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ABSTRACT 

The PWR biological shield concrete activation is analyzed using SCALE6.1 hybrid 

deterministic-stochastic shielding methodology. Since accurate geometry representation is a 

paramount step for this type of shielding calculation involving heterogeneous three 

dimensional regions (reactor core, thermal shield, downcomer, pressure vessel, cavity, and 

shield), the Monte Carlo method is the method of choice. A detailed model of a combinatorial 

geometry, materials and characteristics of a typical PWR reactor was based on best available 

input data. The sources of ionizing radiation included fission neutrons and photons originating 

from the HBR-2 benchmark critical core. The activation reduction of reactor biological shield 

materials was investigated via concrete boration, which is applied when shielding from 

ionizing neutron radiation is especially important. The concrete boration is common method 

for activation reduction (i.e. local thermal stress lowering) in nuclear shields since the 10B has 

especially high thermal neutron cross section which effectively captures thermalized neutrons 

and decreases their (n,γ) reaction in structural materials. The reduction of secondary gamma 

emissions from radiative capture of thermalized neutrons in biological shield has been 

examined via concrete boration with natural boron (B) and boron carbide (B4C). The 

possibility of neutron flux mitigation in a biological shield as well as impurity isotopes (59Co, 
151Eu and 153Eu) activity decrease was especially explored. Satisfactory boron concentration 

which leads to saturation of neutron flux attenuation has been proposed. The activation levels 

of impurities in concrete, activated above the limit of IAEA clearance for the free release 

limit, have been estimated. The obtained results showed that activation over IAEA limits is 

mostly present in a thin layer of borated shield facing the critical reactor core in cavity, while 

the bulk of the shield is activated below IAEA threshold. The saturation of the neutron flux 

attenuation was clearly demonstrated for several boron concentrations so even small amounts 

of boron in biological shield drastically benefit in overall flux reduction. 

1 INTRODUCTION 

It is desirable in each nuclear power plant to achieve the lower doses in the accessible 

areas for the operational personnel and workers during decommissioning stage. The cost of 

final disposal of the radioactive waste that is activated above the permissible IAEA limits 

represents substantial financial cost. It is useful therefore to conduct the neutronic analysis of 

the biological shield activation for a typical PWR nuclear reactor, using borated concrete, to 

assess the potential savings. The objective of this paper was quantification of secondary 

gamma emissions reduction inside PWR biological shield as a consequence of concrete 
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boration with natural boron and boron carbide. Developed SCALE6.1 [1] Monte Carlo (MC) 

model represents a challenging real-life shielding problem for which detailed neutron-gamma 

radiation field must be determined throughout biological shield. The MC simulation with 

manual variance reduction (VR) preparation was not viable hence hybrid deterministic-

stochastic shielding VR methods were used in SCALE6.1 code package. Hybrid shielding 

methods are using adjoint and forward transport theory methods (SN, discrete ordinates) 

[2],[3] to develop in an automated fashion mesh-based, space-energy depended VR 

parameters to bias MC simulation for the purpose of user’s interest. We explored the varieties 

of these methods together with the analog MC process.  

The paper is organized as follows. Section 2 gives the description of the biological 

shield and the concrete boration. Section 3 gives the description of the SCALE6.1 code 

package with the accent on the MAVRIC shielding sequence. Section 4 shows MAVRIC 

simulation model of the typical PWR reactor, criticality calculation results and the cursory 

shielding results for different VR methodologies. Section 5 gives detailed neutron-gamma 

dose rates and (n,γ) reactions rates for radiative capture on the three problematic impurities 

inside biological shield (59Co, 151Eu, 153Eu) with different boron content. Section 6 gives 

activation results over the IAEA clearance limits while Section 7 gives the discussion and the 

conclusions. The referenced literature is given at the end of the paper. 

