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Abstract 

One of the future reactor technologies defined by the Generation-IV International Forum (GIF) is the 

Lead-Cooled Fast Reactor (LFR). An advantage with this reactor technology is that steam production 

is accomplished by means of heat exchangers located within the primary reactor vessel, which 

decreases costs and increases operational safety. However, a crack in a heat exchanger tube may create 

steam (void) into the coolant and this process has the potential to introduce reactivity changes, which 

may cause criticality issues. This fact motivates the development of a methodology to detect such 

voids. 

This thesis comprises theoretical investigations on a possible route to detect voids by studying changes 

of the neutron spectrum in a small LFR as a function of various types of in-core voids .The 

methodology includes a combination of fission chambers loaded with U-235 and Pu-242 operating in 

various positions. It is shown that such a combination results in information that can be made 

independent on reactor power, a feasible property in order to detect the relatively small spectral 

changes due to void. A sensitivity analysis of various combinations of detectors, fuel burnup and void 

has also been included in the investigation. 

The results show that the proposed methodology yields a reasonably large sensitivity to voids down to 

(1-2) % of the coolant volume. The results obtained so far point in the direction that the proposed 

methodology is an interesting subject for further studies. 
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1 Introduction 
Nuclear power is and will remain an important energy source with 436 reactors in operation 

worldwide, producing 13.5% of the electricity consumed (Nov 2012) [1]. However, the Fukushima-

Daiichi Event in 2011 has led to a, at least in the short term, new path [1] for the nuclear programme 

in Japan, Germany and Switzerland, with planned for permanent shut down of most of all Nuclear 

Power Plants (NPPs). Nevertheless, China’s post Fukushima energy-policy [2] plans for 51 new 

reactors [3], potentially expanding the nuclear energy production in China from todays 12 GWe to 60 

GWe by 2020 and 200 GWe by 2030, respectively [4]. Interestingly, the number of reactors ordered or 

planned for worldwide, were 156 the month before the Fukushima Daiichi event and in November 

2012, this number has increased to 167 [3].  

Many of the planned reactors are so called Generation III+ reactors, with more advanced safety 

features over previous generations. Looking even further into the future of reactor technology 

development, an international collaboration - the Generation IV international forum (GIF) [5] - has set 

up design goals for Generation IV NPPs with even greater emphasis on safety features. The 

Generation IV-type reactors, listed below, are envisioned to be commercially available by 2030 [6]. 

 Gas-Cooled Fast Reactor System (GFR) 

 Lead-Cooled Fast Reactor System (LFR) 

 Molten Salt Reactor System (MSR) 

 Sodium-Cooled Fast Reactor System (SFR) 

 Supercritical Water-Cooled Reactor System (SCWR) 

 Very-High-Temperature Reactor System (VHTR) 

In 2008, The European Union adopted the Sustainable Energy Technology Plan (SET-Plan) [7, 8] in 

order to establish an energy technology policy for Europe, and in 2010 The European Sustainable 

Nuclear Industrial Initiative (ESNII) was launched in order to demonstrate the Gen IV concepts in 

Europe [8]. Three of the Gen IV concepts, the LFR, GFR and SFR, have been chosen by ESNII as 

reference systems. Development areas, for these six systems, defining them as Generation IV, include 

sustainability, economics, safety, reliability and proliferation resistance [9]. 

Out of these three concepts the LFR was chosen as the reference reactor technology by the Swedish 

National Generation IV reactor project, GENIUS. The LFR design proposed-for in Sweden, 

ELECTRA [10], has been the reference design used for in the simulations performed in this thesis. 

One of the main differences between the reactor generations is the type of coolant used. The most 

commonly used coolant in today’s reactor fleet is water, but lead and sodium allows for a faster 

neutron spectrum which is advantageous in order to fulfil the Generation IV goals [2]; specifically the 

transmutation of long-lived actinides and maintaining a unitarily breeding ratio. Also, the metal 

coolants allow for operation at a low pressure, favourable from a safety point of view. Although 

different coolants are used across the generations, the importance of intact and functioning cooling of 

the fuel elements remains fundamental. 

In this thesis, the feasibility to detect void in an LFR by means of neutron measurements has been 

investigated. 

2 Lead-cooled Fast Reactors 
The first lead-bismuth-cooled reactors in practical operation were the nuclear submarines built by the 

Soviet Union [11]. One of the reasons why lead-bismuth was chosen was that it allowed for a very 
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compact reactor core operating at high-power. This made it possible to build a class of smaller 

volume-hull submarine vessels with high power, the Alfa class, with a speed of 40+ knots.  

 

Today the submarines have been withdrawn, but the LFR technology is under evolution, e.g., the 

SVBR-100 ('Svintsovo-Vismutovyi Bystryi Reaktor' - lead-bismuth fast reactor) Russian module type 

fast reactor which is based on the same technology as in the Alfa class submarines [11]. The power is 

100 MWe, about twice that of the nuclear submarines, and the technology meets the GIF requirements 

[12]. 

 

Other important LFR projects include: 

 

 BREST-300 (‘Bystry REaktor so Svintsovym Teplonositelem’ -fast reactor with lead coolant), 

a 300 MWe lead-cooled reactor will be constructed between 2016 and 2020 [13] 

 STAR (Secure Transportable Autonomous Reactor), Lead-Bismuth Eutectic (LBE), 300-400 

MWth (US) [14] 

 European Lead-cooled SYstem (ELSY) 600 MWe (Europe) [15]  

 The MYRRHA reactor, subcritical accelerator driven reactor  cooled with LBE 30 MWth 

(Belgium) [16] 

 ELECTRA. Sweden. [10] 

The high boiling point and the fact that lead does not exhibit exothermic reaction with water are 

favourable from a safety point of view. 

3 Coolant void in LFRs 

3.1 Effects of coolant void 

The energy released in the fission process is on average about 200 MeV. The 2-3 neutrons released in 

the fission process have a total mean energy of about 6 MeV. The released neutrons will scatter and 

eventually be absorbed or induce fission in the core, loosing energy in the process against other atoms 

present in reactor materials such as the cladding, coolant and fuel. If bubbles, effectively lowering the 

atomic density, enter the coolant, the neutrons will scatter differently which has the effect that the 

neutron spectrum changes shape with an increase of fast neutrons and a decrease of thermalized 

neutrons. 

One of the more important coolant properties is the coolant void coefficient, which has a strong 

dependency of the type of fuel used and the neutron spectrum of the reactor. Thermal reactors such as 

the BWR have a negative coolant void coefficient because of the resonances of the capture cross-

section of 
238

U
 
(figure 1) at epithermal energies (1 eV – 10 keV). This causes the reactivity of the 

reactor to drop when the coolant starts to boil as it passes the fuel rods or during accident conditions.  
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Figure 1. The microscopic capture cross-section of 
238

U. 

 

Fast reactors, such as the LFR, may have a positive void coefficient causing the reactivity to increase 

if the coolant is allowed to boil or if void enters into the coolant for other reasons. Because of this, the 

presence of void is not desirable. A change in the neutron spectrum due to void, may however, also 

cause the reactivity to decrease or remain more or less unchanged, despite the skewed neutron 

spectrum. For this reason it is not obvious that the changes in reactivity and power will alarm the 

reactor operators. Automatic reactivity control systems and operators may also accommodate for the 

changes in reactivity caused by the leak. 

3.2 Sources of coolant void 

In an LFR, boiling is not considered as a relevant scenario due to the high boiling point [17]; 2016 ± 

10 K of Lead or 1943 ± 50 K in the case of Lead-Bismuth Eutectic (LBE) - well above the temperature 

of which the integrity of the reactor core is lost. Instead, void in an LFR may come from another 

source. 

Because lead does not react exothermally with water like sodium, no intermediate heat exchanger is 

necessary from this point of view. The heat exchanger can therefore be placed immediately in the 

reactor vessel which is favourable from an economical point of view. However, if a small crack is 

present in the Steam Generator Tube (SGT) of an LFR, water bubbles may escape into the lead coolant 

introducing void to the reactor core [18], potentially causing criticality issues. 

3.3 Types of coolant void and their impact on reactor operation 

A small crack in the SGT initially introduces void to the coolant at a slow rate. The bubbles have 

typically a diameter of 0.2 – 6 mm and travel with the coolant, eventually venting into the gas above 

the pool. Eventually, the crack will cause a tube rupture that will have a greater effect on safety than 

the small bubbles released initially, and it is therefore important to deploy a detection system alerting 

already at the initial stage of the leakage – in line with the goals for Generation IV type reactors as 

stated by the Generation IV international forum [4]. 

