicated in figure 4.1. With the motor controls, the fuel bundle can be
positioned within a few mm and one degree, respectively. The detector, in
turn, is located downstream the collimator in a room which also contains the
data acquisition system and arrangement for cooling of the detector.

The heart of the detector system is a large, typically 50 %-60 % Germa-
nium detector. In this work, a N-type, coaxial Ge detector! with an energy
resolution of 2 keV at 1332 keV gamma-ray energy was used. A sketch of
the electronics used for the measurements in this setup is displayed in figure
3.1.

The iron collimator used is 1.2 m in length, 1-5 mm in height and with a
width that varies from 8.2 cm at the detector end to 23.4 cm at the fuel end.
Thus it is wide enough to cover the diagonal length of a PWR fuel assembly.
The distance between the detector end of the collimator and the centre of
the fuel is 2.46 m. With this collimator, the gamma-ray source seen by the
detector is a slice of fuel with a height from 1.5 mm to 7.4 mm, depending
on the height of the collimator slit used.

Using this equipment, the four corners of a fuel assembly are scanned
axially at a speed of typically about 1.5 meters per minute. By scanning the
corners of the assembly, the error in the measured intensity due to uncer-
tainty in the rotational position is minimized. This is illustrated in figure
4.2, where the gradient of the intensity as a function of rotational angle is
minimized at multiples of 90 degrees indicating a corner position. Usually,
data from an axial scan is stored in about 200 spectra. The reproducibility
of measurements of a certain full energy gamma-ray peak intensity, aver-
aged over the fuel assembly (4x200 spectra), is about 0.5 %, ref. [35]. With
this system the total measuring time for one assembly is typically about ten
minutes.

'Manufactured by Eurisys Measures.
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Figure 4.1: Schematic view of a gamma scanning setup.
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Figure 4.2: Measured gamma-ray intensity from 37Cs as a function of
azimuthal angle of the fuel assembly in the gamma scanning equipment.

Adapted from ref. [36].
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4.1.1 Verification of fuel parameters for safeguard pur-
poses

Fuel parameters such as burnup and cooling time may be determined or
verified using information obtained from measurements using the gamma
scanning equipment. How this is pursued is the subject of this section.

Determination of burnup and cooling time

Isotopes of interest for measurements of gamma-rays from spent fuel are listed
in table 2.3. For determination of burnup via equation 2.3, the following
characteristics of the nuclide are of importance [32]:

e The nuclide should have a long half-life compared to the periods of
irradiation.

e The fission yields of the nuclide from U and Pu should be approximately
equal and well known, see equation 2.3.

e The nuclide should have low neutron-capture cross-sections like all pre-
cursors as well.

e The gamma-ray spectrum should be easily resolvable.

e The nuclide should have low migration in the fuel matrix. This also
applies to the precursors.

To this list one may add that the energy of the gamma-ray measured
should be as high as possible in order to facilitate the penetration of the fuel
matrix.

Of the isotopes mentioned in table 2.3, the best burnup indicator is *"Cs.
It fulfils all criteria in the list above except the fifth item. The concentration
of the isotope ¥"Cs is very nearly proportional to the burnup of the nuclear
fuel since it is produced as a direct fission product. Data from gamma-
scanning measurements show that within 0.7% (1o uncertainty of the linear
slope coefficient), there is indeed a linear relationship between the burnup
and measured gamma-ray intensity as shown in figure 4.4.

The relatively low gamma-ray energy of 662 keV (see figure 2.6 and table
2.3) implies that measurements of *’Cs represent mainly the outer rows
of rods in the fuel assembly, see figure 4.3. However, at the end of the
irradiation, the burnup of the fuel assembly is generally relatively constant
over the assembly cross-section, which makes measurements of peripheral
values reasonably representative of the whole assembly.
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A cross-section of an 8x8 BWR fuel assembly is shown in figure 4.3.
The fuel pins made of UO, pellets enclosed in zircalloy cladding are strong
attenuators of gamma-rays at the energies encountered in this work, see table
2.3.

The attenuation within a fuel assembly varies strongly, which implies a
careful correction for self-attenuation of the gamma-rays for applications that
are based on measurements of the spatial activity distribution. An example
of such an application is tomography, described in section 4.2.

In the case of gamma scanning of fuel assemblies, the activity distribu-
tion may be assumed to be essentially homogeneous over the assembly, see
above. In this case, correction for self-attenuation within the fuel may thus
be omitted while still obtaining adequate accuracy.

Furthermore, attenuation of the gamma-rays within materials between
the fuel and the detector must be taken into account when absolute measure-
ments of the activity within the fuel are performed. In the case of gamma
scanning, where relative measurements are performed with a permanent ex-
perimental geometry, such a correction is in general not needed. However,
a small uncertainty in the intensity measurement due to uncertainty in po-
sitioning of the gamma scanning equipment relative the fuel assembly is
introduced, see e.g. [36].

