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Abstract

Response of the Gamma TIP Detectors in a Nuclear
Boiling Water Reactor

Richard Fridström

In order to monitor a nuclear boiling water reactor fixed and movable
detectors are used, such as the neutron sensitive LPRM (Local Power
Range Monitors) detectors and the gamma sensitive TIP (Traversing In-
core Probe) detectors. These provide a mean to verify the predictions
obtained from core simulators, which are used for planning and following
up the reactor operation. The core simulators calculate e.g. the neutron
flux and power distribution in the reactor core. The simulators can also
simulate the response in the LPRM and TIP detectors. By comparing
with measurements the accuracy of the core simulators can be quantified.
The core simulators used in this work are PHOENIX4 and POLCA7.
Because of the complexity of the calculations, each fuel assembly is divided
axially into typically 25 nodes, which are more or less cubic with a side
length of about 15 cm. Each axial segment is simulated using a 2D core
simulator, in this work PHOENIX4, which provides data to the 3D code,
in this case POLCA7, which in turn perform calculations for the whole
core.
The core simulators currently use both radial pin weights and axial
node weights to calculate the gamma TIP detector signal. A need to
bring forward new weight factors has now been identified because of the
introduction of new fuel designs. Therefore, the gamma TIP detector
response has been simulated using a Monte Carlo code called MCNPX
for a modern fuel type, SVEA-96 Optima2, which is manufactured by
Westinghouse.
The new weights showed some significant differences compared to the
old weights, which seem to overestimate the radial weight of the closest
fuel pins and the axial weight of the node in front of the detector. The new
weights were also implemented and tested in the core simulators, but no
significant differences could be seen when comparing the simulated detector response
using new and old weights to authentic TIP measurements.
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1 Introduction

1.1 Nuclear power

The commercial nuclear power plants of today use neutron-induced �ssion, i.e.
a nucleus is split by a neutron into two lighter nuclei whereby energy is released.
In addition neutrons are emitted, which can induce �ssion in other nuclei. The
aim in a nuclear power plant is to maintain a self-sustained chain reaction, i.e.
on average, the neutrons emitted in each �ssion reaction give rise to exactly one
new �ssion reaction.

The energy released depends on the di�erence in mass between the mother
nucleus and the daughter nuclei. Eventually, the energy released heats water into
steam, which drives a turbine. The turbine drives a generator, which transfers
the kinetic energy into electric energy.

Most of the reactors in the world are light water reactors (LWR). The water
is used to transfer the heat energy from the fuel to the turbine, cooling the fuel,
and to moderate (slow down) the fast neutrons to thermal energy, which gives a
much higher probability for �ssion, a prerequisite to maintain the �ssion chain
reaction.

Two commonly used LWR types are the boiling water reactor (BWR) and
the pressurized water reactor (PWR). The di�erence between a BWR and a
PWR is mainly the pressure, which in a PWR is high enough to prevent the
water from boiling in the reactor tank. Instead the hot water is led to a heat
exchanger where steam is created in a secondary system, that drives a turbine
the same way as the steam directly produced in a BWR.

In 2009, nuclear power plants produced about 15 % of the electricity in the
world [1]. In Sweden nearly half of the electric power production comes from
nuclear power. It is produced in ten reactors, three of them are in Forsmark,
three in Oskarshamn and four in Ringhals. Seven of them are BWRs and three
are PWRs.

1.2 Nuclear fuel in a BWR

The nuclear fuel in the LWRs is uranium dioxide that is enriched in 235U, from
the natural fraction of 0.7 % to 3-5 %. The uranium dioxide is in the form of
small cylindrical pellets, with a height of about 10 mm and radius of about 4.5
mm. The pellets are stacked in fuel pins, which are made of a zirconium alloy;
Zircaloy, and has an inner radius slightly larger than the pellets, a wall thickness
of about 0.6 mm and a height of about 4 m. Zircaloy is used for its low neutron
absorption cross section and good thermal properties.

The fuel pins are mounted in quadratic bundles, called fuel assemblies. This
is to make sure that the fuel pins are surrounded by a su�cient amount of water
for moderation and cooling. The fuel pins in a BWR assembly are contained
in a Zircaloy box, also called fuel channel. A BWR core contains about 700
assemblies [2].

The fuel assembly type studied in this work is SVEA-96 Optima2, which is

4



Figure 1: Cross section of the lower part of a Svea-96 Optima 2 fuel assembly.

manufactured by Westinghouse. It contains 96 fuel pins, see �gure 1. During
reactor operation water will surround the pins. Depending on the height in the
core, the water will have a varying void content, i.e. a varying fraction of steam
volume in the water. The void ranges from 0% in the bottom of the core to
about 75% in the top.

The assembly has extra water channels in the middle and in the four �wings�
for better moderation. The water inside the extra channels has 0 % void, i.e.
all of the water is in liquid phase. Some of the fuel pins are shorter than 4 m
to get a larger moderator (water and steam) volume in the top sections of the
core. This is because the water has a higher void content (is less dense) in the
top of the core and a larger volume is required for su�cient moderation.

1.3 Power monitoring of a reactor core

It is important to know the power power distribution in the reactor core. Ac-
cordingly, the core is monitored to allow the operator to run the reactor with
high safety and e�ciency.

The monitoring is done using detectors, which are placed inside tubes in the
narrow water gaps between four fuel assemblies. There are about 30-40 tubes
in the reactor core and typically each of them has four �xed detectors placed on
di�erent heights. Each tube also has room for a movable detector that is used
for calibration of the �xed detectors.

The �xed detectors are called LPRMs (Local Power Range Monitors) and
they are usually sensitive to thermal neutrons. The thermal neutron �ux can be
directly linked to the power because �ssion predominantly occurs due to thermal
neutrons.

The movable detectors are usually gamma sensitive and they are called TIP
(Traversing In-core Probe) detectors.
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2 TIP measurements

2.1 TIP measurement procedure and purpose

The TIP measurements are done by moving the detectors axially with constant
velocity. Then the axial power distribution is presented for each TIP detector.
Figure 2b shows the average axial power distribution from authentic TIP mea-
surements compared to the calculations made by the core simulator, POLCA7,
for a TIP measurement at one of the Swedish BWRs, here called �Reactor 1�.
The average di�erence (%) between measured power and the power calculated
by POLCA7 of each detector in the core is presented in �gure 2a.

The TIP measurement has three main purposes:

� Calibrate the LPRM detectors

� Provide data for the online core supervision system

� Verify the power distribution calculated by the core simulator

a) b)

Figure 2: a) The positions of the 37 TIP detectors in the �Reactor 1� BWR core
and data from a TIP measurement. Each value represents the average di�erence
(%) between the TIP measurement and the TIP response calculated by a core
simulator, here POLCA7. b) The average axial power distribution of the core.
The solid line is the power measured by the TIP detectors and the dashed line
is the power calculated by the core simulator POLCA7. The vertical axis is
divided into 25 nodes (about 15 cm each). The horizontal axis shows the power
normalized to a core average of 100 %. The �gures are from reference [3].
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2.2 The gamma TIP detector

There exist both neutron-sensitive and gamma-sensitive TIP detectors, but they
are often chosen to be gamma sensitive because gamma has a better penetra-
bility in water than neutrons and a gamma detector is therefore sensitive to the
power in a larger volume of the core. Accordingly, it is also less sensitive to
possible fuel channel bow and other geometry changes.