2 BORATION OF CONCRETE IN BIOLOGICAL SHIELD 

2.1 The activation process of concrete 

Each concrete contains a certain amount of impurities isotopes which transmute into 

heavier isotope via (n,γ) reaction. The excited nucleus after a very short time (about 10-8 s) 

returns to the ground state and emits photons (gamma quanta). Such secondary gamma 

radiation inside reactor shield must be taken into account since it forms local thermal peaks 

(stresses) inside the shield together with primary gamma radiation. The activation reduction 

of industrial shields which have applications as shields against ionizing radiation is achieved 

through concrete purification process (mitigation of potential activator isotopes) or with 

boration using natural boron or boron carbide. The latter process is applicable in PWR 

shielding technology to achieve additional activation reduction. The fast neutrons which 

penetrate the reactor pressure vessel (RPV) and impinge the biological shield experience 

elastic collisions on hydrogen atoms in water molecules, rapidly lose energy and become 

thermalized neutrons. Such thermalized neutrons can be absorbed via 10B(n,α)7Li reaction 

which is not a radiation risk due to high specific ionization of alpha particles (small range). 

On the other hand, the concrete without boron means generation of heavier impurity isotopes 

which becomes sources of secondary gamma emissions. The current research in application of 

nuclear shields identify three most common impurity isotopes which are the main activators 

of industrial concrete: 59Co(n,γ)60Co, 151Eu(n,γ)152Eu and 153Eu(n,γ)154Eu. The 60Co, 152Eu and 
154Eu become dominant long-lived residual radioisotopes induced in the concrete [4]. 

2.2 The boration process of concrete 

The last few decades have yielded great progress in the study of nuclear materials, 

including low-activation concrete for the use as a neutron shield. Excellent historical 

overview is given by McKillop [5]. Significant research in neutron shields over the last 

decade was achieved by Kinno and his associates in Japan [6],[7]. This group has showed that 

careful selection of the basic elements of concrete can significantly reduce the concentration 

of cobalt and europium while doping it with 0.6 w/o of boron gives excellent low-activation 
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concrete. Additional work has justified concrete boration with 1 w/o and 2 w/o of natural 

boron [8]. In recent works they synthesized low-activation concretes with activation reduction 

factor of 1/10 to 1/10000 containing low-activation raw materials with the addition of 

advanced materials such as Calcium-Aluminates-Silicate (CAS) additives and specific types 

of Portland cement [6]. Abdullah et al [9] have conducted experimental research with thermal 

neutrons and concrete based on Portland cement with boron carbide added in the amounts of 5 

w/o and 20 w/o. This neutron shield had increased absorption of neutrons by 23% compared 

to conventional concrete, which results in dimensional savings. Measurements showed that 

concrete compressible strength (i.e. density) falls linearly with the addition of boron carbide. 

This was explained by the size of the molecules of B4C (15 μm on average), which are much 

smaller than the rest of the constituents of cement, so they can’t be successfully binded. 

Additional research of speed propagation of ultrasonic waves (50 kHz) showed greater speed 

wave for 5 w/o B4C than 20 w/o B4C in their concrete [10]. Increased speed of the ultrasonic 

wave means that the medium is more homogeneous as a result of better binding properties of 

constituents. One has to note that high proportions of boron reduces the concrete density 

(attenuation power), therefore some compromise must be found. 

3 THE SCALE6.1 CODE PACKAGE 

The SCALE6.1 code system was developed for the U.S.NRC to satisfy a need for a 

standardized method of analysis for the evaluation of nuclear facilities and package designs. 

In its present form, the system has the capability to perform criticality, shielding, radiation 

source term, spent fuel depletion/decay, reactor physics, and sensitivity analyses using well 

established functional modules tailored to the SCALE6.1 system. 

The criticality-eigenvalue sequence (CSAS6) uses a 3D multigroup MC transport code 

KENO-VI to provide the problem-dependent, cross-section processing followed by the 

calculation of the neutron multiplication factor keff [1]. KENO-VI has the ability to save the 

space-energy fission distribution of a critical system into a file over the user-specified 3D 

mesh grid and energy structure of the cross section library. This methodology was first 

implemented into SCALE6.0 code package to enable modeling of criticality accident alarm 

systems (CAAS) [11],[12]. The MC shielding sequence MAVRIC is based on the Consistent 