Migration of cesium to the periphery of the fuel rods has been reported by
e.g. refs. [37, 38], which report migration to the edges of the fuel rods and that
the effect is correlated with the temperature distribution within the fuel rod.
The cesium tends to migrate against the temperature gradient and a higher
temperature seems to increase the migration rate. In principle, migration
may affect the measuring results. However, any effect from migration is
expected to be well within the measuring accuracy and has not been a subject
for closer investigation in this work.
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Figure 4.3: Distribution of the contribution to the gamma-ray flux density of the full
energy absorption peak at the detector position in figure 4.1 from a BWR 8x8 assembly for
a few gamma-ray energies, calculated with MCNP [26]. The right corner of the assembly
is facing the collimator and the detector. The contributions are shown in per mille of the
total radiation emitted from the assembly. Some fluctuations occur due to statistics in the
Monte Carlo calculation. The decrease in contribution seen in the upper right row of the

left figures is caused by increasing attenuation of the gamma radiation in water.
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The production of the isotope '3*Cs is approximately proportional to the
burnup to the power of two since it is mainly produced via neutron capture
in the direct fission product '33Cs. This process is dominated by resonance
absorption, see figure 2.4. The burnup is thus roughly linearly correlated to
the intensity-ratio 3*Cs/"37Cs, see e.g. [32]. However, since the half life of
134Cs is only 2.1 years, the use of this ratio is limited to fuel assemblies with
a relatively short cooling time. On the other hand, this ratio, as a measure of
burnup, has the advantage that measurements using different detector setups
may be directly compared since most factors of importance to the efficiency
cancel out. A difference in migration rate between 37Cs and 3*Cs has been
observed, see e.g. refs. [32, 33]. The final distribution of ***Cs is determined
by the migration rate of its precursors **I and '**Xe. The long half-lifes of
its precursors, as compared to the precursors to *’Cs, suggests that !3*Cs
migrates more readily than 37Cs.

The production path of ' Eu is more complicated, as indicated in figure
2.5. Also, the ®Eu fission yields for Uranium and Plutonium, respectively,
are different, which complicates the relation between the burnup and the in-
tensity of "*Eu. Experimental data on measurements of the **Eu intensity
show, however, that the production may approximately be represented as
proportional to the burnup to the power of 1.5-2.0 [39], depending on irradi-
ation history. The half life of ' Eu is 8.6 years, implying that measurements
up to about two decades after the end of irradiation of the fuel are possible.

The half lives of the isotopes Pr and 'Rh are too short to make
them generally suitable as indicators of the burnup. Further, °Rh tends to
migrate towards the centre of a rod [32, 37, 38]. They are, however, both
produced from beta decay of precursors produced directly by fission and
they may therefore be suitable to use as indicators of burnup at relatively
short cooling times. Also, **Pr has a distinct advantage because of it’s high
gamma-ray energy of 2.2 MeV, implying a high penetrability through the
fuel assembly.

Figure 4.4 shows experimental data on the correlation between declared
burnup and measured gamma-ray intensities from '**Cs, ¥7Cs and »*Eu.
The relation between the measured gamma-ray intensity / and burnup may
generally be written as equation 4.1:

I =Fkpr-e (4.1)

Even though this equation, except for 37Cs, is an approximation to a
complicated production mechanism (and other forms for expressing the re-
lation between gamma-ray intensity and burnup may be established), it is
empirically a relatively good approximation as shown in figure 4.4. A strong
covariance exist between the fitted parameters k and » for '3*Cs and " Eu,
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which must be taken into account when evaluating measurements.

Figure 4.4 illustrates how the burnup of an assembly may be determined.
The functions drawn in figure 4.4 have been fitted to equation 4.1 with the
parameters shown in table 4.1. Using a specific data-set as a calibration
and fitting the curve given by equation 4.1 to that data, the burnup 3; of
another assembly ¢ of the same type may thus be determined with the same
measuring setup using equation 4.2:

I

o Li
Bi = (] — exp(\T;) (4.2)
k
600 [~ '1':'5; L RAALARARL: [T LEARARRRAL LARARARRLN LEARARRRAL LARARARRAM LEARARRRAL LARARARRAM LRRARRRR} 6000
CS —t—
1340g ;
154 e
5 500 FL_Eu "> 1 5000
3 /
® : m
c O
& 400 | 3 4000 3
8 ' £
S e
£ 300 F {3000 @
£ g
A =
g } 2
2 200 f {2000 §
= Pt c
3 <
= 100 f e 3 1000
[~ - )
—BKiT
0 15000 IFEETRREE Lasaaaaas IFETRTRRE Lasaaaaas IFETRTRRET Lasaaaaas IFETRTRRET Lossaaaay 0

0 5 10 15 20 25 30 35 40 45 50
Burnup [GWd/tU]

Figure 4.4: Ezxperimental data on the correlation between burnup and the
gamma-ray intensity from various isotopes. The gamma-ray intensities were
adjusted to correspond to the intensities at the end of irradiation. The lines
are fitted to the history («) corrected intensity data, a line was fitted to the
137 Cs and power functions were fitted to the ** Cs and ** Eu data. Parameters
of the fitted functions are shown in table 4.1. Data on 3" Cs is from [40], data
on B¥1Cs and ¥ Eu are from [}1].

