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1. Introduction 
 

Within the framework of nuclear engineering design and safety evaluations, an important role is 
performed by shielding calculations. These analyses are utilized to support both the exploitation of 
existing plants (in particular their lifetime extension as well as decommissioning strategies) and the 
design of innovative nuclear systems. 

Thermal and mechanical properties of relevant structural materials are modified by irradiation 
conditions and fluence, mainly degrading component performances and endurance. In fact, structural 
materials inside a nuclear power reactor experience both radiation hardening and shift of ductile-brittle 
transition temperature (DBTT) which tends to increase as we move towards operating conditions. 
Designers consider that potential damage depends mainly on the magnitude of the neutron fluence (and 
especially on the portion above 100 keV) received by an exposed component.  

In particular, the pressure vessel is a crucial component which must not fail. It therefore determines 
the nuclear plant lifespan. Moreover, internals are subjected to high irradiation doses as well, and if 
they are not replaceable, deserve particular analysis and controls during the operating life of the plant 
[1]. 

For these reasons, radiation-resistant materials are selected for key components. Numerical analysis 
is normally carried out right from the early design phase to evaluate radiation damage, from 
microscopic phenomena up to macroscopic analysis at the component scale [2]. Results are then 
compared with data from irradiation experiments and material tests. 

The main input for numerical damage estimation to mechanical components is dose evaluation and 
the determination of the neutron and gamma irradiation field is the key part of the analysis. The 
preferred approach relies on transport codes and in particular Monte Carlo methods, that can treat 
nuclear data in a continuous fashion and accept three-dimensional complex geometries.  

In order for the numerical tools to provide neutron flux and dose evaluations with a properly 
estimated uncertainty - mainly related to input data - benchmark calculations are usually prepared and 
updated for each issued nuclear data set [3]. Experiments are designed to reproduce simple and 
representative geometry and materials so as to be able to extrapolate the results to full-size components 
of the nuclear facility: nuclear power plants, research reactors, radioactive sources, waste storage 
repositories.  

In addition to vessel degradation issues, nuclear reactors require evaluations of the radiation 
penetration outside the pressure vessel, to provide designers with specific information concerning doses 
to personnel during operation but also to electronic equipment and diagnostic and control devices. 
Therefore, both in-core and ex-core responses require validation benchmarks to support the 
calculations. 

Experimental shielding mock-ups for benchmark purposes involve materials of interest (structural, 
coolant, moderator…) based on the technology of interest [4,5]. Thus, measurements in benchmarks 
have to be carried out with a high degree of accuracy in order to provide sufficiently accurate results to 
highlight numerical performances, through comparison between calculation and measurement [6]. 

The present work concerns an analysis of iron and water as structural and moderator materials in 
GenII and GenIII LWR’s. This shielding experimental benchmark is provided by the Nuclear Energy 
Agency (NEA) and assembled in the Shielding Integral Benchmark Archive and Database (SINBAD) 
[7]. In particular, the present study deals with the PCA-Replica experimental benchmark [8] and the 
simulations were carried out with the MCNP6.1 Monte Carlo transport code [9]. Variance reduction 
techniques were employed and variance reduction coefficients in the form of weight window 
parameters [10] were produced by means of the DSA method [11]. 
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Simulation responses to be compared with experimental results are: dosimeter readings (10 
positions) and neutron spectra (2 positions). 

The nuclear data utilized in this calculation are subdivided into the two categories: nuclear data sets 
for neutron transport and dosimetry data for neutron response functions. The results presented compare 
the following nuclear transport libraries: ENDF/B-VI.6 [12], ENDF/B-VII.1 [13], JEFF-3.1 [14], JEFF-
3.1.2 [15], JEFF-3.2 [16] and JENDL-4.0 [17]. For each of these transport libraries, dosimetry data 
tables for dosimeter readings – namely reaction rates – have been generated with the following files: 
531DOS, 532DOS, LLLDOS [18], IRDF2002 [19] and IRDFFv1.05 [20]. 
 