Adjoint Driven Importance Sampling (CADIS) methodology [13] which is used to create 

space-energy mesh-based VR parameters: the importance map (weight windows) and a biased 

source distribution [1]. The integrated SN code Denovo [14] is used for a quick estimate of the 

deterministic adjoint fluxes (xyz mesh) which are used by the MAVRIC for the VR 

preparation. The Monaco is a multigroup, fixed-source, 3D MC transport code, which uses 

these VR parameters to bias MC simulation in the last step of the hybrid deterministic-

stochastic methodology [1]. The MAVRIC input can easily be switched from adjoint-based 

(automated) VR methodology to classical (manual) VR routines, with minimal user 

intervention, to assess the benefits on the final MC simulation. One has to note that in most 

commercial MC programs this is not a trivial step. 

When computing several tallies at once [15],[16] or a mesh tally over a large volume of 

space [17],[18], an extension of the CADIS method called the FW-CADIS [19],[20],[21] can 

be used to obtain the uniform relative uncertainties. Multiple adjoint sources, generalized as 

every mesh tally cell, are weighted inversely by the estimated forward value from Denovo. 

CADIS and FW-CADIS are based on the adjoint function (i.e. solution of the adjoint 

Boltzmann equation) which has long been recognized as the importance function for some 

objective function of user's interest [2]. The Monaco tallies (point detectors, region and mesh 

tallies) compute multigroup and total fluxes together with any dose-like response which are 
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represented as summation (i.e. energy integral) of the product of a response function fg (dose 

rates, cross sections, user responses) and the group flux )(rg


 . For all the shielding 

calculations in this paper we used automatically prepared CAAS source from the eigenvalue 

calculations. For the criticality-eigenvalue calculations with CSAS6/KENO-VI we used v7-

238 library. For the MAVRIC shielding calculations the v7-27n19g library was used for 

Denovo and v7_200n47g for Monaco [1]. Primary data for both multigroup libraries originate 

from the ENDF/B-VII.0 nuclear data [22]. 

4 THE SCALE6.1 SIMULATION MODEL PREPARATION 

The SCALE6.1 code package was used for the typical PWR reactor shielding modeling 

with critical nuclear core description taken from the H.B.Robinson-2 Pressure Vessel 

Benchmark (HBR-2) [23]. The calculated dosimetry reaction rates for the in-core and out of 

the core locations were compared with the benchmark results in a previous paper [24], where 

satisfactory results were obtained. The assessment of the accuracy with which the calculations 

predicted the neutron flux attenuation through the reactor internals was performed in 

accordance with the United States Nuclear Regulatory Commission Regulatory Guide 1.190 

[25]. Using previously developed HBR-2 dosimetry model, we now extended the shielding 

analysis to examine the possibility of the concrete boration. Typical industrial and text-book 

data were used for dimensions and materials required. The biological shield was made of 02-

B concrete which has mass density 2.275 g/cm3 and with thickness of 175 cm. The 

symmetrical air-filled cavity regions are 80 cm in-depth and serve for placing axial steel 

cylinders for housing the instrumentation and the detectors. We used workstation with 32 GB 

of DDR3 RAM and Intel Core i5 CPU (4x3.4 GHz). The MAVRIC model of a typical PWR 

reactor with the HBR-2 core is depicted in Figure 1 where one can notice high level of model 

heterogeneity. 

 
Figure 1: The MAVRIC model of PWR reactor (coolant is removed on the right) 



607.5  

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 8  ̶  11, 2014 

4.1 The criticality eigenvalue calculations 

The CAAS fission source was obtained from CSAS6/KENO-VI criticality calculation 

for the reactor at full power (2300 MWth). The vacuum boundary conditions were used with 

4050 batches (first 50 batches skipped for the fission source convergence) and with 5000 

neutrons per batch. The obtained effective multiplication factor of the reactor for with the 

v7_238 library was keff = 1.00012±0.00013. The total CPU time was 81.21 min. The obtained 

keff value verified the model after which the refined criticality run was made for the CAAS 

source determination. The CAAS source containing space-energy fission distribution for 

active neutron cycles covering the reactor core was generated with the refined criticality run. 