The calibration constant & depends on the experimental geometry (includ-
ing the fuel assembly geometry) and detection efficiency of the detector sys-
tem. One may factorize the calibration constant according to k = k'-T -,
where the factors in order are first the source strength per burnup unit (i.e.
gamma-ray activity per burnup), the average transmission of radiation from
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Parameter I37Cs Bics | IEu
k 10.89(8) | 3.0(8) | 0.4(2)
K 1 1.96(7) | 1.6(1)

Table 4.1: Parameters of equation 4.1 fitted to the experimental data on
the correlation between burnup and the gamma-ray intensity from various
isotopes shown in figure 4.4. The equation fitted to the history («) corrected
intensity data. For '37Cs, the parameter k was fived at one. The gamma-
ray intensities were adjusted to correspond to the intensities at the end of
wrradiation.

the source to the detector, the solid angle between the detector and source
and last, the intrinsic detection efficiency of the detector.

The intensity [ is determined in a relative measurement. Therefore, data-
sets from measurements using different setups need to be normalized if they
are to be compared. This may be performed in various ways: 1) Measuring
the same fuel assembly in the two setups. 2) A transportable gamma-ray
source may be used [36]. 3) For '¥7Cs, a linear fit of the declared burnup vs.
measured gamma-ray intensities (I;, corrected for decay time to the end of
the last fuel cycle) I; = k-3 can be performed for setup 1. The ratio (k;/k»),
obtained from two setups 1 and 2, may used as normalization constant.

Application of equation 4.1 above requires knowledge of the cooling time
T of the assemblies. This information should normally be available from the
operators, but one may foresee cases when this information is uncertain or
even unavailable when the burnup is to be determined. Combining measure-
ments of two isotopes, one may form a system of equations like equation
4.1, which, when solved, yields the expression given in equation 4.3, which is
independent of the cooling time. Here, the exponentials x;—; » must be such
that )\2I<L1 §£ )\1/‘@2.

B = exp 111{(%) - (l%) 2} (4.3)

A2kl — A1Kg

Measurements on two different isotopes can also be used to determine
the cooling time independently of burnup. Solving a system of equations like
4.1 for the cooling time, using measurement data on two isotopes, yields the
expression in equation 4.4. As in equation 4.3, the exponentials k;—; » must
be such that A\ok; # A\iko.

A2kl — A1Kg
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Correction for irradiation history

Basically, the activity of a fission product depends, besides on burn-up and
cooling time, also on the number and length of the power cycles, i.e. the irra-
diation history. To be able to compare measurements on fuel assemblies with
different irradiation histories, the measured gamma-ray intensities should be
corrected accordingly. First, the measured gamma-ray intensity is corrected
for the decay to an appropriate time reference, usually to the end of irra-
diation, i.e. corrected for the cooling time. Second, a correction factor is
introduced [41] that takes into account the irradiation history, i.e. the dates
of irradiation and the burn-up contribution per irradiation cycle, as declared
by the operator.

Assuming that an isotope with half life A is produced linearly with the
constant reactor power p, during cycle n of length 7,, for instance 37Cs, the
amount /N, of that isotope is governed by the differential equation 4.5. The
solution in equation 4.6 describes the build-up of the isotope during irradi-
ation. The first term describes the production, with £ being a proportional
constant, while the second term represents the decay, with decay constant \.

AN,

el kp — AN, (4.5)
N, (1) = %p (1—e?m) (4.6)

Figure 4.5 shows the build-up of such an isotope during a sequence of
irradiation cycles. In ref. [41], a correction factor « is introduced as the ratio
between a hypothetical case when the decay of the isotope is ignored and
the real case in which the decay during irradiation and between cycles is
included. Referring to figure 4.5, the correction factor « is the ratio between
the two quantities Ny and ng as given in equation 4.7.

or,
2 Bn
a= - (4.8)

/8" —ATn —Aln
;m(l_e )\T)e At

Here, t,, is the length in time between the end of irradiation cycle n to the
end of the last irradiation cycle and £, is the burnup aquired during cycle n.
Table 4.2 shows typical values of a.
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Figure 4.5: The buildup of 3*Cs and *"Cs. Two curves shown for each isotope:
One when the decay during irradiation is taken into account and one when it is not. In
this case, data for **Cs and **" Cs was used. Five irradiation cycles with constant power
during ten months of irradiation per cycle with two months shutdown period is assumed.

The curves have been normalized to the content at t=>5y for the case without decay.

Assuming that an isotope is produced non-linearily with power, e.g. 3*Cs
or "»Eu, according to the expression N, = k’'8", then equation 4.5 is gener-
alized to the expression given in equation 4.9, see ref. [39]. The solution to
equation 4.9 is given in equation 4.10, which in general can not be calculated
analytically and must therefore be approximated.

dN,
L= kk'pit"l — AN, 4.
o = rkp (4.9)
N, (1) = Kk'pfe=m / " Mgy (4.10)
0

Writing the expression for the correction factor « in this case yields
equation 4.11, where ¢ in the integral has been substituted by z - 7,, and
(pm)" = BF. Equation 4.11 reduces to 4.8 when x = 1. Table 4.2 shows
typical values of « including both the linear and the non-linear case. As
seen in table 4.2, o depends strongly on the half-life of the isotope and the
irradiation history for all isotopes except 37Cs.