The gamma-sensitive TIP detector is an ionization chamber. It has a cylin-
drical metallic shell and the inside is �lled with gas.

When photons interact with the detector shell electrons can be released.
This interaction can take place by three di�erent processes; the photoelectric
e�ect, Compton scattering and pair production. Some of the released electrons
will then continue into the gas and ionize it. To some extent, gamma photons
will also ionize the gas directly, via the same three processes. To enhance the
stopping power of photons in the gas a high gas pressure has been applied.

The electrons and the ionized molecules are separated by electrodes, giving
rise to a current that can be measured. The ionization current is proportional
to the photons' energy deposition in the detector shell [4].

An example of a TIP detector:

� Cylindrical detector shell made of titanium

� Outer radius: 3.0 mm

� Inner radius: 2.5 mm

� Filling gas: argon

� Length: 68 mm

� Gamma sensitive length: 25 mm

The materials and measures of the gamma TIP detector are from reference
[5], except for the inner radius, which was estimated.

2.3 The gamma TIP detector response calculated by the

core simulators PHOENIX4 and POLCA7

The gamma detector response can be linked back to the distribution of �ssions
nearby the detector and thereby to the power in that region. However, the
signal strength depends not only on the power distribution in the core, but also
on a number of factors a�ecting the gamma-ray transport, such as[4]: fuel type
(geometry, enrichment, burnable absorber rods etc.), burnup, coolant density,
presence of control rod and presence of spacers.

The system is very complex, but modeling of the TIP response is a part of
the core simulators used for predicting the power in the core. Consequently, the
TIP measurements can be used to validate the predictions made by the core
simulators.

7



The core simulators used in this work are PHOENIX4 and POLCA7. In this
procedure, each assembly is divided axially into typically 25 nodes, which are
more or less cubical with a side length of about 15 cm. Each node is de�ned
by the fuel geometry, enrichment, burnable absorber loading, etc. [6]. The
methodology used is applied in three steps:

1. 2D calculations (PHOENIX4)

2. 2D to 3D linking (CoreLink)

3. 3D calculations (POLCA7)

According to above, all di�erent fuel segments are �rst simulated by a 2D code,
in this case PHOENIX4. The 2D data are then transferred to a 3D code, in
this case POLCA7, which models the whole core based on the 2D segments.
The transfer of data from PHOENIX4 to POLCA7 is made using a code called
CoreLink.

In addition to calculating the TIP response, the core simulators perform
many other tasks e.g. calculate the neutron �ux, thermal load parameters,
dry-out margin, Linear Heat Generation Rate (LHGR) and the response of the
neutron sensitive LPRM detectors.

2.3.1 2D calculations in PHOENIX4

An example of a 2D segment geometry can be seen in �gure 3. The 2D lattice
cell calculations usually have re�ective boundary conditions i.e. assuming an
in�nite core of equal segments. Every lattice cell is uniquely de�ned by its
geometry, enrichment, burnable absorber loading, etc. In addition, the power
history is taken into account. The results from these calculations comprise e.g.
the relative pin powers, preli , and the volumetric power density of the cell, Pvol

(W/cm3).
Furthermore, the gamma dose rate deposited in the detector, G (W), is

calculated by PHOENIX4.
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Figure 3: An example of the geometry of a PHOENIX 2D-cell, consisting of the
assembly, detector (low right corner) and control rod (upper+left side). In the
calculations, a void content is set for the water surrounding the fuel pins and
the assembly. Re�ective boundary conditions are used, which means that an
in�nite core is simulated.

2.3.2 Calculating the detector constant in CoreLink

CoreLink is used for transfering information from the 2D code, PHOENIX4, to
the 3D code, POLCA7.

In CoreLink a parameter called the detector constant, D, for each fuel seg-
ment is calculated, according to eq. 1,

D =
G
k

Pvol

∑
preli wi

i=1

(1)

where G (W), Pvol (W/cm3) and preli are calculated by PHOENIX4 according
to section 2.3.1[6]. In these calculations, a weight wi is introduced for each pin
i (i=1...k, where k is the total number of pins in the 2D node). The wi depends
mainly on the distance to the detector and accordingly the highest weights are
set for the nearest fuel pins. The sum of wi over all k pins is 1.0 i.e 100%. In
this work, these weight factors have been studied in detail. It should also be
noticed that the same weight factors are used in the 3D calculations below.

2.3.3 3D calculations of the TIP response in POLCA7

When the 2D segments from PHOENIX4 are used to perform the full 3D calcu-
lations in POLCA7, the neutron �ux and accordingly, the power distribution of
each node is �tted, axially and radially, to the boundary conditions of its neigh-
boring nodes. To calculate the total TIP detector response POLCA7 then uses
the detector constants from CoreLink for the four fuel assemblies that surround
the detector.
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First the detector response, Rmn, from node (m) of assembly (n) is calcu-
lated, according to eq. 2,

Rmn = Dmn

k∑
i=1

piwi (2)

where Dmn is the detector constant of node m in assembly n, pi is the pin power
calculated by POLCA7, wi is the same weight function as in PHOENIX4 and
k is the number of fuel pins[7].

a) b)

Figure 4: a) An illustration of a part of the POLCA7 3D geometry. Each
assembly is axially divided into 25 nodes, which segments are �rst calculated
using a 2D code, in this case PHOENIX4. Each node is almost cubic with a
side length of about 15 cm and POLCA7 matches the boundary conditions of
all nodes, radially and axially. b) Four assemblies with the TIP detector in the
middle. The gamma emitted from these four assemblies are used by POLCA7
to calculate the TIP response.

The contributions from the four closest assemblies to the detector response
in node m are summed up and corrected with a constant, according to eq. 3,

Rm =

4∑
n=1

Rmn · Cmn (3)

10



where the constant Cmndepends on di�erent phenomena e.g. tilted or bowed
fuel channels[7].

Finally the detector response at node m, Pm, is calculated by a gamma
smearing algorithm, according to eq. 4 ,

Pm =

+L∑
l=−L

vl ·Rm+l (4)

which accounts for gamma contributions to the detector from nodes at other
axial levels (m+l) than the detectors position [7]. The axial weight function, vl,
has the highest weight for the node in front of the detector, which means that
most of the detector response is assumed to come from that node. The sum of
vl over all nodes is equal to 1.

2.4 Currently used weights

As described above, radial weights are applied in CoreLink and POLCA7 ac-
cording to eq. 1 and eq. 2 to calculate the TIP detector response from one axial
level.

The calculations of the current pin weights, wi, used in POLCA7 and PHOENIX4
are accounted for in eq. 5 and 6,

wi = Nnorme−ari+br2i (5)

ri =
√
x2
i + y2i − c(|xi| − |yi|) (6)

where Nnorm is a normalization constant so that the sum over all pins is unity,
the constants a, b and c depends on the fuel segment type [7]. It can be noted
that the pin weights decrease exponentially with the distance from the detector.

Fuel pins on to the diagonal, i.e. from the TIP detector to the corner pin
furthest away from the detector according to �gure 3, are more shadowed by
other fuel pins, as compared to pins further away from the diagonal. In order
to account for this shadowing, eq. 6, introduces an e�ective distance, ri so that
fuel pins on the diagonal get lower weights.

The currently used values of wi for some sections of a SVEA-96 Optima2
assembly are shown in section 5.1.