The total number of neutrons per batch was increased to 10000, so we obtained after 145 min 

keff = 1.00005±0.00010. Average number of fission neutrons per 235U fission was 2.26161. 

The total neutron source strength of 1.771020 n/s was known from the reactor thermal power 

2300 MWth (we assumed 200 MeV/fission) and with generated space-energy CAAS 

distribution comprises neutron source description for the latter MAVRIC calculations. The 

fission photons were included with multiplication of 7.04 photons/fission of 235U in the 

ENDF/B-VII.0 library [1]. 

4.2 The cursory shielding calculations 

This section investigates the possibilities of various variance reduction methods inside 

MAVRIC and selects the best one to be used in latter, detailed shielding calculations of 

borated concrete. We investigated analog MC, CADIS, FW-CADIS (one adjoint source) and 

FW-CADIS (multiple adjoint sources) for the calculation of total dose rates over the 

simulation model with vacuum boundaries, which has radial diameter of 827.53 cm and axial 

length of 2140 cm. For analog MC simulation we used implicit capture (survival biasing) with 

lower weights set to 0.0001 and target weights set to 1 over all neutron-gamma groups in 

v7_200n47g library. This essentially mimics natural particle transport. We used MAVRIC 

with CAAS source, 4000 batches with 25000 neutrons per batch (108 histories) and Monaco 

tally mesh with 2.5·106 cells over global unit (~ 8 cm cell side). Total CPU time for analog 

case was 1.5 day and the results of Monaco total dose rates in y=0 plane with relative errors 

(on 1 sigma level) are depicted in Figure 2. There are practically no meaningful MC results 

outside of the reactor core since relative errors grow quickly. 

 

  
Figure 2: Monaco total dose rates (rem/h) with relative errors in y=0 plane (analog VR case) 
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The CADIS and FW-CADIS cases were used with v7_27n19g library for Denovo SN 

and v7_200n47g library for Monaco MC, with S6/P2 parameters, GMRES solver (parameter 

“KrylovSpaceSize“ was 10), SC (Step Characteristic) spatial differencing, Cesaro transport 

correction, and ε=10-6 multigroup SN flux tolerance. The adjoint source spectrum for CADIS 

and FW-CADIS with one adjoint source was response 9729 (total dose rates), while FW-

CADIS with multiple adjoint sources had combined spectrum from responses 9029 (neutron 

dose), 9504 (gamma dose) and 9729. This possibility was investigated mainly for latter 

calculations of multiple reaction rates inside the biological shield using only one MAVRIC 

simulation. We used MAVRIC with the CAAS source, 4000 batches with 25000 neutrons per 

batch (108 histories) and Monaco tally mesh with 2.5·106 cells over global unit (~ 8 cm cell 

side). The Denovo SN mesh was identical to Monaco tally mesh. The CADIS CPU time was 

3.2 h for Denovo and 1 day for Monaco. The FW-CADIS CPU time was 5 h for Denovo and 

2.7 days for Monaco (similar for both variants). The results of Monaco total dose rates in y=0 

plane with relative errors (on 1 sigma level) are depicted in Figure 3 and Figure 4 for CADIS 

and FW-CADIS case with multiple adjoint sources, respectively. 

 

 
Figure 3: Monaco total dose rates (rem/h) with relative errors in y=0 plane (CADIS case) 

 

 
Figure 4: Monaco total dose rates (rem/h) with relative errors in y=0 plane  

(FW-CADIS case with multiple adjoint sources) 
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Uniform convergence of global MC distribution to the same relative uncertainty over 

the mesh tally cells, on the location of adjoint source, is possible only with FW-CADIS. This 

is consequence of adjoint source scaling with inverse values of Denovo forward total dose 

rates, where every mesh cell of biological shield becomes discrete element of adjoint source. 