 

2. PCA-Replica Benchmark 
 

The PCA-Replica shielding benchmark is part of the Shielding Integral Benchmark Archive and 
Database (SINBAD) at the Nuclear Energy Agency (NEA-1517/93) [7]. The PCA-Replica 
experimental campaign has been carried out at the NESTOR research reactor at UKAEA Winfrith in 
the early 1980’s [8]. The experiment was prepared in the ASPIS irradiation facility – inside NESTOR – 
in which a movable trolley carried the experimental device (fission plate and shielding mock-up) (Fig. 
1). 

 

 
 

Figure 1. NESTOR reactor and the ASPIS shield trolley [8] 
 
PCA-Replica is an iron/water shielding benchmark since the objective is to evaluate the uncertainty 

in numerical simulations of the neutron flux inside the thermal shield and pressure vessel – which are 
mainly composed of iron - in light water reactors. Through evaluation of the neutron flux it is possible 
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to determine dose, nuclear heating and atomic displacement in materials. In addition, the 
characterization of the neutron irradiation field in the ex-core region – namely in the void zone between 
pressure vessel and biological shield – is an objective of the evaluation. 

The experimental geometry consists of a simple multilayer domain composed of the materials of 
interest: mild steel, stainless steel, light water and a void region. Materials are listed according to 
neutron penetration away from the source as follows: 

- planar neutron source (fission plate) 
- water gap (12 cm) 
- thermal shield sample (6 cm) 
- water gap (13 cm) 
- pressure vessel sample (22 cm) 
- void box 
- water pool 
The experimental mock-up is immersed in water and placed on the ASPIS movable trolley (Fig. 2) 

[8]. 
 

 
Figure 2. PCA-Replica mock-up installed inside the ASPIS facility [8] 

 
The fission plate was designed in order to employ a precise source characterization through a 

fission spectrum. In fact, PCA-Replica was intended to provide support and verification to the 
previously performed PCA experiment carried out at ORNL in 1978 [21]. This was sponsored by the 
US NRC within the framework of the Surveillance Dosimetry Improvement Program (SDIP). An 
experimental campaign was carried out to validate nuclear data and methodology for dose estimation to 
the reactor pressure vessel (RPV), thermal shield (TS) and ex-core neutron leakage for ex-core 
irradiation issues. Despite a simple experimental mock-up, a more precise source specification was 
preferred for benchmark requirements.  

Therefore, the Winfrith research group decided to prepare a new experimental configuration, in 
which a fission plate situated outside the NESTOR core could be irradiated by the thermal neutron 
leakage flux. This provided a well-defined source with a fission spectrum. 
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3. Geometry of the System 
 
The PCA-Replica geometry is basically a multi-layer installation of steel specimens representing a 

thermal shield and pressure vessel immersed in light water. The problem consists of a series of slabs 
made of steel placed parallel to the x-y plane (where y is the vertical direction), while the main 
direction of the problem is along the z axis (the horizontal cross section is shown in Fig. 3).  

The NESTOR core is not represented but is situated above the upper part of Fig. 3. The neutron 
flux diffuses from the core through the shutter made of graphite (zone 1) and the aluminum window 
(zone 2). Zone 19, concrete, represents part of the NESTOR shield. The void region – zone 3 – 
indicates the space between the fixed portion (at the top of the picture) and the movable trolley (all 
parts below zone 20). 

 

 
Figure 3. PCA-Replica geometry cross-section (horizontal cross section x-z) [22] 

 
The x-y dimensions of the zones shown in Fig. 3 are provided in Table 1. All zones are 

parallelepipeds apart from zone 4 which is circular. 
Zone 20 represents the trolley sides; they are made of mild steel and contain all the test facility. 

Neutrons from NESTOR core pass through the circular window made of aluminum, zone 4. Then, a 
graphite layer, zone 5, provides further moderation [23].  

The fission plate (zone 8) is inserted in an aluminum cladding about 0.4 cm thick (zones 7 and 9).  
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Zone 10 is an aluminum barrier, beyond which the water volume is contained. Zone 11 indicates 
the water layer, 12 cm thick, inside the structure, zone 21 (mild steel). Zone 13, 13 cm thick, is water. 
(The water layer thickness is a key parameter in a shielding benchmark for water reactor technology. 
For this reason, the PCA-Replica is referred to as a 12/13 iron/water benchmark.) The metallurgical 
specimen (zone 12) is made of stainless steel and represents the thermal shield. By contrast, a mild 
steel sample (zone 14) simulates the reactor pressure vessel [24]. 