> By
a = n 4.11
Z Kﬁgef)\(ﬂl+tn) fOl wnfle)\an'n dr ( )
n
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Introducing the correction factor « into equations 4.1, 4.3 and 4.4 yields
the expressions in equations 4.12 and 4.13 for determining the burnup and
cooling time, respectively.

| G)" - (48)

Aokl — AjKg

oo {(E)" - ()7 (4.13)

Aokl — AjKg

B =exp (4.12)

Even though equations 4.12 and 4.13 are explicitly independent on the
cooling time and burnup, respectively, the calculation of a;-; o does, how-
ever, require information on the irradiation history of the assembly. The
irradiation history may thus be verified to some extent by the results of the
gamma scanning. The examples given in table 4.2 illustrate how the history
correction factor depends strongly on the irradiation history, especially for
the short-lived isotopes. Since the declared irradiation history is used to cal-
culate «, falsified records of irradiation dates will result in a correction factor
that puts the data point of the assembly off the average trend.

Isotope | K Number of cycles (Aa/a)
3 4 5 6 7 [%]
137Cs [ 1.0 | 1.032 | 1.044 | 1.056 | 1.068 | 1.080 1.1
134Cs 2.0 | 1.464 | 1.678 | 1.905 | 2.145 | 2.397 12
PiEu | 1.6 | 1.107 | 1.150 | 1.194 | 1.240 | 1.286 3.7
Wipy 1.0 | 2.597 | 3.322 | 4.078 | 4.858 | 5.650 19

Table 4.2: Values of the history correction factor a calculated for some iso-
topes for different power histories. Fach cycle was assumed to be 10 months
of irradiation and 2 months of shutdown. The burnup acquired per cycle was
assumed constant (3, in equation 4.11 was constant). The last column shows
the average relative increase in « per cycle, in percent.
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4.1.2 Decay heat in spent fuel

In Sweden, the spent nuclear fuel is planned to be encapsulated in copper
and steel canisters and deposited within the bedrock at a depth of about 500
meters, see section 1.2. The surface temperature of the canister has to be
limited to 100 °C [11] and the maximum total decay heat of the fuel assem-
blies placed within the canister is therefore, according to ref. [42], limited to
1800 W. On the other hand, in order to minimize the costly need for storage
of the spent fuel before encapsulation and to minimize the amount of canis-
ters needed, the decay heat of the assemblies put in the canisters should be
as close to the design limit as possible. Therefore, an accurate knowledge of
the decay heat of each fuel assembly is needed prior to encapsulation.

After 40 years of cooling, the typical decay heat of a spent fuel assembly
is in the order of 100 W and 500 W for BWR and PWR fuels, respectively.
There may, however, be substantial fluctuations between fuel assemblies de-
pending on their burnup and other fuel parameters. It is anticipated that
the encapsulation procedure can not rely entirely on decay heat calculations,
since they are based on the assumption that the operators data are available
and indisputable. Also, the uncertainties associated with the calculations
may in some circumstances be unacceptably high. Therefore, measurements
of the decay heat is the preferred choice.

An existing method to measure the decay heat using calorimetry is too
time consuming as it takes in the order of 24 hours to determine the decay
heat for one assembly. Therefore, a new method to determine the decay heat
of spent nuclear fuel experimentally has been developed and evaluated.

The method is based on gamma-ray measurements where it takes about
10 minutes to determine the decay heat. This is about a factor of 100 faster
than with a calorimetric method, implying that the decay heat can be deter-
mined on a routine basis when handling the spent fuel, for instance in the
encapsulation plant of a final repository. Therefore, the experimental method
described here offers an attractive alternative to theoretical calculations.

When the fuel has been stored for about 40 years, the significant gamma
radiating isotope is *"Ba, following 3~ decay of '37Cs. As seen in table 2.2,
about 35%, of the total heat generated in spent nuclear fuel arises from the
decay of B7Cs. Using the ORIGEN code, we have shown that the relative
contribution to the heat from the decay of 3"Cs, for the fuel parameters of
interest during encapsulation, is constant within a few percent with respect
to variations in the fuel parameters, see figure 4.6 and table 2.2. Therefore, it
should be possible to determine the decay heat experimentally from gamma-
ray measurements of 137Cs.
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Figure 4.6: The contribution to the decay heat from decay of 37Cs as a
function of burnup and cooling time, adapted from [40].

The heat produced in the decay of '37Cs is directly proportional to the
activity (A) of ¥7Cs in the fuel: Pi3; = k- A. Pi3; may be written as
f - P where f is the fraction of the total decay heat (P) originating from the
decay of ¥7Cs. Thus, P = k- A/ f. Further, assuming a homogenous activity
distribution, implying a proportionality between the total 3"Cs activity and
the measured ¥"Cs gamma, intensity, the total decay heat can be expressed
as:

P=C- - (4.14)
Where,
e P is the residual thermal power of the fuel assembly.

e C is a calibration constant expressed in W/counts/s. This constant
depends on the measuring geometry, fuel type and intrinsic detector
parameters and C' includes the ratio between measured *7Cs intensity
and the activity of ¥7Cs.

e [ is the measured count rate of ¥7Cs.
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To first order, the fraction f can be considered to be constant = 0.25
for a typical fuel assembly, see figure 4.6. For an accuracy better than 10%,
the constant has to be slightly corrected for variations in burnup and cooling
time. The factor f is determined by using the ORIGEN code for a set
of assemblies with different burnup and cooling time. Using the computer
results, a linear function of burnup and cooling time is used to interpolate
the f-factor for a particular fuel assembly.