In this way low flux regions (shield exterior) will attract the same number of particles as the 

high flux regions (shield interior), ensuring optimal results throughout adjoint source location 

and reasonable results between true source and his adjoint. Some white areas inside reactor 

are left without the particle transport as a consequence of the FW-CADIS optimization, since 

the neutrons in that area contribute marginally to the shield irradiation. The FW-CADIS 

method is thus selected for latter reaction rates calculations inside biological shield. Even 

though FW-CADIS gave optimized dose rates inside biological shield, one can notice 

directions (rays) of high MC errors above the shield, some of them reaching values over 80%. 

These rare events in MC simulation, generating heavy-weighted particles, are consequences 

of the anomalies in the discrete ordinates solutions known as ray effects [3]. In the models 

with geometrically small sources and/or transport media that is not highly scattering, most of 

the neutrons will pass across boundaries without a collision. That process is taking place 

above the reactor head (Figure 4), where source particles are streaming freely through air 

without being scattered within the shield. Very peaked, angular distributions of particles are 

characteristic for such cases. Since Denovo is used to approximate transport solution, which 

will accelerate the Monaco, it is customary to use it with the lower SN/PN parameters and the 

larger cell sizes than in the stand alone SN transport programs. There are additional Denovo 

parameters that can improve deterministic solution without further memory requirements 

[1],[18]. 

5 THE MAVRIC RESULTS OF THE CONCRETE BORATION 

This section is addressing the ability to decrease the secondary gamma emissions inside 

biological shield by doping it with small amount of natural boron or boron carbide. The 

natural boron was now added in homogeneous fashion to the 02-B concrete (2.275 g/cm3) in 

the amounts 0.3 w/o, 0.7 w/o, 1 w/o, and 2 w/o. We also investigated concrete with boron 

carbide in amounts 5 w/o (2.21 g/cm3) and 20 w/o (2.14 g/cm3). Finally, we considered the 

low-activation concrete 1/10000 (2.81 g/cm3) proposed by Kinno et al [6]. 

5.1 The reduced MAVRIC shielding model 

The reduced model had radial diameter of 827.53 cm and axial length of 1433.93 cm. 

The upper axial boundary plane of the global unit lies at the top of the biological shield. 

Vacuum boundary conditions were used. The MAVRIC shielding sequence with FW-CADIS 

was used for the calculation of neutron and gamma dose rates and for the intensity of the 

radiative capture of neutrons on three problematic isotopes: 59Co(n,γ)60Co, 151Eu(n,γ)152Eu 

and 153Eu(n,γ)154Eu. The impurity concentrations were taken from the reference [5] and 

expressed as weight fractions of the concrete: 10 ppm of 59Co, 1 ppm for 151Eu and 153Eu. For 

these amounts of impurities and with 0.7 w/o of natural boron in the biological shield of IRIS 

reactor there is no activation over the IAEA limits [5]. It was interesting to quantify how 

much this activation will be greater for a typical PWR reactor, which doesn’t have 160 cm 

wide downcomer coolant channel like IRIS reactor, but is only about 20 cm wide. Secondary 

gamma emission process was explicitly turned on for all calculations. 
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5.2 The (n,γ) cross sections 

The microscopic cross sections for the (n,γ) reactions on impurities 59Co(n,γ)60Co, 
151Eu(n,γ)152Eu and 153Eu(n,γ)154Eu were prepared in different multigroup structures using 

SCALE6.1 internal routines for cross section processing (Ajax/Paleale). These radiative 

capture reactions (MT=102) [26] had multigroup structure v7_27n19g for Denovo SN 

calculation and v7_200n47g for final Monaco MC. In FW-CADIS adjoint methodology these 

reactions become energy spectra of volumetric adjoint source (biological shield). The memory 

limitation is a reason why we used broad group library v7_27n19g for memory demanding 

Denovo SN and v7_200n47g library for final Monaco MC. This approach is also a 

conservative one, since the final MC results fully take the effect of the low-energy particle 

transport through secondary gamma emissions in the fine-group library v7_200n47g. The 

continuous (n,γ) cross sections of impurities are shown in Figure 5 and their multigroup 

representation in v7_200n47g library is shown in Figure 6. 