Beyond the pressure vessel sample, zone 16 is void. The thin slabs (zones 15 and 17) are water-
tight aluminum layers. Water is in zone 18 and surrounds the specimens. In the real experimental 
facility, concrete structure is present outside zone 20. Instead in this model, zero albedo is assumed 
outside zone 20. 

 

Zone Material Section Dimensions [cm] 

1 Carbon Square 119.0 - Side  
2 Aluminum Square 119.0 – Side 
3 Void Square 185.0 – Side 
4 Aluminum Circular 56.06 – Radius 
5 Carbon Square 180.0 – Side 
6 Void Square 180.0 – Side 
7 Aluminum Rectangular 68.5 x 47.5 
8 Fuel Rectangular 63.5 x 40.2 
9 Aluminum Rectangular 68.5 x 47.5 
10 Aluminum Square 180.0 – Side 
11 Water Square 180.0 – Side 
12 Stainless Steel Square 68.5 – Side 
13 Water Square 180.0 – Side 
14 Mild Steel Square 68.5 – Side 
15 Aluminum Square 60.0 – Side 
16 Void Square 59.4 – Side 
17 Aluminum Square 60.0 – Side 
18 Water Square 180.0 – Side 

  
Table 1. Materials and dimensions in x-y plane [8] 

 
In order to better describe the fissile region, zone 8 is further subdivided. The fission plate is 

actually composed of 52 fuel strips, each 1.016 mm thick and 30.48 mm wide and with a height of 635 
mm. They are grouped in clusters of 4 strips each, as shown in the sketch in Fig. 4. The clusters of 
strips are positioned with a pitch of 30.92 mm. The total thickness of the fission plate in zone 8, 
including metallic uranium strips and voids, is 6 mm. A cross-section of zones 7, 8 and 9 with a 
detailed view of fission plates is reproduced at the bottom of Fig. 4. 
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Figure 4. Fission plate geometry: detailed description [8] 

 
 
4. Composition of Materials 
 
The materials utilized in the present benchmark are mainly water and steel. Structural materials, 

neutron windows (i.e. aluminum) and moderator are then necessary to completely define the 
calculational mock-up. They are all at room temperature, thus 300 K cross-section nuclear data tables 
are used. The fission plate is made of 93% enriched uranium in 235U. The isotopic composition of all 
other elements is natural [25]. The material compositions are shown in Table 2. 
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Material Material Density 
[g/cm3] Element Weight [%] Atomic Density 

[atoms/cm3] 
Graphite 1.65 C 100.0 8.276E+22 

Aluminum Cladding 2.70 Al 100.0 6.029E+22 
Alloy Fuel* 3.257 Al 80.0 5.818E+22 

  U-235 18.6 1.552E+21 
  U-238 1.4 1.154E+20 

Water 1.0 H 11.19 6.688E+22 
  O 88.81 3.344E+22 

Stainless Steel 7.88 C 0.017 6.721E+19 
  Si 0.44 7.438E+20 
  Mn 1.57 1.356E+21 
  P 0.025 3.832E+19 
  S 0.006 8.884E+18 
  Cr 18.4 1.688E+22 
  Ni 9.4 7.601E+21 
  Mo 0.37 1.831E+20 
  Ti 0.009 8.920E+18 
  Nb 0.014 7.154E+18 
  Cu 0.24 1.793E+20 
  Fe 69.509 5.909E+22 

Mild Steel 7.835 C 0.22 8.646E+20 
  Mn 1.09 9.366E+20 
  P 0.01 1.524E+19 
  S 0.032 4.711E+19 
  Fe 98.648 8.338E+22 

Concrete 2.3 Si 33.7 4.120E+22 
  Fe 1.4 8.609E+20 
  H 1.0 3.407E+22 
  O 52.9 1.135E+23 
  Al 3.4 4.327E+21 
  Ca 4.4 3.770E+21 
  Na 1.6 2.390E+21 
  K 1.6 1.405E+21 

* Uranium enriched to 93 w% in U-235 
 

Table 2. Detailed composition of materials used in the problem [8] 
 
 
5. Neutron Source 
 
The PCA-Replica experiment is driven by a fission plate coupled to the NESTOR core via a 

thermal column. This source is particularly interesting for the degree of accuracy since the energy 
distribution is exactly a fission spectrum induced by thermal neutrons. 