In normal reactor operation, the fraction f is relatively insensitive to
variations in fuel parameters as outlined above. There are cases however,
when the relative contribution to the total decay heat from '3"Cs varies more
strongly. For cooling times shorter than ~ 10 years, f varies non-linearily
with cooling time, see figure 4.6, due to the contribution of short-lived iso-
topes which are produced in a complicated process. For initial enrichments
in the range than 1-4 percent, f varies with about 2 percent units per unit
change in enrichment, see paper III.

A project was initiated in order to experimentally investigate the poten-
tial of using high-resolution gamma-ray spectroscopy to determine the decay
heat. A number of fuel elements were measured with regard to the decay heat
and with regard to the emitted gamma radiation. The first parameter was
determined using a calorimetric technique. The calorimeter equipment and
measurements are described in refs. [43, 44, 45]. Essentially, the calorimeter
consists of a steel box submerged in water, enclosing the spent fuel assembly.
The fuel assembly heats the water inside the calorimeter and the temperature
difference between the interior and the exterior of the box is measured when
thermal equilibrium is reached. This tempererature difference is a function
of the heat generated by the spent fuel. Using an electrically heated model of
the spent fuel, a calibration curve was established between (electrical) power
and the temperature difference.

For the gamma-ray measurements, the gamma scanning equipment dis-
cussed in section 4.1 was used to measure the average intensity of 3"Cs from
the assemblies. In this context it may be noted that in addition to decay heat,
parameters relevant for safeguard can be determined simultaneously. Paper
IIT and references [46, 47, 40| gives a detailed report of the achievements in
the project. It was shown that the decay heat can be determined with a
relative uncertainty of about 3% for BWR and PWR spent fuel assemblies.

4.2 Tomography

There are circumstances when measurements are required on individual fuel
rods rather than complete fuel assemblies. For instance, the smallest entity
treated in reactor core calculations of e.g. the thermal power distribution
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was, for a long time, a slice of the nuclear fuel assembly. The increase of the
computer capacity during later years has made possible the development of
codes which comprise more detailed models of the fuel.

To experimentally validate such core simulators it is necessary to measure
separate fuel rods. Earlier, measurements have been carried out by remov-
ing single rods out of a fuel assembly [34]. However, such measurements are
expensive to carry out extensively and also involve non-negligible risks, es-
pecially after short cooling times. An alternative way is apply tomography
in order to obtain information without the need of dismantling the fuel as-
semblies. Such an approach would also give much more data since all fuel
rods in an assembly are taken into account.

Another potential field of application of the tomographic technique is the
verification of the integrity of nuclear fuel assemblies. Verifying the fissile
content of spent fuel against operator declared data is an important task in
IAEA safeguards. Spent fuel is stored for relatively long times before en-
capsulation and several scenarios of a wrongly declared fissile content are
possible, e.g. fuel rods may have been replaced during operation or rods may
have been removed for other reasons i.e. for using the fissile material in
undeclared activities. Once the spent fuel has been encapsulated for e.g. a
deep geological storage, it will be very difficult to access. Therefore verifica-
tion of partial defects immediately before encapsulation is anticipated to be
performed by safeguard inspection.

An important part of the work was to investigate the potential of a to-
mographic method and eventually build a test equipment for tomographic
measurements on fuel assemblies. The technique investigated utilizes sin-
gle photon emission tomography to extract the spatial activity distribution
within a fuel assembly from the measured gamma-ray intensity distribution
around the assembly. The principle of emission tomography on a nuclear fuel
assembly is shown in figure 4.7.

4.2.1 Reconstruction method used

In tomography it is a common practice to divide the object under study
into imaginary, geometrical subparts, e.g. two-dimensional picture elements
(pixels). In the case of studies of nuclear fuel assemblies, the two-dimensional
division is justified because we measure the radiation from a small “slice” of
the fuel height over which the variation of the gamma-activity along the
height of the assembly is negligible.

During the reconstruction, the pixels are assigned the proper activity
values in order to account for the measured intensity distribution. Generally
in tomography, the pixels are evenly distributed because the geometry of an



4.2. TOMOGRAPHY 61

)
d |

Figure 4.7: The principle for emission tomography on a BWR 8x 8 nuclear
fuel assembly. R=Rotation and T=Translation. The black rectangles are
collimators with four detectors. The intensity patterns obtained by translating
the collimators are indicated.

object is not known. However, if the geometry is known, as is the case for fuel
assemblies, a fast and accurate technique is to locate the pixels at radiating
positions, i.e. at the position of the fuel rods. This is the basic principle
for the reconstruction technique developed in this work for studies of nuclear
fuel and it is illustrated by equation 4.15.