 

Figure 5: Continuous (n,γ) reactions on isotopes 59Co, 151Eu and 153Eu [27] 

 

Figure 6: Multigroup v7_200n47g representation of (n,γ) reactions 

on isotopes 59Co, 151Eu and 153Eu in MAVRIC 
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The FW-CADIS method was used to optimize the neutron dose rates and associated 

(n,γ) reaction rates independently from gamma dose rates, i.e. for every boration case we had 

two runs which gives total 16 independent runs (average CPU time was 2.7 days per run). 

5.3 The MAVRIC control parameters 

For all eight boration cases we used v7_27n19g library for Denovo SN and v7_200n47g 

library for Monaco MC, with S6/P2 parameters, GMRES solver, SC spatial differencing, 

Cesaro transport correction, and ε=10-6 multigroup SN flux tolerance. The CPU time-lengthy 

upscattering option was deactivated because we are primarily focused on fast neutron 

transport towards the periphery of the shield. For all boration cases we used MAVRIC with 

CAAS source, 4000 batches with 25000 neutrons per batch (108 histories) and Monaco tally 

mesh with 2.3·106 cells over reduced model (7.5 cm cell side). For all boration cases the 

Denovo SN mesh was more detailed than before with ~ 3.5·106 cells (6.5 cm cell side). 

5.4 MAVRIC dose rates radial profiles 

The Figure 7 and Figure 8 are showing the radial neutron and gamma dose rates profiles 

at core midplane for all boration cases with 1 sigma bars where cavity concrete wall is starting 

at 318.13 cm radial form the core center. The points are equidistant with the separation of 7.5 

cm. Evidently concrete without boron (0 w/o) and Kinno 1/10000 low-activation concrete 

form an envelope for all other cases, but it is more interesting to note fast saturation effect. 

Even small amounts of boron will significantly reduce neutron dose and secondary gamma 

emissions through biological shield [8]. 

 

 
Figure 7: Radial profile of neutron dose rates in reactor midplane 

The neutron dose rate on the inner wall of the biological shield is about 3·105 rem/h or 

3·103 Sv/h (1 Sv/h = 100 rem/h), which is over 30 times greater than gamma dose rate (8·103 

rem/h). Comparison of the neutron-gamma dose rates throughout the shield shows the 

expected decrease from factor-of-few to almost 2 orders of magnitude for neutrons, when the 

boration of the shield is present. This leads to the conclusion that since the maximum of 

thermal flux is in the thin layer on the surface of the cavity shield, only a small amount of 

concrete mass would need to be borated for the practical purpose. 
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Figure 8: Radial profile of gamma dose rates in reactor midplane 

It is also important to note that a gradual increase in the boron doping does not imply a 

direct (proportional) reduction of neutron dose rates inside shield, hence a saturation effect 

begins very early even for small amounts of natural boron. The results obtained for the 0.3 

w/o of natural boron are already sufficient in the sense that some kind the plateau is reached. 

This behavior is consistent with the boration values proposed by the other authors [28]. 

5.5 MAVRIC (n,γ) reaction rates radial profiles 

The saturation effect in borated shield is more pronounced in the (n,γ) shielding 

calculations. The unborated concrete and the Kinno 1/10000 concrete form an envelope for all 

other cases, but the 20 w/o B4C case now has the more benefit for (n,γ) reactions being 

defined as an adjoint source spectra. Figure 9, Figure 10 and Figure 11 are showing the radial 

profiles of radiative capture on impurities at core midplane. The results are meaningful only 

in the area of the biological shield. 

 
Figure 9: Radial profile of 59Co(n,γ)60Co reaction rates in reactor midplane 
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The relative error of the MC results also increase towards the shield periphery so 

seldom unphysical jumps in reaction rates can be observed. Increasing the number of neutron 

histories would remedy this effect. Using the high quantities of boron as a light element 

would lower the concrete density so boration with small amounts of boron is more important 

for the practical purpose. The Kinno 1/10000 concrete proves to be superior to all other cases. 