The shape factor in the x-y plane is defined in Table 3. As we can see it is consistent with the 
dimensions of zone 8. The source intensity in Table 3 is given in terms of neutrons/cm3/Watt (Watt 
refers to the fission plate power) and the relative source intensity is obtained after multiplying the data 
in Table 3 by the respective volumes. The thickness of the plate is constant over the whole area. 
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X-axis [cm] 
 

Y-axis [cm] 
-20.10 ÷ -12.10 -12.10 ÷ -4.10 -4.10 ÷ 4.10 4.10 ÷ 12.10 12.10 ÷ 20.10 

-31.75 ÷ -26.32 4.424E+07 4.418E+07 4.495E+07 4.448E+07 4.560E+07 
-26.32 ÷ -20.58 4.609E+07 4.518E+07 4.557E+07 4.535E+07 4.772E+07 
-20.58 ÷ -15.44 4.885E+07 4.696E+07 4.744E+07 4.747E+07 5.040E+07 
-15.44 ÷ -10.00 5.157E+07 4.885E+07 4.690E+07 4.989E+07 5.293E+07 
-10.00 ÷ -3.33 5.393E+07 5.055E+07 5.160E+07 5.217E+07 5.505E+07 
-3.33 ÷ 3.33 5.500E+07 5.135E+07 5.252E+07 5.332E+07 5.601E+07 
3.33 ÷ 10.00 5.426E+07 5.078E+07 5.179E+07 5.264E+07 5.531E+07 
10.00 ÷ 15.44 5.231E+07 4.927E+07 4.996E+07 5.069E+07 5.351E+07 
15.44 ÷ 20.58 5.006E+07 4.764E+07 4.806E+07 4.855E+07 5.144E+07 
20.58 ÷ 26.32 4.802E+07 4.642E+07 4.684E+07 4.699E+07 4.964E+07 
26.32 ÷ 31.75 4.723E+07 4.670E+07 4.778E+07 4.756E+07 4.874E+07 

 
Table 3. Neutron source shape in x-y plane for the fission plate [8] 

 
Considering the source shape in the z direction, region 8 is divided into four parts and the 

dependence of the source on z is reported in Table 4 as a histogram distribution.  
 

Step  Interval z axis Value Error 
Spike 1 - 1.00 – - 0.85 cm 1.109 ± 0.008 
Spike 2 - 0.85 – - 0.70 cm 0.997 ± 0.027 
Spike 3 - 0.70 – - 0.55 cm 0.939 ± 0.020 
Spike 4 - 0.55 – - 0.40 cm 0.955 ± 0.013 

Mean spike - 1.00 – - 0.40 cm 1.000 ± 0.006 
 

Table 4. Neutron source shape in z direction for the fission plate [8] 
 

The geometric characterization of the neutron source is then easily reproduced by implementing in 
MCNP the discrete shape functions in Tables 3 and 4. Concerning the energy spectrum, a standard 
Watt fission spectrum with recommended parameters for thermal fission in 235U [9] was employed. 

The fission neutron production in the plate is considered proportional to the NESTOR core power – 
from 1 W to 30 kW – with a good degree of accuracy of about 0.4% over the full power range. The 
PCA-Replica experiment has been carried out with the NESTOR core at full power – namely 30 kW 
[8]. The final normalization of the fission plate neutron source is 5.1274480×107 n/sec/NESTOR Watt 
[8] (2.104×107 fissions/sec/NESTOR Watt multiplied by a mean value of 2.437 n/fission [8]). Note that 
a total error of 3.8% was assigned to the fission plate output [8]. 

 
  
6. Experimental Results 
 
The experimental results produced during the PCA-Replica campaign consisted of the dosimeter 

readings and the neutron spectra. Since this benchmark is oriented to pressure vessel protection and 
damage evaluation, particular attention has been paid to the high-energy tail of the neutron spectrum. 
To this purpose inelastic scattering and proton-recoil dosimeters have been employed with different 
threshold energies. The response functions utilized are the following: 
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- 103Rh dosimeters (103Rh(n,n’)103mRh reaction) with energy threshold around 0.04 MeV; 
- 115In dosimeters (115In(n,n’)115mIn reaction) with energy threshold around 0.35 MeV; 
- 32S dosimeters (32S(n,p)32P reaction) with energy threshold around 1.00 MeV. 
The dosimeters were placed at ten positions inside both the water gaps, the cavities within the 

pressure vessel sample at ¼ and ¾ of its thickness (referred to as T/4 and 3T/4) and the void box after 
the pressure vessel sample. Their positions are reported in Table 5. 
 