Furthermore, axial weights are applied in POLCA7, as accounted for in eq.
4 above, to include the detector response from nearby nodes. The current axial
weight function in POLCA7, vl, is showed in eq. 7 [7],

vl =
1

2
d · e−d|z−zk| (7)

where d is a constant, |z-zk| is the z-axial distance from the detector, see �g-
ure 5. The weights, vl, decreases exponentially with distance from the detector.
Integration of eq. 7 over each axial node, as illustrated in �gure 5, gives
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v0 = 1− e−
1
2d△k (8)

vl =
1

2
e−dzl [1− e−d(zl+1−zl)] (9)

where Δk is the node height (15 cm), d is a constant and l is the node
number[7]. By �tting the function to the data obtained in a German report [8],
one obtains d ≈ 29.5 m−1 [7]. Integration of eq. 7 for the node levels given in
�gure 5 gives the weights v0≈ 89.06 %, v±1≈ 5.41% and v±2≈ 0.06 %.

Figure 5: Axial nodes used for calculation the axial contribution to the TIP
response. The node height Δk is 15 cm and the TIP detector is placed at z=0.

In the German study they solved the adjoint gamma transport equation with
Monte Carlo methods. Their fuel geometry was a 9x9 assembly without part
length fuel pins [8]. Modern fuel types often have part-length fuel pins. In axial
cross sections where a part length pin has vanished, its radial pin weight is set
to zero and then all weights are renormalized to 100 %. The axial weights were
compiled by considering only the �rst four fuel pins on the diagonal, as seen
from the TIP detector. Modern fuel types with part-length fuel pins cannot be
described by the same weight functions as above, therefore the need for new
weight functions has been investigated in this work.

2.5 Scope of this work

The aim of this work was to �nd new radial pin weights, wi, and new axial
weights, vl, and compare them with the existing weight functions. The impact
of the new weights on the TIP response calculated by POLCA7 has also been
studied, through a comparison with TIP measurements and POLCA7 simula-
tions using new and old weights.

As described in the section above, the need for this work was aroused because
the existing weight functions were calculated for an old fuel assembly type. Much
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has happened with the fuel design since then. Most new fuel assemblies have
10x10 fuel pins and some of the pins are shortened. This means that at some
heights in the assembly, fuel pins will vanish. This should have an impact on the
weight functions, especially when the fuel pin closest to the detector disappears
and is replaced by a water/steam mixture.

There is also more computing power available now, which allows more ad-
vanced Monte Carlo simulations in a reasonable time frame.

To summarize, the scope of this work was to:

� Find new radial pin weights wi

� Find a new axial weight distribution vl

� Compare the newly obtained weights with the existing ones

� Study the change in the TIP response, when calculated by POLCA7 us-
ing the old and new weights respectively and compare each result with
authentic TIP measurements.
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3 Modeling of the TIP response

3.1 General remarks

As described in section 2.5, the purpose of this work was to calculate new
weights for modern fuel geometries, and here the SVEA-96 Optima2 fuel type
was selected. To get the new pin weights, wi, and axial node weights, vl, the
contribution to the detector response from each pin and each node had to be
calculated. This was done for all the di�erent axial con�gurations of the fuel,
according to section 3.2.

The contribution depends on the material that the gamma photons have to
penetrate to reach the detector and on the distance to the detector.

Five sources of the signals in the TIP detectors have been identi�ed:

1. Gamma radiation emitted promptly in the �ssion process

2. Gamma radiation emitted in the decay of the �ssion products

3. Gamma radiation emitted due to neutron capture in various nuclei

4. Gamma radiation emitted due to inelastic neutron scattering from nuclei

5. Bremsstrahlung

The �rst two sources are emitted from the fuel pins, and may be connected di-
rectly to the �ssion rate in the pins. However, sources 3 and 4 are not necessarily
emitted from the fuel pin where the �ssion took place, and accordingly they can
be expected to contribute di�erently. Finally, source 5 has been omitted in this
work, since it emits low energy photons compared to the other sources and its
contribution was considered to be negligible.

To perform all calculations theoretically is undoable because of the com-
plicated nature of the gamma-ray interactions occurring in the material and
the various gamma energies involved, with each photon energy giving a di�er-
ent probability for penetration of the material. Instead it can be done using a
Monte Carlo code.

In this work, the MCNPX code has been used, which is an established code
that uses Monte Carlo methods to solve particle transport problems. The MC-
NPX code is somewhat more described in section 3.5.2.

3.2 The assembly type modeled: SVEA-96 Optima2

The assembly type studied in this work, SVEA-96 Optima2, has 96 fuel pins
and a height of about 370 cm. However, some of the fuel pins are of part-length.

The assembly has �ve di�erent axial cross sections, see �gures 6 and 7. In
axial sections were the part-length pins are vanished, there is a water/steam
mixture in their positions. The region where a part-length fuel pin has its end,
is referred to as plenum zone. In the plenum zone the fuel pin is still there, but
it contains gas and a stainless steel spring, which is used to press the pellets
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down during transport (i.e. there are no fuel pellets at that height). All �ve
sections have been modeled in MCNPX to �nd out the pin weights for each of
them, but for the axial weights only the fuel geometry of section 1 was modeled.

Some notable materials and dimensions of the assembly SVEA-96 Optima2
are:

� Cladding material: Zircaloy

� Fuel: UO2 with varying enrichment in 235U

� Burnable absorber pins: Gadolinium

� Inner radius of the fuel pins: 4.920 mm

� Outer radius of the fuel pins: 4.315 mm

� Fuel channel side: 146 mm

� Pin-to-pin distance: 13 mm

 

Section 1: 96 fuel pins. Height 1280 mm. 

Section 4: 84 fuel, 8 plenum and 4 vanished pins. Height 210.5 mm (end plugs 21.5 mm). 

Section 5: 84 fuel pins, 12 vanished pins. Height 1069.5 mm. 

Section 2: 92 fuel pins, 4 plenum pins. Height 131.5 mm (end plugs 21.5 mm). 

Section 3: 92 fuel pins, 4 vanished pins. Height 1118.5 mm. 

Figure 6: Axial cross sections of the SVEA-96 Optima 2 assembly.
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a) b) c)

d) e)

Figure 7: Cross sections of the �ve axial sections of a SVEA-96 Optima2 assem-
bly. The �lled circles are fuel pins and the non �lled are plenum pins. The cross
sections are; a) section 1 (96 fuel pins) , b) section 2 (92 fuel pins and 4 plenum
pins) , c) section 3 (92 fuel pins), d) section 4 (84 fuel pins and 8 plenum pins)
and e) section 5 (84 fuel pins).

3.3 The gamma-ray contributions to the TIP signals

As mentioned in section 3.1, there are several processes that contribute to the
TIP detector signals. These are illustrated in �gure 8.
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Figure 8: Some of the radiation emitted as a result of the �ssion process. In
this work particular attention has been paid to the gamma radiation, since the
response in gamma-sensitive TIP detectors has been analyzed. The di�erent
types of gamma radiation are marked with shaded squares.

An example of a �ssion reaction is shown in eq. 10,

n+235 U → fission fragments+ 2− 3neutrons+ energy (10)

where a neutron interacts with a heavy nucleus (in this example 235U) and
splits it into two lighter nuclei, called �ssion fragments. More neutrons are also
released in the process, usually two or three neutrons for �ssion of 235U . Due
to the mass di�erence of the mother nucleus and the �ssion fragments, energy
is released in the process.