Coolant void can, from a monitoring point of view, be divided into two main groups; homogeneous 

and inhomogeneous void. 
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3.3.1 Homogeneous void 

There is a probability that bubbles do not escape the primary system but instead accumulate in the 

coolant in a homogeneous manner. This depends on where on the steam generator tube (SGT) the 

crack is and the size of the bubbles (determined by the width of the slit). It has been shown that the 

accumulation of steam bubbles in the primary system may be in the order of 0.01 – 100 
 

   
 for ELSY 

(European Lead-Cooled SYstem) [15].  

3.3.2 Inhomogeneous Void 

The bubbles from the leak may also coalesce and get stuck between spacers or in local stagnation 

zones. This type of bubble is referred to as inhomogeneous void, as it is local and not evenly 

distributed in the coolant. 

A stuck bubble may be released in a transient process, travelling once through the reactor core. This 

can trigger reactivity issues and especially, if the void reactivity coefficient is positive, cause a sudden 

increase in reactor power. 

3.4 Monitoring of coolant void 

Because void will change two important parameters; the spectrum shape and the neutron flux, one 

needs to be able to separate the two parameters from each other in order to detect presence of void in 

an environment where the absolute power level may be changing. 

The idea pursued in this thesis is to use a monitoring system, consisting of at least two detectors - 

fission chambers - with different fissile isotopes and/or located in different positions. In a neutron 

detector consisting of only one isotope, the only information gained from the output signal is the 

neutron flux. Therefore at least two detectors that respond differently to the neutron energies are 

needed in order for the change in spectrum to be distinguished from the power level (figure 2). 

 

Figure 2. The skewing of the spectrum due to the presence of void in the coolant normalised to neutron 

flux. By using two detectors with different response functions, the output of the detector system may be 

made independent of the absolute neutron flux 

The positioning of the detectors and the type of void present may also be of importance.  Accordingly, 

this thesis presents a study of the sensitivity due to the type and amount of void, detector position and 

different detectors. 
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4 Methodology and simulations 

4.1 Simulation software 

The software used has been Serpent (version 1.1.17), a continuous-energy Monte Carlo reactor physics 

burnup calculation code [19]. Serpent simulates neutron transport in a reactor core and is able to 

calculate the burnup of actinides. The user writes an input-file which is processed by Serpent using the 

JEFF 3.1 data libraries [20]. 

4.2 Reference reactor used 

The reference reactor used has been the European Lead-Cooled Training Reactor [10], a small 0.5 

MWth LFR design that is part of the ELECTRA FCC (ELECTRA Fuel Cycle Centre) concept, a 

project aiming at testing the LFR technology and providing training and education. 

ELECTRA consists of one fuel assembly with 397 (Pu,Zr)N fuel pins in a hexagonal lattice 

configuration. The active part of the core is 30 cm in height and to control reactivity, 6 rotating control 

drums are used in a similar configuration to those found in space reactors. 

4.3 Simulating void 

Assuming that the dimension of the individual void bubbles is much less than the mean free path of 

the neutrons, homogeneous void can be approximated by just lowering the density of lead. 

The macroscopic cross-section of 
208

Pb, Σ, has the relationship 

     eq.(  1 ) 

where N is the atomic density of 
208

Pb (≈ 3∙10
22

 atoms/cm
3
) and σ is the total microscopic cross-

section in barns [10
-24

 cm
2
] at a specific energy.  

The total microscopic cross-section of 
208

Pb, which is similar to the other lead isotopes present in the 

coolant, is presented in figure 3. With values in the order of 10 b for the energy range of interest in 

ELECTRA, the mean free path, 1/Σ, is about 3 cm. Because this length is many times the dimension of 

the individual bubbles, modelling the small bubbles by changing the lead-density homogeneously is a 

valid approximation. 
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Figure 3. The microscopic cross-section of 
208

Pb. 

Homogeneous void was simulated by decreasing the lead density of the coolant with 2, 5 and 10 % 

respectively, (Paper I, Paper II). 

Inhomogeneous void was simulated by decreasing the density of lead by 70% [21] around a number of 

fuel pins (Paper I). 

4.4 Extracted data 

Throughout the simulations, data was extracted from various positions within and outside the core of 

ELECTRA, sampling 

 the neutron spectrum (Paper I) 

 the neutron spectrum multiplied by the fission cross-section of either 
242

Pu or 
235

U (Paper II). 

4.5 Detection methodology 

Simulations were performed for the reactor during nominal operation and for various cases of void. 

The neutron spectrum and detector response for various detector positions was extracted and analysed. 

Also, in order to study which detector combinations provided the highest sensitivity to void, all void 

cases where simulated for all detector positions and detector types (with 
235

U or 
242

Pu loadings). 

5 Results 

5.1 Spectral changes due to inhomogeneous void 

When a bubble is present in the core, the thermalization is decreased at the position of the bubble and 

thus the fraction of fast neutrons increases. This effect is stronger closer to the bubble (Paper I, 

figure 11).  

In order to quantify the spectral changes in Paper I, two energy-intervals of the spectra comprising 

slow and fast neutrons were defined as 50-500 keV and 2-5 MeV, respectively (Paper I, equation 2). 
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The largest sensitivity to void was found in the sampling volume located immediately in the voided 

volume (figure 4, sampling volume 3), implying that the ratios, as defined in Paper I, equation 2, are 

larger when the detector is close to or positioned in the voided volume. This is because the solid angle 

for detecting neutrons from the voided volume is relatively high. The result obtained by studying the 

spectral changes show that the ratios are dependent on the amount of void, but in order to determine 

the detection-limits further theoretical and experimental studies are needed. 

 

Figure 4. The sensitivity to void as defined in Paper I, equation 2, normalized to the number of fuel 

pins covered by the voided volume. 

5.2 Spectral changes due to homogeneous void 

For a homogeneous distribution of void, the ratios become larger when the detectors are located 

further away from the core. This is because the neutrons born in the core are allowed to be exposed to 

void in the coolant for an extended distance before detection.  

The ratios are linearly dependent on the amount of void for all detector positions used in Paper I. 

5.3 Detection of homogeneous void  

By using two detectors with the fissile isotopes 
235

U or 
242

P, the reaction rates of the passing neutrons 

in various positions were calculated (Paper II) for each void case. Following the procedure described 

in Paper II, it was possible to determine the detector combination with the strongest sensitivity to void. 

As is also described in Paper II, by using two types of detectors, the output of the analysis becomes 

power independent. 

The results show that at least one of the two detectors should be placed far away from the core. One of 

the largest  relative changes obtained (see Paper II, fig. 9) was in the order of 2.5 % / unit per cent of 

void. 

5.4 Sensitivity analysis 

5.4.1 Water content 

The water content was simulated by adding hydrogen and oxygen to the coolant. The molar amount 

was approximated using the ideal gas law: 
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       eq.(  2 ) 

The pressure p was evaluated at the bottom of a lead column of 3 meters height and at a temperature of 

600 K. Since the coolant velocity is low in ELECTRA (1 m/s), the dynamic pressure, 

  
 

 
     eq.(  3 ) 

is much smaller (less than 1/10:th)  than the static fluid pressure and may therefore be neglected. 

Therefore, the lead pressure can be approximated using the static fluid pressure law: 

      eq.(  4 ) 

The pressure at 3m depth was calculated to 4 Atm. 

The resulting hydrogen and oxygen content calculated from eq. 2, with use of the pressure calculated 

in eq. 4, are presented in table 1. 

 

Μg/cm
3 

 

2% 

Void content 

5% 

 

10% 

Hydrogen 3.3 8.3 16.7 

Oxygen 26.6 66.6 133.2 

Table 1. The water content in the coolant for different amounts of homogeneous void 

The presence of water in the void did not alter the results significally (within 1σ), except for uranium 

detector positions above the core (figure 5). The reason for this has not yet been investigated, but a 

possibility is that the coolant volume above the core allows the water to moderate more efficiently, 

counteracting the effect of void. 

 

Figure 5. The impact of water content in lead along the Z-axis for U-235 detectors (left) and for Pu-

242 detectors (right). The amount of void is 10%. 