 Reference 
Location 

Distance 
from Fission 
Plate [cm] 

 
Reaction Rate/NESTOR Watt [dps/atom] 

   103Rh(n,n’)103mRh 115In(n,n’)115mIn 32S(n,p)32P 
   Systematic ± 3% Systematic ± 2% Systematic ± 4% 

1 

12 cm Water Gap 

1.91 1.69 E -20 ± 3% - - 
2 7.41 3.78 E -21 ± 3% - - 
3 12.41 1.40 E -12 ± 3% - - 
4 14.01 1.27 E -21 ± 3% - - 
5 

13 cm Water Gap 
19.91 4.23 E -22 ± 3% - - 

6 25.41 1.15 E -22 ± 4% - - 
7 30.41 4.73 E -23 ± 4% - - 
8 T/4 39.01 2.07 E -23 ± 1% 3.93 E -24 ± 0.9% 1.08 E -24 ± 1.5% 
9 3T/4 49.61    5.53 E -24 ± 1.9% 8.23 E -25 ± 1.4% 1.46 E -25 ± 1.9% 
10 Void Box 58.61   1.80 E -24 ± 1.6% 2.31 E -25 ± 1.5% 3.73 E -26 ± 1.3% 

 
Table 5. Threshold reaction rates as measured on the horizontal axis (z axis) [8] 

 
Dosimeter readings are provided with a twofold uncertainty: both systematic and stochastic errors 

are indicated in Table 5 (stochastic are interpreted as 1 standard deviation of a Gaussian distribution).  
 
As far as the neutron source is concerned, the PCA-Replica source comes mainly from the fission 

plate. However, some background from the NESTOR core is present, although at a low intensity. It is 
taken into account as follows: 

- dosimeter responses in water gaps (positions 1 to 7): 2% more than fission plate alone; 
- dosimeter responses in vessel and void (positions 8 to 10): 4% more than fission plate alone. 

 
The neutron spectra have been generated at two positions: inside the vessel sample and in the void 

box (at the same positions as dosimeters 8 and 10 in Table 5). Spectrum measurements have been made 
with hydrogen-filled proportional counters together with Ne213 organic liquid scintillators to extend 
the energy range of spectral measurements above that achievable by gas counters. The experimental 
results are reported in Table 6. The estimated uncertainty on the unfolded fluxes is not reported in [8]. 
Thus only the neutron background is considered as a source of uncertainty – as reported above about 
4% of the fission plate intensity for these two positions. 
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Energy Group Flux per unit Lethargy/NESTOR Watt 

Lower limit 
[MeV] 

Upper limit 
[MeV] T/4 position Void Box position 

0.052 0.059 6.8 0.45 
0.059 0.067 6.0 0.68 
0.067 0.076 6.7 1.21 
0.076 0.086 6.7 1.15 
0.086 0.097 6.3 0.58 
0.097 0.111 7.4 0.87 
0.111 0.126 9.0 1.48 
0.126 0.143 10.0 2.22 
0.143 0.162 9.0 1.62 
0.162 0.183 10.0 1.92 
0.183 0.207 9.2 1.60 
0.207 0.235 10.3 1.49 
0.235 0.266 11.7 2.22 
0.266 0.302 14.0 3.13 
0.302 0.342 17.0 3.31 
0.342 0.388 16.0 2.99 
0.388 0.439 13.7 1.88 
0.439 0.498 16.2 2.33 
0.498 0.564 19.0 2.74 
0.564 0.639 23.9 4.12 
0.639 0.724 20.3 3.19 
0.724 0.821 17.1 1.75 
0.821 0.930 15.7 1.93 
0.930 1.054 15.5 1.69 
1.054 1.194 15.3 1.53 
1.194 1.353 13.7 1.16 
1.353 1.534 13.8 0.94 
1.534 1.748 13.3 0.78 
1.748 1.969 11.9 0.61 
1.969 2.231 11.7 0.46 
2.231 2.528 11.2 0.35 
2.528 2.865 9.2 0.27 
2.865 3.246 6.9 0.18 
3.246 3.679 4.4 0.13 
3.679 4.169 4.8 0.10 
4.169 4.724 5.0 0.09 
4.724 5.353 4.2 0.09 
5.353 6.065 3.5 0.07 
6.065 6.873 2.2 0.06 
6.873 7.788 1.5 0.03 
7.788 8.825 1.1 0.02 
8.825 10.0 0.2 0.01 