The amount of energy released in the �ssion of 235U is typically 200 MeV/�ssion
and most of that is released as kinetic energy of the �ssion fragments. The
fragments have a stopping range in the order of μm, and accordingly, the pre-
dominant part of the energy will be deposited as heat in the fuel pin where
the �ssion took place. The rest of the energy is distributed over, according to
table 1, prompt gammas, decay gammas, kinetic energy of the neutrons, beta
rays from fragment decay and neutrinos from fragment decay, where some of
the components cause energy deposition with a much longer range.

In addition, some neutrons are captured in other nuclei, mainly in 235U
and 238U, giving rise to additional energy release of about 5 MeV. This energy
release can also be coupled to the initial �ssion, but with a fairly long range of
its deposition, in the order of 100 cm.
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In total, about 170 MeV is deposited in the fuel pin where the �ssion took
place, 25 MeV is deposited in the surroundings and 10 MeV escapes the reactor.

Table 1: The energy released in the �ssion of a 235U nucleus. Data from reference
[9]

3.3.1 Prompt gamma emission

The prompt gamma photons are emitted within some nanoseconds after �ssion
[4]. They have an energy ranging from some keV up to 10 MeV.

Depending of the fuel burnup most of the �ssion reactions in the reactor
will be �ssion of either 235U or 239Pu. The energy distribution of the prompt
gammas emitted in the �ssion of these nuclei are shown in table 2. It can be
seen that 235U and 239Pu have a similar amount of energy released per �ssion
and also a similar prompt gamma energy distribution.
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Table 2: Prompt photons from �ssion of 235U and 239Pu. The data comes from
an experiment, in which the prompt gammas from neutron induced �ssion of
235U and 239Pu were detected[10].

In this work, the prompt gamma distribution of 235U is used. This is an
approximation, which is most valid for fresh fuel when the abundance of 239Pu
is small compared to 235U. But because of the similarity of the two prompt
spectra it is also a fair approximation at higher exposures.

The average prompt photon energy of 235U is 0.97±0.05 MeV/�ssion and
typically 6-7 photons are emitted in each �ssion [10].

3.3.2 Gamma emission from decay of �ssion products

The �ssion fragments have an excess of neutrons, which makes them unstable.
They lose their neutrons through beta-minus decay, i.e. a neutron is converted
into a proton by emitting an electron and an anti-neutrino, according to eq. 11,

X(A,Z) → Y (A,Z + 1)∗ + e− + υ (11)

After the decay the daughter nucleus is often in an excited state. The surplus
energy is emitted through gamma rays, according to eq. 12,
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Y (A,Z + 1)∗ → Y (A,Z + 1) + γ (12)

Usually the most energetic photons are emitted by short lived isotopes. In
a running nuclear power plant we will have those short lived isotopes as well
as other more long lived ones. The abundance of the more long-lived isotopes
depends on the fuel burnup.

3.3.3 Gamma emission from neutron capture

The �ssion neutrons can be absorbed in a nucleus without giving rise to a new
�ssion reaction. The nucleus then becomes excited and emits the extra energy
as photons, according to eq. 13,

X(A,Z) + n → X(A+ 1, Z)∗ → X(A+ 1, Z) + γ (13)

These photons are usually highly energetic [4]. This means that the probability
for interactions with other particles is small. So even photons emitted far away
from the detector are expected to give non-negligible contributions.

It can also be noted that the contribution from distant pins will be relatively
large because gammas also are created at other positions than the one where
�ssion took place. For example the pin furthest away from the detector can send
out a neutron that is captured in a pin close to the detector, in the water or
even in the detector shell, where gammas will be emitted with high probability
to be detected.

Because of the complicated mode of production and detection of the gamma-
rays from neutron capture, this e�ect had to be investigated in simulations using
the �ssion neutron spectrum of 235U as source, as presented in �gure 9.
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Figure 9: Energy distribution of the prompt neutrons from �ssion of 235U, from
reference [19]. On average 2.5 neutrons are released per �ssion.

The simulations showed that about 53 % of the photons were emitted due
to neutron capture in 238U and about 45 % in 235U. Most of the other photons,
about 1.5 %, were emitted due to neutron capture in the hydrogen of the water.
The average energies of the emitted photons were: 238U 0.74 MeV/photon, 235U
1.02 MeV/photon and 1H 2.22 MeV/photon.

To understand the characteristics of neutron capture, the cross sections for
these reactions have to be considered. These are presented for 238U and 235U are
in �gure 10 . Here, it can be seen that the cross section for neutron capture in
238U is especially high in the resonance region, 10 eV - 1 keV, and it is signi�cant
since the uranium in the reactor consists of about 95 % 238U. Neutron capture
in 235U will also be of importance because of the higher neutron capture cross
section at thermal energies. In this work the enrichment used was 5 % 235U.
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b)

Figure 10: a) Cross section for neutron capture in Uranium-238, from reference
[12]. b) Cross section for neutron capture in Uranium-235, from reference [12].

In spite of smaller cross sections, the neutron capture in other atoms may
still be signi�cant to the detector response, since the capture can take place
near the TIP detector.

The amount of energy released from neutron capture depends on the cap-
turing nuclide. In a BWR the typical amount is about 5 MeV/�ssion [11].
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3.3.4 Other sources of gamma-ray emission

There are also other sources of gamma-ray emission that could contribute to
the TIP signal, such as gamma rays emitted in connection to inelastic neutron
scattering and Bremsstrahlung.

In inelastic neutron scattering the neutron collides with a nucleus and loses
a part of its kinetic energy. The lost kinetic energy excites the nucleus. The
nucleus then emits the surplus energy as gammas, which in general have lower
energy than those from the neutron capture process. Previous work claim that
the contribution to detector response from inelastic neutron scattering can be
neglected compared to the other contributions [8]. However, in this work the
MCNPX simulations used to get the detector contribution from neutron capture
also include inelastic neutron scattering as well as other neutron processes.

Bremsstrahlung is German for �braking radiation�. It occurs for example
when the electrons from beta decay are de�ected and stopped by other particles.
Most of the photons emitted in Bremsstrahlung have low energy compared to
that of the other gamma sources. This means that they will travel very short
distances in the reactor and the energy deposition in the detector will be small.
Bremsstrahlung has therefore been omitted in this work.

3.3.5 Modeled sources of radiation

As described in the sections above, three di�erent sources of radiation were used
in the MCNPX simulations:

1. Prompt gamma spectrum from �ssion of 235U

2. Decay gamma spectrum of a running BWR

3. Neutron spectrum from �ssion of 235U

The prompt gamma spectrum used is from table 2 in section 3.3.1. The decay
gamma spectrum was obtained from an ORIGEN simulation, which is a program
used for calculating the decay power of nuclear fuel. The neutron spectrum is
showed in �gure 9 in section 3.3.3. The emitted neutrons will create photons
through neutron capture and inelastic neutron scattering, according to section
3.3.3 and 3.3.4. This type of gamma-ray production was obtained implicitly in
the MCNPX simulations, and here, the gamma-ray spectrum was deduced. In
addition, the MCNPX simulations showed that inelastic neutron scattering only
gives a small contribution, which is negligible compared to that from neutron
capture.