5.4.2 Burnup and reactivity compensation 

The sensitivity of the results due to burnup and the corresponding reactivity compensation using the 

rotating control-drums of ELECTRA were investigated for the first 10 years of operation. The isotopic 

content of the fuel as a function of time was simulated in Serpent and, from a reactivity point of view; 

the 59 of the most important isotopes were included.  
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Within 1σ uncertainty, the results show no impact on the results due to the changed isotopic content. 

This is regardless of detector-combinations, fuel burnup or angular rotation of the reactivity control-

drums. 

6 Conclusion 
This thesis has investigated both local coolant void and a homogeneous distribution of small bubbles.  

The results show that a homogeneous distribution of void, which is a precursor of a larger SGT 

rupture, has the feasibility to be detected by using fission chambers loaded with 
235

U and 
242

Pu, with 

possible detector locations far from the core. For a bubble located between the fuel elements, however, 

the detectors need to be positioned close to the bubble and, therefore, should be located inside the 

active part of the core. 

Forthcoming work includes the application of the method presented on the ELSY reactor, which is a 

conceptual full-scale lead cooled reactor [15]. 
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Feasibility study of detection of coolant void in metal-
cooled fast reactors using changes in the neutron 
spectrum 
 

P. Wolniewicz

, A. Håkansson, P. Jansson, S. Jacobsson Svärd 

 

Dept. of Physics and Astronomy, Uppsala University, 

Uppsala, Sweden 

 

 

Abstract. Formation of coolant void can lead to an increase in reactivity in metal-cooled fast reactors. 

Accordingly, the ability to detect formation of void and similar phenomena is highly relevant in order to 

counteract transient behaviour of such a reactor. As this work shows, the energy distribution of the neutron flux 

in a fast reactor is sensitive to formation of void. For monitoring purposes, this fact suggests the use of fission 

chambers with different isotopic content and thus different fission threshold energies. In such a way the 

monitoring system may be tailored in order to fit the purpose to obtain spectral information of the neutron flux. 

 In this work, simulations have been performed using the Monte-Carlo-based code SERPENT on the 

ELECTRA reactor design, a 0.5MWth Lead-cooled Fast Reactor (LFR) planned for in Sweden. The simulations 

show significant changes in the neutron spectrum due to the formation of void located in specific in-core regions 

as well as due to a homogeneous core-wide distribution of small bubbles. In an attempt to quantify and to put a 

number on the spectroscopic changes, the number of neutrons in the high energy region (2-5 MeV) are compared 

to the number of neutrons in the low-energy region (50-500 keV) and the changes caused by the introduction of 

void is analyzed. The implications of the findings are discussed. 

 

 

1. Introduction 
 

Generation IV (Gen IV) Nuclear Power Plants (NPPs) are currently under development and metal-

cooled fast reactors is one of the main options in this quest. As compared to today’s common reactor 

types, such as the Light Water Reactors (LWRs), some parameters that will be different are the coolant 

medium, the neutron energy distribution and the in-core temperatures. As a consequence, these 

reactors will exhibit large differences in their dynamic response to various changes in the reactor core, 

such as changes to the core geometry, coolant void or introduction of gaseous products in the coolant. 

Accordingly, metal-cooled reactors will require in-core monitoring that is different from that of 

today’s NPP’s in order to fulfil the safety goals that have been set up by the Gen IV International 

Forum (GIF) [1]. 

 

In this work, the changes in the neutron spectrum that may arise due to the formation of gas bubbles in 

the Swedish lead-cooled reactor design ELECTRA [2] have been studied using SERPENT [3], a 

Monte Carlo-based reactor simulation tool. This report shows how the neutron spectrum and the 

reactivity is changed when ELECTRA is exposed to A) a homogeneous core-wide distribution of 

small bubbles and B) a large bubble covering parts of the reactor core. 

 

1.1. Formation of gas bubbles in metal-cooled fast reactors 
One possible reason for formation of gas bubbles in a metal-cooled reactor is coolant-fuel interaction, 

e.g. cladding erosion. If the protective layer around the fuel pins is damaged, gaseous fission products 

can leak out into the coolant. Another possible source of gas bubbles in the coolant is a small crack in 

the heat exchanger or steam generator (the latter is not present in the ELECTRA design). Depending 

on the size of the crack, the flow rate of bubbles (air or water steam) can vary from very small 

(decilitres per day) to several litres per minute [4]. 

 

Some possible distributions [4] of bubbles that may appear in lead-cooled reactors are: 

                                                      

 Corresponding author. Email address: peter.wolniewicz@physics.uu.se 
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I. Homogeneous distribution of small bubbles in the entire core. The bubbles are about 0.5 mm in 

diameter, and occur due to gas production in small quantities (in the order of tens of litres per 

day). The production may persist for a period of time in the order of days and the bubbles will 

then spread homogeneously over the whole system without disappearing. Such bubbles are not 

expected to get stuck in the core. 

II. Bubbles stuck in spacers. Bubbles which are between 0.5 and 2.0 mm in diameter can get stuck 

in the spacers between fuel rods because they are large enough not to pass through the spacers 

as their surface tension forces are stronger than their buoyancy forces. As more bubbles of equal 

size pass, they can combine to form larger bubbles that fit between the fuel rods. 

III. Bubbles stuck at the core inlet. In this location, bubbles may form in similar processes as 

between spacers, but one may imagine the formation of larger bubbles, up to 20-30 cm. These 

can get stuck at local vortex zones below the core, but a disturbance may release them whereby 

they can pass the core in a transient process. 

 

If void is present in the reactor core, changes in neutron moderation and leakage will cause a change in 

reactivity and thus in k-effective. Sudden, unexpected changes in reactivity can be a reason for 

emergency shutdown of the reactor. In addition, many fast reactors have a positive void coefficient 

(although not the ELECTRA design under study in this work), which means that if a bubble enters the 

core, reactivity will go up. If the reactivity insertion is large enough, the reactor could go prompt 

critical. A similar conceivable scenario in a reactor with negative void coefficient is that if a bubble 

stuck between spacers suddenly is released, a positive reactivity insertion could occur. Another 

problem with bubbles in the reactor core is that they may lead to a local increase in temperature 

because of loss of heat transfer (or increase in reactivity) leading to damaged fuel rods. 

 

The simulations presented in this report are based on a simplified model of the gas bubbles. In this 

initial stage of research, bubbles are modelled as a change in density without taking the content of the 

bubbles into account. A simulated bubble represented as a change in density will cause less 

moderation of the neutrons therefore hardening the spectrum locally. A gas bubble consisting of water 

molecules, however, can possibly cause increased moderation because of its hydrogen content. The 

effect of the latter, and also the influence of fission gas bubbles coming from damaged fuel rods, 

remains to be studied. 

 

Because no study on formation of bubbles in ELECTRA has been performed, values of bubble 

geometries from the European Lead-cooled System (ELSY) [5] are used in the simulations. This study 

should therefore be seen as an initial approach and more realistic conditions specific to ELECTRA 

remain to be studied. However, the principles on how to detect the bubbles should still be valid. 

 

1.2. The ELECTRA reactor design 
ELECTRA (European Lead Cooled Training Reactor) is a 0.5 MWth lead-cooled fast reactor design 

(see figure 1 and ref. [2]) for the purpose of research and training, which is planned for within the 

Swedish GENIUS research programme (Generation IV research in universities of Sweden). 

 

In this reactor design, the height of the active core is 30 cm and it consists of 397 fuel pins made of 

(Pu,Zr)N with steel cladding. Reactivity is controlled by six rotating drums consisting of enriched 

boron-carbide. The rotating drums are partially covered by the absorber and the angle of rotation 

determines how much neutrons are absorbed. Shut-down is performed by inserting boron-carbide 

enriched shut-down rods inside the drums. 

 

In this work, the Pu content in the fuel material (cladding excluded) has been set to 60% by weight 

with a Pu vector corresponding to that of spent PWR UOX fuel with a burnup of 43 GWd/tU. For 

detailed information on the Pu vector, see reference [2]. 
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Figure 1: Cross-section view of the primary vessel and core of ELECTRA [2]. 

 

2. Simulation methodology 
 

2.1. Simulation procedure 
 

The simulations have been performed using the SERPENT code [3], modelling the ELECTRA core 

(figure 1). In the simulations, the flux of neutrons has been recorded in a number of volumes in and 

outside the core, including the shape of the neutron spectrum using 256 equal-lethargy energy bins. 