In equation 4.15, the activity distribution A in N pixels is reconstructed
from the measured intensity distribution I outside the assembly (measured
in M positions). W is a matrix describing the transport of the gamma
radiation from the point of emission in the assembly to the detector. The
reconstruction is performed by solving equation 4.15 for A.

In principle, W can be calculated to arbitrary precision using the know-
ledge of geometrical properties and material constants of the source-detector
system. In practise, however, the calculation of W is time consuming even
for a fast computer. In our case, we approximate the matrix W by using a
point kernel method to calculate w;;.

More detailed information on the basic principles used can be found in
ref. [48].
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4.2.2 Verification of fuel for safeguard purposes

Paper II describes the techniques and results obtained in a measurement
performed on a spent fuel assembly in CLAB. The experiment was performed
on a complete BWR 8x8 assembly, which had an empty water channel in the
central part of the assembly. To test the tomographic technique we assumed a
complete fuel assembly, i.e. even the water channel contained fuel. With such
an assumption, the calculation of W is wrong for those pixels that correspond
to the water channel and we can thus test the ability of the technique to reveal
a missing pin at that location. Measurements of the 37Cs peak at 662 keV
and of the »Eu peak at 1274 keV were performed using the gamma scanning
equipment at CLAB, described in section 4.1. The setup was modified by
rotating the collimator slit 90 degrees into a vertical position and aligning
it in parallell with the symmetry axis of the fuel assembly. The width of
the collimator slit was 1 mm. The vector I of equation 4.15 consisted of the
intensities of the full energy absorption peaks in 2520 positions relative to the
fuel. The results from the tomographic reconstruction significantly revealed
an empty position in the central part of the assembly. The reconstructed
activity in the empty position was about 60% of the average activity, i.e.
about 40 smaller than the average.

Even though the equipment used for this experiment was not originally
designed for a tomographic measurement, the results indicate that the to-
mographic technique has a potential as a valuable tool for verification of
integrity.

4.2.3 Code validation - PLUTO

It is known [32], that the activity of *°La is a good measure of the power out-
take just before shutdown. Therefore, measurements of the thermal power
in fuel rods have been performed by dismantling fuel assemblies and by mea-
suring the activity of *°La in individual rods [34].

Preferably, the relative uncertainty of the measured activity distribution
within a fuel assembly should be in the order of or less than the uncertainty
associated with the computer calculations. The uncertainty of the results
from modern nodal codes are expected to be in the order of a few percent
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[49]. Therefore, a tomographic device has been constructed for tomographic
measurements where the goal has been to reach a relative uncertainty of 1%.

To meet the demand of 1% uncertainty, special considerations were taken
into account when constructing the tomographic device. Thorough simula-
tions were performed, ref. [50], in order to define the mechanical constraints
governing the design. A conceptual design according to figure 4.8 was devel-
oped. The following characteristics can be noted:

e Dimensions and handling routines are the same as for the transport cask
used for transporting Swedish irradiated fuel to the interim storage.

e Ballast is applied to the device for stability.

e During measurement, the device is placed at the bottom of a fuel han-
dling pool.

e T'wo radii of the axial-through channel are allowed for, in order to be
adapted for BWR and PWR fuel, respectively.

e Fuel assemblies are transported into the equipment with normal equip-
ment and routines.

e The fuel assembly to be measured is placed in an axial-through channel,
allowing for cooling by a free flow of pool water.

e The fuel stays put during measurement, i.e. no fuel handling is per-
formed by the measuring device.

e During measurement, the elevator table is positioned at desired ax-
ial position. Here, the angular rotations in steps of 5-10 degrees are
performed. At each angular position, measurements are performed at
different lateral positions in steps of 1-2 mim.



64 CHAPTER 4. METHODS & APPLICATIONS

i

N

w

N

|
i

~— - -

Figure 4.8: Schematic construction of the tomographic equipment. The
total height and diameter of the eqipment is 5.1 and 1.8 meter, respectively.
1) Azial-through channel (waterfilled). 2) Fuel assembly. 3) Collimator and
detector system. 4) Rotation table. 5) FElevator table. 6) Water inlet.
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The device is controlled from an industrial PC, which allows all motion
and data collection to be controlled by software. The software supplies a
user interface in the form of a panel from which commands can be executed.
A complete tomographic measurement can be performed automatically by
executing a prepared command sequence. The software includes in the order
of 100 subroutines. The status of all subsystems is controlled repeatedly
during execution. An overview of how the hardware and software functions
in the device interact is shown in figure 4.9.
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Figure 4.9: Block diagram showing the most important interaction between
hardware and software in the tomographic device. Items on the left hand side
are situated in the measuring device. Thick arrows indicate data that are
logged for off-line analysis capability.

Ge-detectors were considered too expensive and complicated as radiation
detectors for the present application, a more adequate solution was found
by using BGO scintillation detectors. Their relatively low energy resolution
can be accepted because the 1596 keV peak from '*°Ba/La is the dominant
peak in the gamma-ray energy spectrum around 15 days of cooling time.
The peak is also relatively well isolated in the spectrum. The temperature
coefficient of the ouput of BGO is relatively large, which implies that temper-
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ature measurements are desirable for monitoring the thermal stability, and
the system must allow for repeated controls of the detector efficiency. It is
estimated that a BGO detector system can measure a count rate in the order
of 10° ¢ps without loss of efficiency or resolution, implying that a system with
in the order of 5-10 parallel detectors is required to perform a tomographic
measurement on 25 axial nodes in eight hours.