 
Table 6. Neutron spectra as measured at T/4 and Void Box positions [8] 
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7. Calculational Methodology 
 

The PCA-Replica benchmark has been simulated with the Monte Carlo code MCNP6.1 [9] which 
allows a reasonably faithful representation of the geometry of the facility. 

A Cartesian fission source in x-y-z coordinates has been implemented and subsequent fissions in 
the fission plate are treated as absorptions. Neutron-only calculations have been run. 

Simulations were run with 109 histories each with a computation time of about 200 min-CPU on a 
HPC supercomputer CRESCO4 at ENEA Portici Research Center [26]. 

Variance reduction techniques were implemented. Firstly, an energy cutoff was enabled with a 
threshold of about 50 keV which takes into account both the energy threshold of the detectors and the 
lowest energy group in the spectrum counters. Then the multi-response capability of the DSA (Direct 
Statistical Approach) [11] was employed to produce variance reduction parameters in the form of a 
weight window [10]. As far as the detector responses were concerned, the calculational (i.e. Monte 
Carlo statistical) uncertainty was then below 1% even for the 32S detector position in the void box – 
which is the farthest position from the fission plate and has the highest threshold energy. (We remind 
ourselves that the uncertainty in the source intensity (§5) is 3.8%.) 
 
 

8. Nuclear Data Sets 
 

The present benchmark has been utilized to test the following types of nuclear data: 
- neutron interaction tables for the particle transport; 
- dosimetry interaction tables for the dosimeter readings. 
All the data are at room temperature – namely 300 K. For each neutron interaction library, every 

dosimetry table was tested. The following neutron interaction and dosimetry libraries have been 
employed: 

 
Neutron interaction tables: 
- ENDF/B-VI.6 [12] 
- ENDF/B-VII.1 [13] 
- JEFF-3.1 [14] 
- JEFF-3.1.2 [15] 
- JEFF-3.2 [16] 
- JENDL-4.0 [17] 
Dosimetry interaction tables: 
- 531DOS [18] 
- 532DOS [18] 
- LLLDOS [18] 
- IRDF2002 [19] 
- IRDFF-v1.05 [20] 

 
The dosimetry tables 531DOS and 532DOS are based on ENDF/B-V. LLLDOS is based on ACTL 

from LLNL. 531DOS and 532DOS do not include 103Rh(n,n’)103mRh, while LLLDOS does not include 
115In(n,n’)115mIn. In contrast, the 32S(n,p)32P reaction is present in all three dosimetry sets. IRDF2002 
and IRDFF-v1.05 are more recent IAEA evaluations, although originally based on ENDF/B-V, which 
include all dosimetry cross-sections used in this benchmark. 
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It should be mentioned that the 115In(n,n’)115mIn cross-sections in 531DOS and 532DOS are 
identical, thus only one is reported in the results. Also the 32S(n,p)32P cross-sections in 532DOS and 
LLLDOS are identical below 14 MeV and therefore only 532DOS is reported. 103Rh(n,n’)103mRh and 
115In(n,n’)115mIn differ between IRDF2002 and IRDFF-v1.05 in the value of the energy threshold. 
Although for 115In(n,n’)115mIn there is only a very slight difference, they were kept separate in the 
comparison. Thus the following dosimetry cross-sections were tested: 

 
 32S(n,p)32P 103Rh(n,n’)103mRh 115In(n,n’)115mIn 

531DOS ×   
532 DOS ×  × 
LLLDOS  ×  
IRDF2002 × × × 

IRDFF-v1.05 × × × 
 

 
9. Comparison between Calculation and Measurement 

 
The results for the Dosimeter responses are shown in the following D series of fifteen Figures. The 

dosimeter reaction rates have been evaluated along the central axis, even at positions where the real 
dosimeters are not placed during the experiment. This illustrates the reaction rate trend through the 
water and the steel samples. 