The results have been normalized to power (as discussed below). The result from every run (listed 

below) and each detector has been compared with the non-perturbed case in order to establish how 

much the spectrum has changed. 

 

The following cases have been studied: 

I. Reference non-perturbed case 

II. 2,5,10,30 % homogeneous void distribution of the whole system 

III. A single bubble, 14 cm in height, that is covering 

(a) 7 fuel pins in the centre of the core 

(b) 19 fuel pins in the centre of the core 

(c) 37 fuel pins in the centre of the core 

(d) 37 fuel pins in a slightly skewed position from the centre of the core 

(e) 91 fuel pins in the centre of the core 

(f) 161 fuel pins in the centre of the core 

(g) 397 fuel pins in the centre of the core 

 

All simulations depict the situation at the beginning of the fuel life cycle, i.e., without taking into 

account any changes of the isotopic content in the fuel with increasing burnup. 

 

2.2. Normalization to power 
 

Introduction of void into the core changes the reactivity of the core, which in a real reactor will cause a 

dynamic response in terms of the neutron flux and thus the power level. However, SERPENT does not 

take time dependency into account, and, instead, a preset power level has been used throughout the 

simulations. This is justified for two reasons: 

I. Slow changes in the reactivity may be compensated for by feedback mechanisms or by the 

operator, readjusting the power level to the nominal value, 
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II. The present work is focused on the possibility to detect core anomalies in terms of coolant void 

or gas bubbles by means of detecting relative changes in the neutron spectrum caused by such 

anomalies. Accordingly, the absolute power level is not taken into account. 

 

To illustrate the spectral changes, one may assume a negative reactivity insertion caused by void in the 

ELECTRA core, initially causing a decrease in the absolute neutron flux with time, as illustrated in 

figure 2. However, not only the absolute level is changed, but also the shape of the neutron spectrum. 

Here, the leakage from the core will increase and the moderation of the neutrons will decrease, 

hardening the neutron spectrum, also illustrated in figure 2. 

 

 
 

Figure 2: Left figure: A drop in overall spectrum due to negative change of k-effective. Right figure: 

Two spectra, normalized to flux, at different points in time – before and after the perturbation. It is 

possible that a change in the neutron spectrum between two points in time can reveal information 

about the perturbation. 
 

The overall spectrum-change thus contains two major parts: the change in amplitude and the change of 

shape. Since SERPENT cannot simulate reactor dynamics, a fixed total reactor power has been 

simulated, and accordingly only the change in spectrum shape is covered in this work. 

 

In a real reactor, one may expect that a sudden large reactivity change will cause the power to 

fluctuate. Recording spectral changes of such an event can help determining the cause. However, one 

may also imagine a system that surveys possible spectrum changes, posing an alarm if e.g. void is 

building up in the core. 

 

2.3. Bubble dimension and model 
The fuel rods of the ELECTRA core are placed in a hexagonal lattice with a pitch of 1.4 cm, as 

illustrated in figure 3. The fuel itself, including cladding, has a radius of 0.630 cm. The lead 

surrounding each fuel rod is, in the simulation, limited by a hexagon with a distance of 0.7 cm between 

its centre and one parallel side. In the simulation of bubbles, these have been modelled by changing 

the density of lead from 10.503 g/cm
3
 to 3.1509 g/cm

3
 (70% void, [6]) in the volume between the fuel 

rod and hexagon, thus assuming that some coolant is still present, below referred to as partial voiding. 

The height of the bubbles was set to 14 cm, implying that the bubble volume surrounding one fuel rod 

is 6.26 cm
3
. Table 1 shows the total volume that is changed in each simulation. 
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Figure 3: Cross-sectional view of a part of the core where 19 fuel pins (beige colour) are covered by 

bubbles (blue colour). The yellow pin in the middle is also a fuel pin, but the yellow colour marks that 

it serves as a volume where the neutron spectrum is recorded. The brown-green colour represents lead 

with normal density. 

 

Table 1: The relation between the number of partially voided fuel pins, the total bubble volume, the 

change in lead mass in the core and the mass fraction of lead that has been removed from the active 

part of the core due to the bubble. The formation of void in the lead coolant was assumed to decrease 

the coolant density from 10.50 g/cm3  to 3.15 g/cm3 (i.e. 70% void) and the active region was defined 

as the volume inside the absorber drums within the height of the fuel material. 

 

Fuel pins covered 
by bubbles 

Bubble 
volume 
[cm

3
] 

Mass of lead removed 
from core 

[g] 

Fraction of lead removed 
from active part of core 

[%] 

7 44 322 0.5 
19 119 874 1.4 
37 232 1703 2.8 
91 570 4188 6.9 
161 1008 7410 12.2 
397 2485 18272 30.0 

 

2.4. Sampling the neutron spectrum 
 

Five sampling volumes have been defined in the core, where data on the neutron spectrum is recorded, 

as illustrated in figure 4. These volumes are simulated as cylinders of 14 cm in height, with the same 

radius as a fuel rod. (Two volumes are actually contained in fuel rods.) The recording of data is non-

intrusive and does not change the neutronics in any way. The sampled data is the unmodified neutron 

spectrum, i.e., the efficiency with which the spectrum may be experimentally measured is not taken 

into account, but will be covered in future studies. 
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Figure 4: The five sampling volumes, where data on the neutron spectrum is recorded. 

 

2.5. Uncertainties 
Because ELECTRA is a fast reactor, with only a small fraction of the neutrons at low energies, the 

uncertainties in the sampled data are larger in the low-energy regions. This also depends on the 

position of the sampling volume. As an example, figure 5 illustrates that neutrons in sampling volume 

5 (“detector 5”) are slightly more moderated than those in sampling volume 3 (“detector 3”). In 

sampling volume 3, very few neutrons have energies below 0.1 keV. 

 

 
Figure 5: The spectrum in sampling volume 3 (“detector 3”) vs sampling volume 5 (“detector 5”). 

 

Because of the Monte Carlo method used, one has to consider the convergence of the neutron 

population in order to ascertain that the simulations are reliable. In this context, one often refers to 
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Shannon Entropy [7] as a measure of the convergence, here expressed in terms of the average position 

of the neutrons in the core. As presented in figure 6, the average of the neutrons' radial distance to 

centre of the core in a typical simulation in this work was within 1.5 mm through all neutron cycles 

simulated, which was considered highly sufficient. However, in order to analyse different parts of the 

neutron spectrum, one should also take the neutron energy into account. In this work, the convergence 

was poor in energy intervals where the neutron population was low, implying that neutron data at 

energies below 0.01 MeV respectively above 5 MeV, have been considered less reliable. 

 

 

Figure 6: The Shannon entropy along the x-axis in one of the simulated cases 

 

3. Changes in the neutron spectrum due to coolant void 
 

In this section, some intermediate results are presented in the form of graphs showing how the neutron 

spectrum changes in different energy regions due to various bubble formations and levels of 

homogeneously distributed void in the coolant. The results are presented in terms of the ratio between 

the perturbed (voided) case and the non-perturbed case using the parameter R as defined in eq. (1): 

 

perturbed

non-perturbed

1 100       [%]
N

R
N

 
    
 

    (1) 

 

where Nperturbed is the number of neutrons in a certain energy bin in the case of bubbles present, and 

Nnon-perturbed is the corresponding number of neutrons for the undisturbed case. 

 

For clarity, plots consisting of changes in neutron spectra from multiple simulations are presented with 

the uncertainties left out and using smoothed Bezier curves, as shown figure 7. 

 

The section is divided into two parts: 3.1 deals with the impact bubble formation has on the neutron 

spectrum. As accounted for in section 2.1, the cases considered are when a bubble covers: 7, 19, 37, 

91, 169 and 397 fuel pins. Section 3.2 presents results from simulations of various void distributions. 

These void distributions are defined as homogeneously distributed small bubbles within the whole 

core. Due to the small size of the bubbles, it was considered appropriate to approximate them by an 

effectively smaller lead density. The cases presented comprise when 2, 5, 10 respectively 30 percent of 

the core volume is filled with bubbles. 
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Figure 7: For presentation purposes, uncertainty bars have been omitted when multiple simulated 

neutron spectra are presented simultaneously. Figure a) shows the spectra with uncertainty bars 

included while figure b) and c) show how smoothed Bezier curves are used to replace the data points. 
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3.1. Changes in the neutron spectrum due to in-core bubbles 
 

Figure 8 shows how bubbles in the central part of the core changes the neutron spectrum in sampling 

volume 1, which is situated in the periphery of the core, as presented in figure 4. The changes in all 

energy bins are within about one percent with the exception for the two cases with the largest bubbles 

(covering 169 and 397 fuel pins, respectively) where the deviations at the high energy side of the 

spectrum amount to 3 % and 12 %, respectively. 