The gamma spectra of all three sources of radiation are plotted in �gure 11 to
be able to compare them. All intensities is presented in photons/second released
in the reactor core. The prompt gamma spectrum and gamma spectrum from
neutrons were originally expressed in photons/�ssion and was transformed into
photons/second in the reactor by using the number of �ssions/second in the
reactor, F, which was calculated according to eq. 14.
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F =
Thermal power (J/s)

Energy per fission (J/fission)
=

=
3300 · 106(J/s)

192 · 106 · 10−19(J/fission)
= 1.07 · 1021(fission/s) (14)

The thermal power used above, 3300 MJ/s, was taken from Forsmark 3 (F3),
which is a BWR loaded with 122 ton uranium [13]. The amount of energy per
�ssion that contributes to the thermal power output of the reactor is about 192
MeV/�ssion [9].

The parameters used in the ORIGEN simulation, to get the decay gamma
spectrum were the following:

� The time after reactor shut down was set to zero seconds, in order to get
a good approximation of the gamma spectrum of a running reactor.

� Assembly type: BWR 7x7 (no BWR 10x10 fuel geometry was available)

� Enrichment 3.5%

� Moderator density 0.6 g/cm3

� Thermal power per tonne uranium 27 MW

� Reactor up-time 330 days

The neutron capture gamma spectrum presented in �gure 11 was taken from the
MCNPX output �le of a simulation where neutrons were the source. According
to the simulations, an average number of 4.3 photons/�ssion were created by
neutron capture. Accordingly, the intensity presented in �gure 11 was given by
multilying the number of photons per �ssion with 1.07·1021 �ssions/s, according
to eq. 14 .
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Figure 11: The three components of the gamma spectrum in a BWR reactor
core of 122 ton uranium. The prompt and decay spectra were used directly
as gamma sources in the MCNPX simulations. The neutron capture gamma
spectrum was used indirectly (created by the simulated neutron source).

A comparison of the di�erent gamma spectra in �gure 11, show that the
prompt and neutron capture processes create a larger amount of high energy
photons, as compared to the decay process.

The average energy of the photons of the di�erent spectra are:

� The decay gamma spectrum, 0.52 MeV/photon

� The prompt gamma spectrum, 0.97 MeV/photon

� The neutron capture gamma spectrum, 0.94 MeV/photon

This tells something about what to expect from the MCNPX simulations of the
TIP detector response. In general, a photon of a higher energy will travel further
(see section 3.4), i.e. the fuel pins further away will contribute more to the
detector response. So the detector response from prompt photons is expected
to have a larger part of its contribution from distant fuel pins, compared to
photons from decay of radioactive nuclei.

As described in section 3.3.3, from distant fuel pins, the neutron capture
process will transfer more of the pin power to the detector than the other gamma
processes. This is because of the fact that gamma photons from neutron capture
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will be created in other pins than the fuel pin where the �ssion took place, e.g.
in pins closer to the detector.

The amount of energy produced in the di�erent processes, according to the
spectra, is:

� Prompt gamma: 6.7 MeV/�ssion

� Decay gamma: 6.0 MeV/�ssion

� Gamma from neutron capture 4.1 MeV/�ssion.

Of these, the value of the prompt and decay energies are within the values given
by other references (�gure 1). The amount of energy from neutron capture
gamma photons is nearly 1 MeV lower than the value given in section 3.3.3.
This probably depends on that the geometry of the simulation is too small so
that the neutrons disappear out of the boundary. This is indeed showed in the
MCNPX output �le, where half of the created neutrons escapes out through
the boundary with an average neutron energy of 0.5 MeV to be compared to
2.0 MeV, which is the average energy of the created neutrons. But one shoud
bear in mind that outside the boundary there is water that will mostly slow the
neutrons down and that the consequent capture will later take place mostly in
the fuel nearby. And those fuel pins, nearby or outside the boundary, are far
away from the TIP detectors and hence these contributions to the TIP signals
may be expected to be small. But to investigate this further a new MCNPX
simulation would be needed, with a larger geometry.

It should be noted that the neutron capture gamma spectrum was compiled
from a simulation where the neutron source were in a pin close to the TIP de-
tector, i.e. far from the boundary. If emitted in fuel pins closer to the boundary,
more neutrons will of course escape the problem boundary and accordingly will
contribute more to the signal in other TIP detectors.

Concluding this section the following properties were expected from the sim-
ulations:

� The detector signal from the decay and prompt spectra will largely come
from the fuel pins nearby the TIP detector.

� The detector signal from neutron capture gammas will come from both
distant fuel pins and pins nearby the TIP detector.

3.4 Gamma-ray transport

The intensity of a gamma-ray in matter is described by eq. (15),

I(x) = I0e
−µx (15)

where I0 is the initial intensity, μ (cm−1) is the linear attenuation coe�cient and
x is the thickness of the material[15]. The linear attenuation coe�cient depends
on the energy of the photons, the atomic composition of the material and the
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density of the material, e.g. liquid water attenuates more photons than water
in gas form.

Table 3: Half thickness for 0.1 MeV and 1.0 MeV photon beams in di�erent
reactor materials. Half thickness is the distance when I=I0/2.

Table 3 shows the average distance when a gamma-ray has lost half of its
energy for various reactor materials . The values were obtained by solving eq.
15 and using the values of the attenuation coe�cient of the di�erent atoms
from a database [16]. It is seen that the attenuation is strongest in uranium,
i.e. in the fuel pins. The radius of a fuel pin is about 0.5 cm, which means
that approximately half of the gamma photons of 1 MeV are attenuated in the
emitting pin.

Other items of interest in Table 3 are the large probability for interaction
in titanium, i.e. the TIP detector material, and the increasing penetrability in
water with higher void content. Yet again, the void content may be expected
not to a�ect the detector response considerably because most interaction occurs
in the fuel material.

However, because there are several processes involved in gamma attenuation,
such as photo-electric absorption, Compton interaction and pair production,
the total energy transport due to gamma transmission through a material is
highly complicated. Therefore, simulation codes are used to obtain detailed
information of the gamma �ux in complicated geometries, such as a nuclear
reactor. In this work, the MCNPX code has been applied.

3.5 The Monte Carlo simulations

3.5.1 The MCNPX code

MCNPX is a Monte Carlo radiation transport code that tracks most particles
at nearly any energy [19]. It uses standardized data libraries. In regions not
covered by the libraries physical models are used. The �rst version of MCNP
was developed about sixty years ago in Los Alamos National Laboratory.

Monte Carlo codes randomly emit particles, e.g. photons and neutrons, with
the desired distribution in energy and direction. What interactions that occur
in the materials is also decided randomly by applying probability distributions.
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By simulating many particles the result from the Monte Carlo simulation will
converge to the analytical result of the same problem.

3.5.2 The model used

The MCNPX model developed in this work was based on an existing model
of the SVEA-96 Optima2 fuel assembly, which was built up by Westinghouse
Electric Sweden AB. The geometry and material composition were as close as
possible to the real assembly, according to section 3.2. However, one item not
included in the simulations was the spacers, which are used to �x the fuel pins
and mix the coolant.

Figure 12: A radial cross section of the MCNPX model of the geometry in
the lower part of the core. The detector is in the center surrounded by water
(0% void) and the four closest fuel assemblies, of SVEA-96 Optima2 type, are
included in the model. The water inside the assembly surrounding the fuel pins
has a void of 40 % and the water cross inside the assembly contains water of 0
% void. The assembly boxes and the fuel pins are made of Zircaloy, which is
an alloy with 98 % Zr. The fuel pins contain uranium dioxide (UO2), with 5%
enrichment in 235U.