 
Figure 10: Radial profile of 151Eu(n,γ)152Eu reaction rates in reactor midplane 

An important phenomenon should be noticed which goes into the favor of the proposed 

boration of only a thin surface of the concrete wall. The maximum of the radiative capture 

reaction is moving from the inside of the shield at a depth of 10 cm to the shield surface when 

the boration is present. The dominant (n,γ) contribution is from 151Eu with reaction rate about 

2·10-11 /atom/s which is about 20 and 200 times more than from the isotopes 153Eu and 59Co, 

respectively. Similar shift of the maximum radiative capture is noted in the analysis of the 

shielding boration for the IRIS reactor [28]. 

 
Figure 11: Radial profile of 153Eu(n,γ)154Eu reaction rates in reactor midplane 
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6 THE IAEA CLEARENCE LIMITS 

The IAEA clearance limits [29] define the radiological free release limits for disposal of 

radionuclides as non-radioactive waste, depending on the amount of their activation. If the 

activation is smaller than regulated, this material no longer falls within the jurisdiction of the 

Regulator and can be treated as ordinary waste. For the radioisotopes of interest in this paper 

(60Co, 152Eu and 154Eu) the IAEA limits are given as specific activity of 0.1 Bq/g [29]. Since 

the biological shield concrete 02-B has a density of 2.275 g/cm3, multiplying it by the IAEA 

limits gives the upper limit for (n,γ) reaction rates: 0.2275 reactions/cm3/s. This quantity is 

equal to the saturation activity expressed in Bq/cm3. To express that limit in MAVRIC units 

(reactions/atom/s), one has to divide it by the number density of impurity isotopes in the 

concrete. These (n,γ) thresholds are 9.79·10-19 /atoms/s for 59Co, 5.28·10-17 /atoms/s for 151Eu 

and 4.83·10-17 /atoms/s for 153Eu. If we recast our Monaco mesh tally results of (n,γ) reaction 

rates on impurities, but with a minimum in legend corresponding to IAEA clearance limit, 

then we can see which parts of the biological shield are activated above the IAEA values. 

Figure 12, Figure 13 and Figure 14 are showing these results for the cases 0 w/o boron, 0.3 

w/o boron and Kinno 1/10000 concrete in z=0 planes. The results are meaningful only in the 

area of the biological shield where the activators reside. 

 
Figure 12: Radiative capture on 59Co, 151Eu and 153Eu above the IAEA (0 w/o B) 

 

 
Figure 13: Radiative capture on 59Co, 151Eu and 153Eu above the IAEA (0.3 w/o B) 

 

 

 
Figure 14: Radiative capture on 59Co, 151Eu and 153Eu above the IAEA (Kinno 1/10000) 
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We see that the bulk of the unborated shield is activated over the IAEA threshold while 

the boration with 0.3 w/o boron lowers the activation greatly. The Kinno 1/10000 concrete 

proves to be superior since only a thin surface layer of the cavity concrete exceeds the 

permitted threshold, while most of the shield is non-activated. 

7 DISCUSSION AND CONCLUSIONS  

Detailed shielding calculations of the PWR reactor with borated biological shield were 

performed using hybrid deterministic-stochastic methodology inside MAVRIC sequence of 

SCALE6.1 code package. The overall analysis examined the impact of the biological shield 

boration surrounding the RPV of a typical PWR reactor. A small amount of natural boron (0.3 

w/o, 0.7 w/o, 1 w/o and 2 w/o) and boron carbide (5 w/o and 20 w/o) was added to the 

concrete in a homogeneous fashion to observe the net effect of 10B capturing thermal neutron 

via 10B(n,α)7Li reaction, since the alpha particles do not present radiation hazard. The results 

showed that even small boration makes a considerable reduction of radiation field throughout 

the shield while low-activation Kinno 1/10000 concrete proved to be superior for PWR 

shielding. Since the maximum of the thermal neutron flux is in the thin layer of the surface 

cavity shield, only a small amount of concrete mass would need to be borated for the practical 

purposes. It was also noted that the location of the (n,γ) reaction maximum shifts to the 

surface of the cavity shield when the boration is present. From the presented analysis we see 

that borated concrete used as a biological shield of PWR reactor would reduce the total 

(integral) dose and various materials activation during the power plat lifetime and has a 

potential to lower subsequent decommissioning costs. 
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