The equipment was demonstrated in paper IV to operate well in a test
measurement on fuel with a cooling time of 8 months. A few improvements
are being implemented before the first test on freshly irradiated fuel. It is
expected that the equipment, in addition to verification of computer codes,
could be used to study the consequences on the thermal power distribution
caused by mechanical distortions like e.g. box bending in BWR fuel.

4.3 Neutron measurements for safeguard ver-
ification

The spent nuclear fuel contains isotopes that fission spontaneously under
neutron emission, mainly ?#2Cm and ?**Cm, see table 2.4. In principle, this
neutron signal from the fuel can be used in order to determine the amount
of fuel present. This is the basis for the work performed by TAEA inspectors
when implementing safeguards using the FORK detector, [51], see figure 3.2.

It has been suggested in e.g. ref. [36] that by measuring the neutron flux
density and the gamma-ray flux density from e.g. 3"Cs simultaneously one
may get a rough indication on the completeness of the fuel assembly, i.e. if
there are fuel pins missing. This is a simple and fast measurement as opposed
to the tomography method described in section 4.2.2.

To investigate the potential of this method, a simulation study of the
neutron- and gamma-ray fields outside irradiated BWR 8x8 fuel assemblies
was performed, in which fuel rods were assumed to be removed or replaced by
lead rod dummys. Specifically, two effects were studied: (i) To what extent
the radiation fields are influenced by the number of replaced rods and (ii) to
what extent the radiation field for a specific number of replaced rods depends
on the geometric pattern of the replaced rods.

Calculations of the effect of missing and/or replaced rods in a BWR 8x8
spent fuel assembly were performed using ORIGEN-S [19] and the Monte
Carlo code MCNP-4C [26]. To some extent, the results of the calculations
could be validated with experiments performed at the Swedish interim stor-
age CLAB, where measurements with a FORK detector were performed, see
e.g. refs. [52, 53].

The computer simulations showed that the ratio between the average
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thermal neutron flux density and the gross gamma-ray flux density from the
assembly depends linearly on the amount of missing fissile mass, see figure
4.10. When the rods are replaced with e.g. lead rods, however, the gamma-
ray signal is strongly dependent on the pattern of the replaced rods (due to
the relatively strong attenuation of the gamma-rays in the lead as compared
to in water) and yields no correlation to the missing fissile mass. In that case,
the neutron flux density alone is a better signal of the fissile mass content
since the neutrons are relative insensitive to the lead. The results suggest
that 3 % of the fuel mass may be significantly (40) detected as replaced,
i.e. 2 out of 63 rods, independently of the pattern of replaced rods, from
measurements of the average thermal neutron flux density. More details on
the calculations may be found in paper V.
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Figure 4.10: The ratio of the gross neutron flux and the gross gamma-fluz
vs. the fuel mass, relative to the undisturbed case. The line is a guide for the
eye.
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Chapter 5

Conclusions and outlook

To summarize this thesis, studies of nuclear fuel by means of nuclear spec-
troscopy methods have been shown to be valuable tools for characterization
of nuclear fuel.

For the immediate future, a further development of the projects initiated
during this work is envisioned. Calorimetric measurements of the decay heat
in spent fuel assemblies before encapsulation are planned to be made on a
regular basis combined with the gamma-ray spectroscopy method described.
The tomographic apparatus built is planned to be used by the nuclear power
industry in Sweden and Finland for measurements of the power profile just
before the end of the irradiation periods. Besides its immediate purpose to
verify core simulators, one may foresee studies of thermal power deviations
caused by mechanical distortions such as e.g. box bending.

Measurement methods described in this work, may also be put in a gen-
eral, long term perspective. With the terrorist attacks on September 11, 2001,
in the USA, an increase in IAEA activities to strengthen non-proliferation
surveillance techniques is foreseen, ref. [54]. This implies that measurement
techniques such as those presented in this thesis, will be of increased impor-
tance for safeguards in the future.

In view of the intensive discussions going on regarding the effect of increas-
ing emission of greenhouse gases worldwide, one may think of a renaissance
of nuclear power. Firstly, there is an obvious need to replace old reactors
in a relatively near future with energy production systems that minimizes
the emission of greenhouse gases. Secondly, states that today almost entirely
rely on fossil fuels are under pressure to change their energy policy owing
to the Kyoto protocol. Especially one would think of countries in the third
world that are likely to meet a much more energy consuming future and are
presently extensive users of fossil fuel.

In this perspective it may be a possible scenario that the world community
may have to re-evaluate nuclear power and seriously discuss the initiation of

69



70 CHAPTER 5. CONCLUSIONS AND OUTLOOK

a new nuclear-power program that comprises a major part of the world. That
such a scenario would demand a strong and complete safeguards system is
evident.