 

 
Figure 8: The spectrum change due to bubbles in the central part of the core, as simulated in sampling 

volume 1 (see the location in fig. 4). 

 

Figure 9 shows the corresponding changes in the neutron spectrum in sampling volumes 2 and 4. As 

seen in fig 4, these volumes are placed symmetrically on both sides of the core and the results should 

therefore be very similar. As shown, however, the results differ somewhat mainly at energies below 

10 keV and above 5 MeV due to poor convergence in the simulations. Accordingly, these energy 

regions are excluded in the analyses presented in section 4. 

 

  
Figure 9: The spectrum change due to bubbles in the central part of the core, as simulated in sampling 

volumes 2(left) and 4 (right). Their locations are presented in fig. 4. 

 

Moving a bubble towards the periphery of the core, as presented in figure 10, implies that sampling 

volume 4 gets closer to the bubble and it will then detect a larger spectroscopic change as shown in 

figure 11. 
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Figure 10: A simulated geometry where a bubble covering 37 fuel pins is located away from the centre 

in the direction of sampling volume 4. 

 

 

Figure 11: Changes in the neutron spectra in sampling volume 4 when a bubble covering 17 fuel pins 

is centred in the core (upper) respectively located towards the sampling volume (lower). 
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Fig. 11 shows that the sensitivity of the neutron spectrum to the distance between the bubble and the 

sampling volume, is particular for neutrons above approximately 1 MeV. 

 

Figure 12 shows the spectrum changes due to bubbles around sampling volume 3. This sampling 

volume is in the centre of the bubbles and the effects on the ratio R becomes larger. One may note (1) 

a stronger effect in the lower part of the spectrum than for the other sampling volumes, and (2) even 

for the smallest bubble covering 7 pins, the response is clearly affected at the high-energy end of the 

spectrum. 

 

 
Figure 12: The spectrum change due to bubbles in the central part of the core, as simulated in 

sampling volume 3 (being located centrally, see fig. 4). 

 

For sampling volume 5, which is placed between two reactivity compensating drums, the results are 

similar to those of sampling volumes 2 and 4 (fig. 9), and they are thus not presented here. 

 

3.2. Changes in the neutron spectrum due to homogeneously distributed void 
 

Figure 13 shows the change in the neutron spectrum in sampling volume 1, for the cases where small 

bubbles are homogeneously distributed in the coolant. A striking, although not unexpected, feature in 

fig. 13 is the zero-crossing near 1 MeV. The zero-crossing point immediately suggests that any 

detector system for measuring spectral changes should comprise detectors that have sensitivities well 

below or above this energy in order to deliver significant data, and basing the analysis on a 

combination of sensitivities to high respectively low energies would likely be most beneficial. 
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Figure 13: The spectrum change due to homogeneously distributed small bubbles in the coolant, as 

simulated in sampling volume 1 (being located in the core periphery, see fig. 4). 

 

Outside the fuel, in sampling volumes 2 and 4, the situation is similar as for sampling volume 1. Here, 

only results for sampling volume 2 are presented (figure 14). Also for sampling volume  5, which is 

placed between the two reactivity compensating drums, the result is similar to what is obtained for the 

other volumes (figure 15). 

 

 
Figure 14: The spectrum change due to homogeneously distributed small bubbles in the coolant, as 

simulated in sampling volume 2 (being located outside the core, see fig. 4). 
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Figure 15: The spectrum change due to homogeneously distributed small bubbles in the coolant, as 

simulated in sampling volume 5 (being located outside the core, see fig. 4). 

 

4. Detecting coolant void 
 

The basic motivation for this work was to investigate the feasibility of using neutron detectors with 

some spectroscopic capability, i.e., a system of detectors allowing for measurements of “low-energy” 

and “high-energy” neutrons, to detect coolant void. To that end, two energy-regions were defined to be 

(50 – 500) keV and (2 -5) MeV, respectively. The ratio between the number of high-energy neutrons 

to the number of low-energy neutrons for each case considered was then calculated (equation 2). This 

ratio was also calculated for the non-perturbed case in order to facilitate comparison. 

 

   
5 MeV 500 keV

2 MeV 50 keV

Q N E N E        (2) 

 

In table 2, the change in k-effective for all cases is presented together with the corresponding reactivity 

change. The delayed neutron fraction, βdelayed, was 0.266 %. 

 

Table 2: keff and reactivity change as a function of the various cases 

Type of void Case keff Reactivity change [¢] 

Bubble 0 1.0002 - 

 7 1.0002 ≈ 0 

 19 1.0002 -1 

 37 1.0001 -5 

 91 0.9996 -26 

 169 0.9978 -94 

 397 0.9888 -431 

Homogeneous 2 0.9970 -123 

 5 0.9920 -311 

 10 0.9834 -632 

 30 0.9467 -2012 
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4.1. The in-core bubble cases 
 

Table 3 summarises the results for the in-core bubble cases. The overall relative uncertainty of the 

numbers in table 3 is 2.1 % (average value). 

 

From table 3 and figure 16 it is inferred that a detector centred in the bubble (sampling volume number 

3) respond strongly to the change in void, compared to the non-perturbed case. The other sampling 

volumes show also a response to the change in void but to a lesser degree compared to volume 3. 

 

Table 3: The ratio (Q) between integrated neutron flux in the region (50 – 500) keV to the 

corresponding quantity for the energy region (2 – 5) MeV calculated for each case studied and for the 

sampling volume 1 to 5. The relative uncertainty is about 2 % with a somewhat higher (about 3 %) for 

detector 5. 

 

Case Sampling 

volume 1 

Sampling 

volume 2 

Sampling 

volume 3 

Sampling 

volume 4 

Sampling 

volume 5 

0 0.2448 0.2106 0.3284 0.2099 0.1647 

7 0.2444 0.2101 0.3341 0.2095 0.1653 

19 0.2454 0.2107 0.3383 0.2106 0.1657 

37 0.2461 0.2109 0.3414 0.2110 0.1653 

91 0.2474 0.2126 0.3459 0.2126 0.1665 

169 0.2504 0.2150 0.3499 0.2154 0.1683 

397 0.2640 0.2262 0.3554 0.2260 0.1784 

 

 
Figure 16. The ratio between the number of high-energy neutrons to the number of low-energy 

neutrons for the in-core bubble cases, compared to the same ratio for the non-perturbed case. 
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4.2. The homogeneous void-distribution cases 
 

Here the energy regions for the analysis were chosen to coincide with the ones in section 4.1. As in 

section 4.1, the ratio was calculated and tabulated in table 4 for each case considered. In figure 17, the 

data in table 4 is visualized. 

 

Table 4: The ratio (Q) between integrated neutron flux in the region (50 – 500) keV to the 

corresponding quantity for the energy region (2 – 5) MeV calculated for each case studied and for the 

sampling volume 1 to 5.The relative uncertainty is similar to the values in table 3. 

Case Sampling 

volume 1 

Sampling 

volume 2 

Sampling 

volume 3 

Sampling 

volume 4 

Sampling 

volume 5 

0 0.245 0.211 0.328 0.210 0.165 

2 0.247 0.212 0.331 0.212 0.167 

5 0.251 0.216 0.334 0.216 0.171 

10 0.256 0.222 0.339 0.222 0.176 

30 0.285 0.249 0.364 0.249 0.204 

 

 
Figure 17. The ratio between the number of high-energy neutrons to the number of low-energy 

neutrons for the homogenous void-distribution cases, compared to the same ratio for the non-

perturbed case. The ratios for sampling volumes 2 and 4 are overlapping since they are symmetrically 

positioned in the core. 

 

5. Conclusion and outlook 
 

In this case study, the performance of the European Lead-Cooled Training Reactor, ELECTRA, was 

studied theoretically when confronted to various situations that include bubble formation and 
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homogeneous distribution of void in the coolant. The simulations were conducted using the SERPENT 

code. There are mainly three conclusions that may be drawn from the results in this study: 

 

1) ELECTRA is a well-designed concept, as no cases considered in this study resulted in positive 

reactivity changes. 