The model is illustrated in �gure 12. In addition, a schematic illustration
of the axial geometry of the model is presented in �gure 13. Some of the most
signi�cant data are presented below:

� Fuel material: UO2(enrichment 5 %)

� Material in fuel pins and box walls: Zircaloy

� Void content in the water surrounding the fuel pins: 40%

� Void content in the water outside the assembly and in water cross: 0 %
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� Pressure: 70 bar

� Temperature: 286 °C

The assembly type has 96 fuel pins, but some of the pins are shorter than
the others, as described in section 3.2. These part-length fuel pins will a�ect the
pin weights, which is an emphasized part of this work. As described in section
3.2, �ve di�erent axial sections were modeled. The gas and the spring in the
plenum pins were modeled according to their averaged properties as:

� Material: Stainless steel (Mn 1 %, Si 0.5 %, Ni 9 %, Cr 18 %, Fe 71.5 %)

� Density: 0.614 g/cm3

The end plugs of the plenum pins were modeled as Zircaloy with density 6.57
g/cm3, i.e. same as for the fuel cladding.

The liquid water density was set to 0.74 g/cm3, which is the density at 70
bar.

During normal reactor operation, the void goes from 0 % in the lower part of
the fuel assembly to approximately 75 % in the top [8]. However, in the model
the void was kept constant at 40 %. It has previously been shown that the
detector signal changes 6-7 % when the void changes from 0 % to 75 % (assuming
that the gamma source is constant) [8]. This was not further investigated in
this work.

The distance from the center of one assembly to the center of the neighboring
assembly was 15.475 cm, which is the average distance in Forsmark 3 [18].
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a) b)

Figure 13: Axial representation of the MCNPX models used. Only one position
of the TIP detector was simulated (z=22.5). In the simulations source particles
were emitted from each node separately. a) The model used for the simulations
of the detector response when the source particles were emitted in nodes 0 and
+1. b) The model used when particles were emitted in node +2. The radial
geometry is presented in �gure 12.

The model comprises only 3-4 nodes at a time, see �gure 13. Each fuel pin
was simulated separately, as a particle source, and symmetry conditions were
used separately to limit the number of simulations to the fuel pins in one half
of the fuel assembly.

To obtain the radial pin weights, only the node in front of the detector, i.e.
node 0 in �gure 13, was used as source. To get the axial weight distribution,
additional simulations were performed where the source was in node +1 and
+2, according to �gure 13.

For the simulations with the gamma spectra, photon tracking mode was
used in MCNPX. For the neutron spectrum both photon tracking and neutron
tracking were used. New �ssions were turned o� by using the NONU card,
which means that MCNPX treats �ssions as neutron captures and no gammas
are emitted.

The TIP detector was modeled according to the dimensions presented in
section 2.2 and it was placed with its center at a height of z= 22.5 cm, according
to �gure 13. The detector shell was made into a F6-tally, which means that the
incoming photon's energy deposition (MeV/g) per source particle was deduced
[19]. The reason for representing the detector as a F6-tally is described in section
2.2.

The tube, in which the TIP detector is contained, was modeled as:

� Cylindrical shell made of stainless steel
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� Outer radius: 6.0 mm

� Inner radius: 5.5 mm

� Filling gas: nitrogen

� Height: same as modeled assemblies (i.e. 45 or 60 cm)

4 Weights obtained in the simulations

In principle, the detector signal deduced in the MCNPX simulation would corre-
spond to 1/4 of the detector signal expected by four surrounding fuel assemblies
(assuming only these four contribute to the detector signal). But here, 100 %
of the detector signal is referred to as all gamma contributions from one fuel
assembly and in the case of radial pin weights, even from just one axial node
(15 cm).

As accounted for in section 3.5.2, each simulation had one of the fuel pins as
source pin, and the source was either photons of the prompt or decay gamma
spectrum or the neutrons of the �ssion spectrum of 235U.

The detector model in MCNPX counts the gamma photons energy deposition
(MeV/g) in the detector shell. The value given in the MCNPX output is the
average energy deposition per source particle. To be able to compare the three
di�erent sources used in the simulations. The value was converted into average
energy deposition per �ssion. This was obtained by multiplying the F6-tally
result ((MeV/g)/source particle) with the average number of source particles
per �ssion for each of the sources, which was 6.7 for the prompt spectrum, 11.6
for the decay spectrum and 2.5 for the neutron spectrum..

This way, pin weights for each of the sources and summed pin weights were
calculated for each axial section. The pin weights were normalized to sum up
to 100 %. They are presented in appendix A and B.

4.1 Pin weights for di�erent sources in the lower part of

the fuel assembly

The pin weights for each source are presented in Appendix A. Some of the data
from the MCNPX simulations are presented in table 4. Here it is seen that,
neutron capture has the largest contribution, 39.5 %, to the total TIP-detector
signal from the node in front of the detector. The decay and prompt gammas
contribute to 27.4 % and 33.1 % respectively.
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Table 4: The contribution of the three di�erent sources to the detector signal.
It is seen that for the decay and prompt sources the �rst pin has a relatively
large contribution and distant fuel pins do not contribute signi�cantly. While
for the neutron source, the weights are more evenly distributed and the �rst pin
only has a weight of 2.94 %. Notice also, that the neutron capture process gives
the largest contribution to the detector signal, 39.5 %.

For the decay and prompt gamma sources most of the contribution to the
TIP detector signal comes from fuel pins nearby the detector, as seen in table
4 and Appendix A. The decay weights are similar to the prompt weights, with
some what higher weight on the pins closest to the detector. This is because
the decay photons have a generally lower energy than the prompt photons, as
seen in section 3.2.5, and hence are subjected to stronger attenuation.

However from neutron capture (n,γ), even the distant pins have an important
contribution. This is partly due to that the (n,γ) photons have a higher average
energy, as compared to the decay photons, but the main di�erence between the
neutron capture weights and the prompt and the decay weights is due to the fact
that the neutrons emitted in a fuel pin create gammas in other pins, according
to section 3.2.3.

The most common capture process take place in 238U when the neutron has
been slowed down to the resonance region. Due to this most neutrons escape
the fuel pin in which they were created. This was indeed shown by the MCNPX
simulations, where less than 6 % of the photons created by neutron capture
were created in the �neutron source pin�. A non-negligible part of the photons
were even created in the neighboring assemblies.

In Appendix A it is also seen that for all sources, the fuel pins closer to the
lower and right box walls have a higher contribution compared to pins close to
or on the diagonal (i.e. the diagonal from the low right to high left assembly
corner). This is because the fuel pins on the diagonal are more shadowed by
other pins on the diagonal.

4.2 Total pin weights for di�erent cross sections

The radial weights were obtained by summing up each fuel pins contribution to
the detector response (i.e. from neutron capture, prompt and decay photons)
and renormalizing so that the sum of all pin weights is 100 %. The weights can
be found in Appendix B, and the total energy deposition in the detector for
each axial cross section can be found in table 5.
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One of the most interesting features is what happens to the weights in the
region closest to the detector when the corner pin vanishes from section 1 to
section 2. The data in Appendix B shows that in section 2 the second fuel pin
on the diagonal has a weight of 5.78 % as compared to 3.47 % in section 1. It
is also seen that the other fuel pins nearby the detector, which were previously
shadowed by the �rst fuel pin in section 1, get a signi�cantly higher weight in
section 2. It should also be noted that a part of increase in the pin weights
in the higher axial cross sections is due to the fewer number of fuel pins, as
compared to the lower sections.