Figs. D.E7.1, D.E7.2, D.E7.3, D.E7.4 and D.E7.5 show the comparison between calculation and 
measurement with ENDF/B-VII.1 transport neutron cross-sections for the five dosimetry files: 
531DOS, 532DOS, LLLDOS, IRDF2002 and IRDFF-v1.05 respectively. Figs. D.JF32.1 – D. JF32.5 
show the same comparison with JEFF-3.2 transport neutron cross-sections and Figs. D.JL4.1 – D.JL4.5 
with JENDL-4.0 cross-sections. 

In these fifteen D series Figures, the calculational results are normalized to the NESTOR power, as 
are the measurements, i.e. the calculational results and measurements are completely independent of 
each other. Furthermore, the previously cited measurement errors and the stochastic calculational 
uncertainties are reported in these Figures as 1 standard deviation error bars. However, they are largely 
invisible. In any case it is apparent from these Figures that there is a good agreement between 
calculation and measurement. However, because of the scale we are not able to glean any further 
information. 
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Figure D.E7.1. Dosimeter reaction-rate ENDF/B-VII.1 with 531DOS 
 

 
 

Figure D.E7.2. Dosimeter reaction-rate ENDF/B-VII.1 with 532DOS 
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Figure D.E7.3. Dosimeter reaction-rate ENDF/B-VII.1 with LLLDOS 
 

 
 

Figure D.E7.4. Dosimeter reaction-rate ENDF/B-VII.1 with IRDF2002 
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Figure D.E7.5. Dosimeter reaction-rate ENDF/B-VII.1 with IRDFFv1.05 
 
 
 

 
 

Figure D.JF32.1. Dosimeter reaction-rate JEFF-3.2 with 531DOS 
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Figure D.JF32.2. Dosimeter reaction-rate JEFF-3.2 with 532DOS 
 

 
 

Figure D.JF32.3. Dosimeter reaction-rate JEFF-3.2 with LLLDOS 
 



 
 

Centro Ricerche Bologna 
Sigla di identificazione 

SICNUC – P000 - 014  

Rev. 

0 

Distrib. 

L 
 Pag. di 

 19 44 
 

 
 

Figure D.JF32.4. Dosimeter reaction-rate JEFF-3.2 with IRDF2002 
 

 
 

Figure D.JF32.5. Dosimeter reaction-rate JEFF-3.2 with IRDFFv1.05 
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Figure D.JL4.1. Dosimeter reaction-rate JENDL-4.0 with 531DOS 
 

 
 

Figure D.JL4.2. Dosimeter reaction-rate JENDL-4.0 with 532DOS 
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Figure D.JL4.3. Dosimeter reaction-rate JENDL-4.0 with LLLDOS 
 

 
 

Figure D.JL4.4. Dosimeter reaction-rate JENDL-4.0 with IRDF2002 
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Figure D.JL4.5. Dosimeter reaction-rate JENDL-4.0 with IRDFFv1.05 
 

To look more closely at the comparison, in the following DR series of eighteen Figures we present 
the (Dosimeter) Ratio of the calculated value related to the measurements (i.e. C/E values). Error bars 
in these Figures are 1 standard deviation and include both calculation and measurement errors. 

Figs. DR.In.1, DR.In.2, DR.In.3, DR.In.4, DR.In.5 and DR.In.6 show the C/E Dosimeter Ratios for 
all existing dosimetry files for the 115In(n,n’)115mIn dosimeters for the ENDF-B/VI.6, ENDF/B-VII.1, 
JEFF-3.1, JEFF-3.1.2, JEFF-3.2 and JENDL-4.0 transport libraries respectively. Similarly Figs. 
DR.Rh.1 – DR.Rh.6 show the C/E Dosimeter Ratios for all existing dosimetry files for the 
103Rh(n,n’)103mRh dosimeters for the same transport library set and Figs. DR.S.1 – DR.S.6 show the 
C/E Dosimeter Ratios for all existing dosimetry files for the 32S(n,p)32P dosimeters again for the same 
transport library set. 
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Figure DR.In.1. Ratio of Calculation to Experiment for 115In and ENDF/B-VI.6 
 