2) From the simulation results it may be concluded that the idea of using a neutron detector system 

with some spectroscopic capability e.g. possessing a “high-energy” and a “low-energy” 

response is feasible for the detection of coolant void. However, as was pointed out, the detector 

responses should preferably be such that maximum difference between a voided and a normal 

case is obtained. For ELECTRA this means that detectors sensitive to neutrons in the energy 

region around 1-2 MeV will not contribute significantly and reliably to the desired capabilities.  

3) Although ELECTRA does not respond severely to the cases of void considered in this work, it 

is advisable that LFRs in general, and especially reactors with large cores, should be equipped 

with adequate systems in order to detect any excursions from nominal operation. One reason is 

that a change in reactivity occurs from coolant void, which depends on the magnitude of the 

void, and it is conceivable that small bubbles can go unnoticed if no dedicated detection system 

exists. A second reason is that even if the global behaviour of a reactor is not significantly 

affected by void formation, bubbles, if stuck between spacers, can cause a change in local heat 

transfer with possible fuel damaging as a consequence. 

 

As regards future work, the plan is to continue with simulation work on larger, industrial-scale reactor 

concepts. In addition, further investigations will cover actual detector technologies and analysis 

methods to be used. 
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Abstract 

The lead-cooled fast reactor (LFR) is one of the nuclear reactor technologies proposed by the 

Generation IV International Forum (GIF). The lead coolant allows for inherent safety properties 

attractive from a nuclear safety point of view, but issues related to corrosion of structural materials and 

the possible positive coolant reactivity coefficient must be addressed before LFRs can be 

commercially viable. As an example, a small crack in e.g. a heat exchanger can generate a more or less 

homogeneous distribution of bubbles in the coolant (void) which if unnoticed, has the potential to 

cause criticality issues. This fact motivated an investigation of a methodology to detect such voids. 

The suggested methodology is based on measurements of the “slow” and “fast” parts of the neutron 

spectrum because these parts respond in different ways to voiding. For detection, it is tentatively 

assumed that fission chambers loaded with U-235 and Pu-239, respectively, are deployed. To 

investigate the methodology according to sensitivity and precision, a number of scenarios have been 

simulated and analyzed using the core simulator Serpent. 

The results show that the methodology yields a sensitivity of 3 % for each per cent unit of void. 

Assuming typical detection limits of a few per cent this implies the possibility to detect voids down to 

the order of 1 %. From these studies it was also concluded that the positioning of the detectors relative 

the reactor core is crucial, which may be useful input during the design phase of a reactor in order to 

achieve an efficient monitoring system. 

 

Keywords: LFR, monitoring, fission chamber, void, heat exchanger, neutron spectrum 
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1 Introduction 
Albeit further away from commercialization compared with sodium-cooled fast reactors, the lead-

cooled fast reactor, LFR, exhibits some beneficial features, which makes it a distinct member of 

Generation IV technology. The advantages with lead cooling have prompted a Swedish national Gen 

IV research program aiming at further investigating the LFR technology and accompanying recycling 

of spent nuclear fuel (The GENIUS program, 2012). In this paper we present results from a project 

that forms a part of this national program.  

One of the benefits with LFRs is that lead undergoes a large density change with temperature, 

enabling possibility for efficient cooling of decay heat with natural circulation – a safety feature which 

has received considerable interest during the course of time and not the least after the Fukushima-

Daiichi event in March 2011. Other advantageous features are that lead does not react exothermally in 

contact with water and its ability to mix with melted fuel in the case of a severe accident. In such a 

scenario the large gamma-ray attenuation of lead is an obvious favourable property. The fact that lead 

chemically binds elements such as e.g. Caesium is also a mitigating property (Cinotti et al., 2011). 

Furthermore, the high boiling temperature of 2023 K is an advantage since this creates a substantial 

safety margin while allowing for a relatively high operating temperature, which, in turn, increases the 

thermal efficiency of the whole system. On the drawback side one may mention that lead is corrosive 

against commonly used steel qualities, which makes development of new structural materials 

necessary before LFRs can be commercially viable for power production (Ballinger, Lim, 2004).The 

relatively high melting temperature of 601 K may also pose practical problems due to its relative 

proximity to the typical reactor operating temperature of about 650 K. 

From a nuclear physics point of view, lead is an excellent cooling medium for fast reactors because of 

its small moderating power. Using pure lead also implies that a factor of 10
-4

 smaller amount of the 

highly radiotoxic isotope 
210

Po is produced as compared to a lead bismuth eutectic (Adamov, 2001).  

A generic property of metal-cooled reactors that has to be taken into account is the potentially high 

positive reactivity worth of coolant void, which may trigger power oscillations or even cause prompt 

criticality if coolant void occurs. The high boiling temperature of lead makes void due to boiling in 

LFRs less probable. However, there are mechanisms that potentially may cause gas bubbles to occur 

in the coolant. For example, a small rupture in the internal heat exchange system may cause an even 

distribution of small bubbles that effectively changes the physical properties of the coolant (Jeltsov, 

Kudinov, 2011). These bubbles could also conglomerate creating a large bubble that stuck in the core 

structure with an eventual sudden release.  Although these phenomena may have the same cause, their 

effects on the core behaviour differ significantly. While the first gives rise to a steady increase of void 

in time with relatively subtle changes in reactivity, the latter gives rise to a prompt reactivity change, 

which calls for a fast compensating response or even shutdown. It must therefore be considered 

important to develop instrumentation that efficiently detects initial stages of such phenomena, 

especially when considering the first test and demonstration reactors. 

In this paper we have addressed a case where various levels of homogenously distributed void are 

introduced into the lead coolant of the proposed lead-cooled reactor ELECTRA (Wallenius et al., 

2012) and studied possible changes of the neutron energy spectrum including the detectability of such 

effects at an early stage. 

2 Hypothesis 

Even though LFRs are cooled without intentional moderation, neutrons do loose energy through 

scattering processes. The relative importance of this effect is dependent on the average lead density. 

The insertion of void into the system decreases the average lead density and thus decreases the fraction 

of neutrons with lower kinetic energy. This, in turn, leads to a skewed neutron energy spectrum 

compared with the spectrum corresponding to nominal operational condition. Considering also an 

expected softening of the neutron energy spectrum as a function of radial distance from the core, it 
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would be possible to detect the introduction of coolant void using a core monitoring system that is 

sensitive to changes in the spectrum. 

In the design of a monitoring system being capable of indicating possible void, two varieties of 

detectors may be used; one sensitive for slow neutrons and one sensitive for fast neutrons. There are 

practical constraints, however, that must be considered for such a methodology. For example, in order 

to be detected, the spectrum changes must be sufficiently large and depend in a regular way on the 

type and amount of void. The detector responses must also be made such that they sample the most 

critical parts of the neutron spectrum enabling maximal contrast between the nominal and irregular 

operating conditions. In this work we have tentatively assumed that fission chambers loaded with U-

235 and Pu-242 were used simultaneously in order to detect the spectral changes caused by void. 

The positioning of the detectors may be crucial; there could be unfortunate detector positions where 

certain types of void could cause a change of the spectrum in such a way, that the detector response is 

unaltered. One example is when the increase in neutron energy due to formation of void, is cancelled 

by the decrease in energy due to the presence of moderating material, such as hydrogen from water, 

leaking into the system from heat exchangers. If the detector is placed in the very spot where these two 

effects are equal and opposite, the detector response would be unaltered. One task is therefore to 

determine detector positions where one of these effects is predicted to dominate. To further reduce the 

probability for cancellation effects to occur, one may combine signals from two or more detector 

signals positioned far apart. 

Because the neutrons will undergo elastic scattering against nuclei in the coolant, an introduction of a 

homogeneous distribution of coolant void may be expected to alter the neutron energy more as a 

function of distance travelled. At a short range, close to the core, the change of the neutron spectrum 

should therefore be less dependent on coolant void than further away. In a fast reactor the signal from 

a fission chamber is approximately proportional to the flux of high energy neutrons. Fission chambers 

made of U-235 and Pu-242 have, however, slightly different response at neutron energies around 0.01-

1 MeV (see Figure 1) and may thus offer a means to detect void. 

 

 

Figure 1. The fission cross-sections of U-235 and Pu-242 as functions of energy of an incoming 

neutron. 