New reactor concepts may also be an important part of the above scenario
and here one can anticipate extensive research in order to develop experimen-
tal techniques for various characterization tasks. The methods presented in
this thesis may well serve as starting points for new methods and techniques.
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Summary of papers

This thesis is based on the following papers, which are referred to in the text
by their Roman numerals:

Paper I

[. Matsson, P. Jansson, B. Grapengiesser, A. Hakansson and A. Backlin.
(1998). Fission Gas Release Determination Using an Anti-Compton Shield
Detector. Nuclear Technology, NUTYBB 122 (3) 276-283 (1998), ISSN 0029-
5450. (Manuscript.)

Abstract

Poolside measurements of fission gas release (FGR) in fuel pins have been
made using gamma-ray spectroscopy with a Ge detector, measuring *Kr ac-
tivity in the fuel rod plenum. The gamma-ray energy spectra from irradiated
nuclear fuel are characterized by prominent Compton distributions that can
obscure the weak 514-keV 8 Kr peak. To improve the sensitivity, the detector
has been provided with an anti-Compton shield of six BizGe O, detectors!.
Laboratory tests of the detector system showed that the maximum peak-to-
Compton (p/c) ratio was improved by a factor of ~6. The results of the
poolside measurement p/c ratio showed a somewhat smaller improvement (a
factor of ~4) because of scattered gamma radiation from the surrounding
material. However, the precision in the poolside FGR measurements was
improved substantially utilizing the Compton shield.

! Authors note: The abstract published for paper I contains a small type error, the
correct formula for BGO is BiyGe3 015 according to ref. [55].
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Paper 11

S. Jacobsson, A. Hakansson, P. Jansson and A. Bécklin. A Tomographic
Method for Verification of the Integrity of Spent Nuclear Fuel Assemblies -
II: Experimental Investigation. (2001). Nuclear Technology, NUTYBB 135
(2) 146-153 (2001), ISSN 0029-5450. (Manuscript.)

Abstract

A tomographic method for verification of the integrity of used light water
reactor fuel has been experimentally investigated. The method utilizes emit-
ted gamma rays from fission products in the fuel rods. The radiation field is
recorded in a large number of positions relative to the assembly, whereby the
source distribution is reconstructed using a special-purpose reconstruction
code.

An 8x8 boiling water reactor fuel assembly has been measured at the
Swedish interim storage CLAB, using installed gamma-scanning equipment
modified for the purpose of tomography. The equipment allows the mapping
of the radiation field around a fuel assembly with the aid of a germanium
detector fitted with a collimator with a vertical slit. Two gamma-ray ener-
gies were recorded, 662 keV ('37Cs) and 1274 keV ('**Eu). The intensities
measured in 2520 detector positions were used as input for the tomographic
reconstruction code. The results agreed very well with simulations and sig-
nificantly revealed a position containing a water channel in the central part
of the assembly.

Paper 111

P. Jansson, A. Hakansson, A. Bécklin and S. Jacobsson. (2002). Gamma-ray
Spectroscopy Measurements of Decay Heat in Spent Nuclear Fuel. Nuclear
Science and Engineering 141 1-11 (2002). (Accepted.)

Abstract

A method for determining the residual thermal power in spent nuclear fuel
using gamma-ray spectroscopy is suggested. It is based on the correlation
between the residual power and the 37Cs activity, which is nearly linear
for fuel with cooling times between 10 and 50 years. Using available data of
calorimetrically measured values of the decay heat in 69 boiling water reactor
and pressurized water reactor spent fuel assemblies resulted in an agreement
with a standard deviation of 3%.
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Paper 1V

P. Jansson, S. Jacobsson, A. Hakansson and A. Bécklin. (2002). PLUTO
- A Device for Non-destructive Experimental Determination of the Power
Distribution in Nuclear Fuel Assemblies . Nuclear Science and Engineering.
(To be published.)

Abstract

A device for experimental determination of the thermal power distri-
bution in the fuel rods in BWR and PWR fuel assemblies is described. It
is based on measurements of the 1.6 MeV gamma radiation from decay of
140Ba/La and utilises a tomographic method to reconstruct the pin-by-pin
source distribution. No dismantling of the fuel asembly is required.

The device is designed to measure an axial node in 20 minutes with
a precision better than 2% (lo). It is primarily planned to be used for
verification of core calculation codes and for studies of deviations in thermal
power caused by mechanical distortions such as box bending.

Paper V

P. Jansson, A. Hakansson and A. Bécklin. (2002) Neutronic effects of partial
defects in BWR 8x8 spent fuel assemblies . Nuclear Technology. (Submit-
ted.)

Abstract

The possibility of detecting replaced fuel rods in a spent fuel assembly by
means of measurement of the emitted neutron and gamma-ray radiation has
been investigated by computer simulations. The radiation field outside a
BWR 8x8 fuel assembly with varying patterns of fuel rods replaced with
lead dummys was modeled using a simple model for the source distribution
and the Monte Carlo code MCNP-4C for the radiation field. Also, calcula-
tions of the gamma and neutron response of a modified FORK detector were
performed for four assemblies for comparison with experiments performed at
CLAB.

The results suggest that 3 % of the fuel mass may be significantly (40)
detected as replaced, i.e. 2 out of 63 rods, independently of the pattern
of replaced rods, from measurements of the average thermal neutron flux
density.
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