In table 5 it can be seen how the average energy deposition changes axially in
di�erent sections. The highest deposition is made in section 1 when all fuel pins
are still present. Notice that the deposition is larger in section 3 than in section
2, this is because the plenum pins, which attenuate the gamma radiation, are
vanished in section 3. The same phenomenon is seen between section 4 and
section 5.

Table 5: The average energy deposition ((keV/g)/�ssion) in the gamma TIP
detector, when positioned alongside di�erent axial cross sections.

4.3 The axial weight distribution obtained in the simula-

tions

The axial weight distribution was only modeled for the geometry in the lower
part of the core, i.e. cross section 1 of �gure 7, where all of the 96 fuel pins are
present.

The resulting axial weight distribution is shown in table 4. It was obtained
by simulating the source (i.e. photons and neutrons) from three di�erent nodes,
the node in front of the detector (node k), one node above the detector (node
k+1) and two nodes above the detector (node k+2). It is assumed by the
symmetry of the model that nodes k+1 and k-1 have equal contribution and
also k+2 and k-2. See section 3.4.2 for more details on the geometry of the
model.

As presented in table 6, the result of the simulations is that 66.34 % of the
detector response comes from node k, where as 15.03 % comes from each node
k±1 and 1.80 % from each node k±2.

If adapted to the current methodology for axial weights, eq. 7, in section
2.4, v0= 0.6634 gives d = 14.5 m−1. Inserting d = 14.5 m−1 in eq. 7 gives
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v0≈66.34 %, v±1≈14.92 % and v±2≈1.69 %. According to this methodology,
the remaining 0.44 % would come from axial levels further away, which are not
considered in this work.

The simulations show that, in total, neutron capture contribute to 50.2 %
of the detector response, the prompt gamma 27.4 % and decay gamma 22.4 %.
More than 70 % of the gamma energy deposited in the detector from nodes k±1
comes from neutron capture.

Table 6: Contributions to the gamma TIP detector response, when located
at the middle of node k. The node in front of the detector has the largest
contribution (66%). The neighboring nodes contribute to 15 % each. Notice
also that the neutron capture process gives most of the contribution that comes
from the neighboring nodes and that it totally contributes to about 50 % of the
energy deposition in the detector.

5 Comparison between current and new weights

5.1 Pin weights

This comparison is done for section 1, 3 and 5, between the current POLCA7
pin weights and the pin weights obtained in this work. Section 2 is very similar
to section 3 and section 4 is very similar to section 5. Therefore sections 2 and
4 are not covered here.

The current pin weights, used in POLCA7, for each analyzed section of the
SVEA-96 Optima2 assembly, were obtained from Westinghouse[20]. By sub-
tracting the current pin weights from the pin weights obtained in the simula-
tions (section 4.2) the di�erences between the weight maps could be analyzed,
the results are shown in the following sections.

It may be noted that the current POLCA7 procedure for setting pin weights
in cross sections with plenum pins or vanished pins is to remove their weight
and renormalize the map. Whereas in this work, the particle transport has been
simulated for each axial section.
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5.1.1 Section 1

The current pin weights for section 1 of a SVEA-96 Optima2 assembly are shown
in �gure 14a, whereas �gure 14b shows the di�erences between the weights
obtained in this work, Appendix B, and the currently used weights.

It is seen that the new weights puts less weight on the pins closest to the
detector. This is most signi�cant for the fuel pin closest to the detector, which
currently has 20.71 % weight compared to the simulated contribution of 10.19
%.

The main di�erence may be how neutron capture was treated in this work
compared to the previous work, reference [7], which did not simulate the neu-
trons emitted in the �ssion process. Instead that work only covered emitted
gamma photons of equal energy, 1.1 MeV, from all the fuel pins, omitting the
e�ect of neutrons being captured in other fuel pins than where they were emitted
(as described in section 3.2.3).

Current weights, section 1 [%] New weights - Current weights, section 1 [%]

a) b)

Figure 14: a) The current pin weights in POLCA7 for section 1 of a SVEA-
96 Optima2 assembly. The sum over all the pin weights is 100 %. b) The
di�erences between the new and the current pin weights. It is seen that this
work puts less weight on the closest fuel pins, especially the fuel pin closest to
the detector, which is assigned half its current weight.

5.1.2 Section 3

The current pin weights for section 3 of a SVEA-96 Optima2 assembly are shown
in �gure 15a, whereas �gure 15b shows the di�erences between the weights
obtained in this work , Appendix B, and the currently used weights.

Just like in section 1, it is seen that this work puts less weight on the pins
closest to the detector. This is most signi�cant for the two fuel pins closest to
the detector, which currently have a weight of 13.45 % each and the contribution
obtained in this work is 7.48 % each.
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The di�erences in the maps are expected to come mainly from neutron cap-
ture, as discussed above, but there is also a di�erence because of the POLCA7
procedure where the weights of the part-length fuel pins are removed and the
map is renormalized.

Current weights, section 3 [%] New weights - Current weights, section 3 [%]

a) b)

Figure 15: a) The current pin weights in POLCA7 for section 3 of a SVEA-
96 Optima2 assembly. The sum over all the pin weights is 100 %. b) The
di�erences between the new and the current pin weights for section 3 of a Svea-
96 Optima 2 assembly. It is seen that this work puts less weight on the closest
fuel pins, especially the two fuel pins closest to the detector.

5.1.3 Section 5

The current pin weights for section 5 of a SVEA-96 Optima 2 assembly are
shown in �gure 16a.

Figure 16b shows the di�erences between the weights obtained in this work,
Appendix B, and the currently used weights. As in the other sections, this work
puts less weight on the pins closest to the detector and accordingly more weight
on distant fuel pins. This is most signi�cant for the two fuel pins closest to the
detector, which currently have a weight of 13.70 % each and the contribution
obtained in this work is 7.85 % each.

The di�erences in the weights are expected to come mainly from neutron
capture. Here in section 5, the eight central fuel pins are vanished, which makes
the di�erence some what larger between the new and currently used weights for
pins that were previously shadowed by the central pins.
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Current weights, section 5 [%] New weights - Current weights, section 5 [%]

a) b)

Figure 16: a) The current pin weights in POLCA7 for section 5 of a SVEA-
96 Optima2 assembly. The sum over all the pin weights is 100 %. b) The
di�erences between the new and the current pin weights for section 5 of a Svea-
96 Optima 2 assembly. It is seen that the new weight map puts less weight on
the closest fuel pins, especially the two fuel pins closest to the detector.

5.2 Axial weights

The currently used axial weight distribution in POLCA7 is presented in �g-
ure 26a. Compared to the weights obtained in the simulation, �gure 26b, the
weights from adjacent nodes are underestimated. The main di�erence comes
from neutron capture, which was not previously taken into account and which
makes the contribution from neighboring nodes larger. It should be noted that
in �gure 17 it is assumed that the power is equal in each node.
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a) b)

Figure 17: These two �gures assume that the power is equal in each node. a)
The axial weight distribution currently used by POLCA7. b) The axial weight
distribution obtained in this work.