The signal S from a detector has the following dependence 

   ∫ ∫                  
 

   
 

 eq.(  1 ) 



5 

 

where σ(r,E) is the microscopic cross-section of the detector isotope, ф(r,E) is the neutron flux, V is 

the detector volume and E is the neutron energy. 

A parameter R is defined as the ratio between signals, S, from fission chambers, in nominal operation 

and in cases with varying degree of void: 

 

   
      

        
 eq.(  2 ) 

Through eq.( 1 ) we see that the signal S for a certain isotope is dependent on the level of the neutron 

flux (e.g., reactor power) and on the neutron energy spectrum. Therefore, R, is also dependent on the 

reactor power during the time when SNominal respectively when SVoid are measured. Assuming that the 

changes in neutron spectrum as a function of reactor power, burn-up and associated burn-up 

compensation are sufficiently small the absolute value of R will primarily be proportional to the 

change in power. In order to make measurements power-independent and only sensitive to void, a 

second ratio, Q, is defined as the percentile change in the ratio between the R parameters for the Pu-

242 and U-235 fission chambers: 

  (
      

     

  )      ([
    

    
]
    

 [
    

    
]
       

  )      [%] eq.(  3 ) 

In later sections the sensitivity of Q to changes in void will be demonstrated. Furthermore, the 

dependence of Q to burnup has also been investigated. 

3 Methodology 

The general approach in this work has been to study the change in neutron spectrum and the response 

of U-235- and Pu-242 detectors when the coolant properties are changed. As a complement, the 

changes in neutron spectrum due to reactivity control and fuel burn-up have been investigated. 

In this work the Monte Carlo neutron transport code Serpent (Leppänän, 2012) was used. The cases 

simulated were run with 4 million source neutrons, repeated 200 times using different starting 

positions in the core. The relatively large number of simulated neutrons was necessary in order to 

reach uncertainties of Q below 1%. 

For this work, the proposed European Lead-Cooled Training Reactor (ELECTRA) (Wallenius et al., 

2012) was used as a reference model (see Figure 2). The 0.5 MWth core is 30 cm in diameter with 397 

(Pu,Zr)N fuel-pins all placed in a single hexagonal fuel assembly. The fuel pellet diameter is 11.5 mm, 

the cladding inner diameter is 11.6 mm, the outer diameter is 12.6 mm and the fuel pin pitch is 14 mm. 

The (Pu,Z)N fuel pins have a metallic composition of 40 atom per cent actinides and 60 atom per cent 

zirconium at BOL. The nitride is enriched to 90 per cent in 
15

N. 
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Figure 2. Cross-sectional views of ELECTRA. Note the six drums for reactivity control. 

In this tentative design, six compensation drums for reactivity are placed symmetrically around the 

fuel assembly. The 20 mm thick cylindrical drums are composed of two halves; one half is made of 

steel and the other boron-carbide (B4C). Inside the drums are shut-down rods, also containing boron. 

The boron used is enriched by 90% to boron-10. The drums have an inner/outer diameter of 240/260 

mm and inside each drum there is space for 37 boron-carbide pins that can be inserted, from below, to 

shut-down the reactor. During a fuel cycle, the drums are rotated so that more steel and less boron is 

facing the fuel-pins to compensate for the loss of reactivity with increasing burn-up. 

 

3.1 Causes and possible effects of void 
The possibility of a gas leakage from fuel rods (fission gas release), steam generators or other sources 

must be considered as plausible during the life-span of any type of reactor. In particular, a leak from a 

crack in a steam generator tube can introduce small bubbles to the coolant. According to previous 

studies, the bubbles can be up to 0.5 mm in diameter at a leak rate of 0.01 l/min at the early stage of 

the crack development (Jeltsov, Kudinov, 2011). 

In general it is expected that these bubbles will not escape the coolant; instead, they will circulate with 

the coolant and create an effective homogeneously distributed coolant void. If unnoticed, the leak may 

continue and eventually widening the crack permitting larger bubbles to leak into the coolant. This 

could cause power oscillations and possibly severe operational conditions.  

 

Larger bubbles, 0.5 mm – 2.0 mm, entering the core, can because of their size together with a greater 

surface tension than buoyancy force, get stuck in spacers between fuel rods. These bubbles can 

coalesce and form even larger bubbles. The loss of coolant locally may cause over-heating of the 

adjacent fuel rods and their cladding. It may also decrease or increase keff locally causing secondary 

safety issues such as local power oscillations or over-heating.  

 

Another scenario is when bubbles get stuck in local stagnation zones in the coolant; accumulate to 

larger size and due to size or sudden disturbance of the flow-field escape into the core. These bubbles 

may then get stuck at the core inlet or get dragged into a fuel assembly in a transient process. This may 

cause power oscillations, over-heating and criticality issues (Jeltsov, Kudinov, 2011). 
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3.2 Modelling of coolant void 

The reference liquid lead density in the nominal case throughout the lifespan of the reactor studied was 

here set to 10.503 g/cm
3
, corresponding to a temperature of 723 K (OECD/NEA, Handbook on Lead-

bismuth Eutectic Alloy and Lead Properties, Materials Compatibility, Thermal-hydraulics and 

Technologies, 2007 edition, NEA No. 6195, pp. 55). The presence of a homogeneous distribution of 

0.5 mm bubbles has been simulated by decreasing the overall density of the lead inventory. In this 

context void was defined as being caused by water and therefore appropriate amounts of Hydrogen 

and Oxygen were added to the coolant, see Table 1. 

 

 

Mass fractions 
Void 
[%] 

Density 
[g/cm3] 

 
Pb-204 

 
Pb-206 

 
Pb-207 

 
Pb-208 

H-1 
[g/cm3] 

O-16 
[g/cm3] 

0 10.50 0,014 0,24 0,22 0,52 - - 
2 10,29 0,014 0,24 0,22 0,52 2.1∙10-7 1.7∙10-6 
5 9,98 0,014 0,24 0,22 0,52 5.3∙10-7 4.3∙10-6 

10 9,46 0,014 0,24 0,22 0,52 1.1∙10-6 8.5∙10-6 

 

Table 1. Summary of the simulated coolant properties for various levels of void formation. 

 

3.3 Simulated detectors and neutron sampling 

In this work, the fission cross-section of Pu-242 or U-235 was applied on the calculated neutron 

spectrum, according to eq.( 1) for various states of the reactor core in order to obtain a “detector 

signal” that could be used for further analysis. In total, 20 sampling volumes (see Figure 3) were 

distributed around the reactor in the following way: eleven volumes were positioned with 9 cm 

distance between each, along a radius (X-axis) passing between two control drums and with its origin 

at the centre of the reactor core. For consistency check, five sampling volumes were also placed on the 

perpendicular axis (Y-axis), passing through a control drum, at 29, 45, 63, 72 and 81 cm distance from 

the centre, respectively. Finally, four sampling volumes were placed along the vertical symmetry axis 

(Z-axis) of the core with distances 20, 60, 120 and 180 cm from the core centre, respectively.  

The sampling volumes in the simulations, from now on referred to as “detectors”, are ideal in the 

sense that they are non-intrusive and do not change the behaviour or path of the passing neutrons. 

 

  

 

Figure 3. The detector positions in ELECTRA represented as black spots (not real size). 
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The detectors were given a volume large enough to allow for a statistically sufficient amount of 

neutrons to be sampled while maintaining acceptable spatial resolution. The detectors along the radial 

axis were defined as cylinders 30 cm in height (positioned at the same vertical level as the fuel rods) 

and with a 1.5 cm radius. Two of the detectors; the one placed in concrete outside the reactor and the 

one in a control drum were given a larger radius of 5 cm in order to enhance statistics in these 

positions. The detectors along the vertical axis above the core were given a spherical geometry to 

optimize the sampling volume. The volumes of these spheres were increasing with distance to 

compensate for the lower neutron density further away. 

 

The user-defined detector response in Serpent (Leppänän, 2012) is calculated using the collision 

estimate, Λ, of the neutron flux, ф(r,E): 

 

 

  
 

 
∫ ∫                  

  

    
   

 
 eq.(  4 ) 

The detector material, spatial domain and energy boundaries are set by the user in the serpent input-

file. The first factor in eq.( 4 ),  
 

 
, was set to unity in the simulations in order to get the total reaction 

rates. The microscopic cross-sections, f(r,E), were taken from the JEFF 3.1 data library (Koning et al., 

2006). This means that the results may be interpreted as integral microscopic reaction rates.  