With just the decay and prompt gamma sources the simulated axial weights
in this work becomes v0≈ 80.73 %, v±1≈ 8.93% and v±2≈0.71 %. This is closer
to the current weights but still there is a signi�cant di�erence.

An other factor that contributes to the di�erence, is that the current axial
weight distribution was obtained by just considering the �rst 4 fuel pins on the
diagonal. If other more distant pins were included, the spatial distance from the
detector to the same pin but at di�erent axial heights is almost equal. Hence,
in the previous work, the contribution from neighboring axial levels may have
been slightly larger if all fuel pins were considered.

6 Analysis of authentic TIP data using current

and new weights

To evaluate the weights obtained in this work, two POLCA7 simulations, one
with the new weights and one with the old weights, were done by Westinghouse
Electric Sweden AB. The core used was cycle �X� at �Reactor 1�. The most of
the fuel assemblies in this core were of SVEA-96 Optima2 type.

Figure 27 shows the overall results (i.e. average for all 37 TIP detectors) of
the POLCA7 simulation that used the old weights (section 5). The axial power
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pro�le, �gure 27a, shows that POLCA7 overestimates the power from node 10
to 23. In the other nodes, i.e. in the top and bottom of the core, the power is
underestimated by POLCA7.

Figure 27b shows the average string di�erence (%) between TIP measure-
ment and POLCA7 calculation. The largest di�erence is for one of the TIP
detectors in the middle of the core, for which POLCA7 underestimates the
power with about 3 %. For the whole core, the radial standard deviation is 1.5
%, the axial standard deviation is 3.2 % and the overall standard deviation is
3.9 %.

a) b)

Figure 18: a) The di�erences axially, between power calculated by POLCA7 and
the power obtained through TIP measurements. The axial energy distribution
calculated by POLCA7 used the old axial and pin weights. The TIP measure-
ments are from cycle �X� at �Reactor 1�. It is seen that POLCA7 underestimates
the power in the top and the bottom of the core, and overestimates the power
in the middle (node 10 to 23) b) Each value represents the average di�erence
(%) between the TIP measurement and the TIP response calculated by the core
simulator, POLCA7. The minus sign means that POLCA7 has underestimated
the power and the plus sign means that POLCA7 has overestimated the power,
as compared to the TIP measurement. The radial standard deviation is 1.5 %,
the axial standard deviation is 3.2 % and the overall standard deviation is 3.9
%.

Figure 28 shows the di�erences between same the TIP measurements as
above and the POLCA7 calculations with the new weights. The new weights
were used for the all the SVEA-96 Optima2 assemblies and the old weights were
used for the other assembly types.

Figure 28b shows the average di�erence (%) between TIP measurement and
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POLCA7 calculation. The radial standard deviation is 1.5 %, the axial standard
deviation is 3.3 % and the overall standard deviation is 4.0 %. The average
di�erence between measurement and POLCA7 is better for some detectors and
worse for some, as compared to the POLCA7 calculation that used the old
weights.

As seen above the POLCA7 simulation with the new weights do not give
any better overall agreement with TIP measurements than the old weights do.
The conclusion is that POLCA7 is stable to changes in the radial pin weights.
This probably depend on how the detector constant, D, is used in POLCA7, see
section 2.3. A change in the pin weights will change D according to eq. 1, when
D is used in POLCA7 it represses the e�ect of the pin weights, as seen in eq. 2.

Axially, the power is still underestimated in the top and the bottom of the
core, even though the weight of adjacent nodes were increased. The only ap-
parent di�erence is that the curve, �gure 28a, is smoother because of the higher
contribution from neighboring nodes. But still it can be seen that changes
in the axial weights a�ect the calculated signal more, as compared to the ra-
dial weights. This makes it more important to optimize the axial weights in
POLCA7.

a) b)

Figure 19: a) The averaged di�erences axially, between power calculated by
POLCA 7 and the power obtained through TIP measurements in cycle �X� at
�Reactor 1�. POLCA 7 used the axial weights and pin weights obtained in this
work. It is seen that POLCA underestimates the power in the top and the
bottom of the core, and overestimates the power in the middle (node 10 to
23) b) Each value represents the average string di�erence (%) between the TIP
measurement and the TIP response calculated by the core simulator, POLCA
7. The radial standard deviation is 1.5 %, the axial standard deviation is 3.3 %
and the overall standard deviation is 4.0 %.
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7 Discussion and outlook

An important di�erence between this and previous work is that neutron capture
was simulated in this work. This makes distant pins/nodes more important than
previously predicted. The simulations show that neutron capture gives a larger
part of the detector response, 50.2 %, when more nodes than one in front of
the TIP detector are considered. This also hints that neutrons that comes from
other assemblies than the four surrounding the detector may contribute to the
detector response. If this is the case the presence of control rods probably would
alter the part of the detector response coming from neutron capture. This could
be simulated in MCNPX by considering more assemblies. Control rods will of
course also alter the whole power because they reduce the number of new �ssions
but that is already accounted for by POLCA7.

The enrichment is an other factor that may alter the part of the detector
signal that comes from neutron capture. According to section 3.2.3, about half
of the photons emitted by neutron capture was emitted from 235U when the
enrichment was 5 %. With a lower enrichment the part of the detector signal
that comes from neutron capture is expected to be less. The gadolinium in the
burnable absorber (BA) pins has very large cross section for neutron capture,
so if BA-pins were used close to the detector the contribution from neutron
capture may increase signi�cantly.

From the TIP calculations with the new weights in POLCA7 it was seen
that the calculated values were not sensitive to changes in weights. Especially
radially, which depends on the so called detector constant used in POLCA7.
Changed radial pin weights changes the detector constant, according to eq. 1
of section 2.3, which represses the e�ect of the changed weights. However, the
e�ect of the changed axial weights is not repressed by any detector constant.
This makes it more important to �nd the optimal axial weight distribution.
So future work should be concentrated on the axial weights and how they are
changed in di�erent axial cross sections, with di�erent enrichments and with
the use of BA-pins.
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A Radial pin weights for di�erent source compo-

nents in the lower part of the SVEA-96 Op-

tima 2 assembly

a) b)

c)

Figure 20: Weight maps in the lower part of the SVEA-96 Optima 2 assembly,
i.e. section 1, for the three di�erent source components: a) prompt gamma b)
decay gamma c) neutrons from �ssion of 235U, which gives neutron capture. For
prompt gamma the pin closest to the TIP detector contributes to 14.56 % of
the detector response. The next pin on the diagonal has a contribution of only
4.23 %, this is because it is shadowed by the �rst pin. By the same reason, the
pins close to the box walls have larger contributions compared with pins close
to the diagonal. The decay weight map has a similar appearance as the prompt.
It is seen that the gamma transport depends on distance from the detector and
material that the gamma has to penetrate. Water is easy to penetrate compared
to the uranium in the fuel pins. In the neutron capture map all pins have an
important contribution.

45



B Pin weights for di�erent cross sections in SVEA-

96 Optima 2

a) b)

c) d)

e)

Figure 21: The total pin weight maps obtained in the simulations for the axial
cross sections: a) section 1 b) section 2 c) section 3 d) section 4 e) section 5.
In each map, the fuel pin in the lower right corner is closest to the TIP detector.
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