 

3.4 Simulated cases 

The simulations were conducted for the ELECTRA core at beginning of life, after 1 year of operation 

at full power and after 10 years of operation at full power by considering nominal operation and 

operation with 2 %, 5 % and 10 % void, respectively. 

4 Results 

4.1 Spectral changes due to void 

Figure 4 shows the neutron spectrum of ELECTRA at nominal operation as a function of radial 

distance from the centre of the reactor core. The spectrum softens with distance from the core centre, 

which support the hypothesis in section 2. 
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Figure 4. The neutron spectrum in the ELECTRA core at beginning of life at nominal operation at 

three different radial distances from the centre of the reactor core.  

 

 

 

  
 

Figure 5.The spectra for the ELECTRA core at beginning of life, here presented using Bezier-

smoothed curves, at nominal operation respectively at 10% void at X=27 cm (left figure) and X=72 

cm (right figure).  

 

Figure 5 displays the energy region 0.0001-10 MeV for nominal operation and for the case of 10 % 

void for radial distances X=27 cm and X=72 cm respectively. As can be inferred from the figure, there 

is a change in the neutron spectrum due to void at the longer radial distance from the core centre. 

When considering the cross sections of U-235 and Pu-242 one may expect a detectable effect by using 

e.g. fission chamber containing these isotopes. To illustrate this  

Figure 6 presents R235 and R242 as functions of radial position along the X-axis. As can be seen, R235 is 

rather flat at radial distances shorter than 60 cm and is close to zero near the centre of the core. R242, 

on the other hand, is always positive and increases quickly at radial distances exceeding 20 cm. 

 

  
 

Figure 6. The change in R235 and R242 along the radial X-axis for 2 %, 5% and 10 % void respectively. 

The values are evaluated at BOL. 

 

From  

Figure 6 one may draw two conclusions: (1) by placing a U-235 detector in or near the core centre, 

one obtains a signal that is almost independent on void and therefore gives a good measure of reactor 
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power as assumed in section 2. (2) Positioning a plutonium detector a distance away from the core will 

yield a parameter that has a strong dependency on void. 

 

By carefully choosing detector combinations one may thus obtain a tool for monitoring purposes. To 

aid such considerations we present in Figure 7 and Figure 8 two-dimensional plots that show the 

parameter Q, defined in section 2, in all positions along the radial axis for the cases of 10 % void and 

2 % void, respectively.  

 

Figure 7. The parameter Q as defined in equation 3 for different positions of the uranium and 

plutonium detectors, respectively, along the radial x-axis for the case of 10 % void. 
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Figure 8. The parameter Q as defined in equation 3 for different positions of the uranium and 

plutonium detectors, respectively, along the radial x-axis axis for the case of 2 % void. Note the 

different scale compared with the case of 10% void in Figure 7.  

From these figures it may be inferred that the extreme values of Q along the radial x-axis occur when 

the uranium detector is placed just outside the core and the plutonium detector relatively far from the 

core.  

In order to illustrate the dependence of void for a specific set of detector positions with a strong 

response to void the value of Q for Uranium at x=36 cm and Plutonium at x=81 cm is presented in 

Figure 9.  

 

Figure 9. The parameter Q as defined in equation 3 for a selected set of detector positions as a 

function of coolant void.  The Plutonium and Uranium detectors are placed in positions x=81 cm and 

x=36 cm, respectively. 

An interesting feature of these results is an almost linear dependency of Q on void. This is in line with 

the assumption made in section 2 and it implies that an even lower void, e.g. 1 %, still yields a 

maximum value on Q along the radial x-axis of about 2.5 %.  

 

Worth noting, is that the results for the detector-combinations along the radial Y-axis were similar to 

those for the radial X-axis, despite the non-symmetrical position of the reactivity control-drum. The 

maximal obtained value of Q for all detector combinations simulated – giving a sensitivity of more 

than 3.5                    ⁄  - was when a Pu-detector and a U-detector were both placed above the 

core at a vertical distance of 120 cm from its centre.  

 

4.2 Impact of burnup compensation  

It may be argued that the above results will depend to a large extent on the configuration of neutron-

absorbing material surrounding the core, such as the rotation of the burnup compensation drums in 

ELECTRA (see section 3). In order to analyse the influence from burnup compensation in ELECTRA, 

additional simulations have been performed at various burn-up levels with appropriate reactivity 

compensation. 
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At each burnup level, corrections were made to the isotopic content of the fuel as a result of 

irradiation. The drums were rotated to compensate for the lower reactivity and to maintain k-effective 

equal to unity. The parameter Q for each level of burnup was subsequently calculated, and by 

analysing the average change and determine its standard deviation for all detector combinations 

simulated, a measure was obtained on how much Q changes with burnup. 

Table 2 shows, as an example, the average differences of Q as compared to BOL when evaluated at a 

burnup of 15 MWd/kgU with the drums rotated 40 degrees, corresponding to approximately 10 years 

of operation and for two void levels.  

 

 

Void 

Change in Q 

Average [%] 

 

Uncertainty (1σ) [%] 

2% 0.3 0.4 

10% 0.2 0.6 

Table 2. Changes in the Q values between the core at BOL and the core at a burnup of 15 MWd/kgU 

for two levels of the void content 

Since the changes in Q are within the stated uncertainties, which include the statistical uncertainty of 

the SERPENT calculations, no dependency of Q on burnup can be inferred from the simulations. For 

comparison, the impact on similar detector signals in a BWR due to burn-up has been studied 

previously (Loberg et al., 2010) resulting in a similar conclusion. 

 

5 Conclusions 

The results show that there is a linear correlation between detector response and amount of void 

present in the core. Furthermore, the location of the detectors is crucial when it comes to the amplitude 

of the detector response: at least one detector should be placed far away from the core centre in order 

to allow for a larger skewing of the neutron spectrum. The simulations show that for detectors placed 

along the radial x-axis, a perturbation of the Q-value in the order of 2.5                    ⁄  is 

achieved using a combination plutonium and uranium detectors.  

An attractive feature of the suggested methodology is that the results are insensitive of reactor power 

and burnup but sensitive to relatively small changes in the coolant density. Given that the present 

detection technology allows for determining Q down to a few per cent, one may conclude from the 

results that a possible small leakage in the heat exchanger of 0.01 litres / min in a small LFR (the size 

of ELECTRA) can be detected within about a day.  

6 Discussion and outlook 
This paper has presented a method for monitoring the introduction of small bubbles into the cooling 

medium of an LFR. One may note that the leakage of small bubbles into the cooling medium of 

ELECTRA will increase its overall volume. Although small, this change in volume could likely be 

detected with other means than proposed here, e.g. using a float switch. This, however, is not 

necessarily true when considering large power reactors. A large coolant volume and complicated 

reactor geometry may pose constructional constraints to achieve necessary accuracy and accessibility. 

There are also additional advantages of using neutron detectors in this application such as monitoring 

the reactor power and a potential to detect possible geometrical changes within the core such as 

swelling, fuel rod bowing, core flowering (Fontaine et al., 2011) etc. A reasonably good knowledge of 

the properties of the neutron spectrum in different parts of the core should also be considered as an 

advantage.   
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The results presented in this paper motivate further studies in order to evaluate the advantages and 

limits of the proposed core monitoring methodology. In particular, its application in large-scale power 

reactor designs is of interest, where the presence of void could cause a substantial amount of positive 

reactivity insertion. In the continuation of this project, we therefore intend to develop and apply the 

methodology for, in the first instance, the European lead-cooled reactor, ELSY (Alemberti et al., 

2011), which is a 600 MWe reactor developed for conceptual studies. In a later stage we will also 

address the ALFRED reactor (Alemberti et al., 2011). Beside homogeneous void we foresee, in these 

studies, to include hydro dynamically calculated scenarios where larger bubbles become stuck in 

various parts of the cores. A study on the feasibility to detect geometric perturbations, such as core 

flowering and swelling, using this methodology also remains to be studied.  

One requirement to make the methodology studied here viable is the availability of adequate detector 

and read-out systems. To address this issue, we also plan for an extension of the project to investigate 

how well state-of-the-art technology fulfils the requirements outlined in this paper. 
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