 
 

Figure DR.In.2. Ratio of Calculation to Experiment for 115In and ENDF/B-VII.1 
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Figure DR.In.3. Ratio of Calculation to Experiment for 115In and JEFF-3.1 
 

 
 

Figure DR.In.4. Ratio of Calculation to Experiment for 115In and JEFF-3.1.2 
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Figure DR.In.5. Ratio of Calculation to Experiment for 115In and JEFF-3.2 
 

 
 

Figure DR.In.6. Ratio of Calculation to Experiment for 115In and JENDL-4.0 
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Figure DR.Rh.1. Ratio of Calculation to Experiment for 103Rh and ENDF/B-VI.6 
 

 
 

Figure DR.Rh.2. Ratio of Calculation to Experiment for 103Rh and ENDF/B-VII.1 
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Figure DR.Rh.3. Ratio of Calculation to Experiment for 103Rh and JEFF-3.1 
 

 
 

Figure DR.Rh.4. Ratio of Calculation to Experiment for 103Rh and JEFF-3.1.2 
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Figure DR.Rh.5. Ratio of Calculation to Experiment for 103Rh and JEFF-3.2 
 

 
 

Figure DR.Rh.6. Ratio of Calculation to Experiment for 103Rh and JENDL-4.0 
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Figure DR.S.1. Ratio of Calculation to Experiment for 32S and ENDF/B-VI.6 
 

 
 

Figure DR.S.2. Ratio of Calculation to Experiment for 32S and ENDF/B-VII.1 
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Figure DR.S.3. Ratio of Calculation to Experiment for 32S and JEFF-3.1 
 

 
 

Figure DR.S.4. Ratio of Calculation to Experiment for 32S and JEFF-3.1.2 
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Figure DR.S.5. Ratio of Calculation to Experiment for 32S and JEFF-3.2 
 

 
 

Figure DR.S.6. Ratio of Calculation to Experiment for 32S and JENDL-4.0 
 

Calculated and measured (unfolded) neutron spectra were compared for the positions of dosimeters 
8 and 10. The lowest of the 42 energy groups in Table 6 was excluded due to too high statistical 
uncertainties on the calculated flux. The uncertainties on each of the remaining 41 energy group fluxes, 
although as expected higher than those on the detector responses (below 1% as discussed in §7), were 
still in the main satisfactory, given also that the uncertainty in the source intensity (§5) is 3.8%. In 
particular, for position 8, the average Monte Carlo error over all 6 data libraries and all 41 energy 
groups was 0.6% with a maximum of 7.2% (JENDL-4.0, 67 - 76 keV).  Instead for position 10, the 
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average error over all 6 data libraries and all 41 energy groups was 1.8% with a maximum of 23.6% 
(JEFF-3.1, 76 - 86 keV). Figs. S.PV.1, S.PV.2, S.PV.3, S.PV.4, S.PV.5 and S.PV.6 show the calculated 
and measured Spectra at dosimeter position 8 (i.e. in the PV sample) for ENDF-B/VI.6, ENDF/B-VII.1, 
JEFF-3.1, JEFF-3.1.2, JEFF-3.2 and JENDL-4.0 transport libraries respectively. Similarly, Figs. S.V.1 
– S.V.6 show the calculated and measured Spectra at dosimeter position 10 (i.e. in the Void after the 
PV sample) for the same set of transport libraries. Again as for the dosimeter results the calculational 
results and measurements are completely independent of each other, each being normalized to the 
NESTOR power. Also the previously cited measurement errors and the stochastic calculational 
uncertainties are reported in these Figures, as 1 standard deviation error bars. 
 

 
 

Figure S.PV.1. Calculation and Measured neutron spectra at position 8 – ENDF/B-VI.6 
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Figure S.PV.2. Calculation and Measured neutron spectra at position 8 – ENDF/B-VII.1 
 
 

 
 

Figure S.PV.3. Calculation and Measured neutron spectra at position 8 – JEFF-3.1 
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Figure S.PV.4. Calculation and Measured neutron spectra at position 8 – JEFF-3.1.2 
 

 
 

Figure S.PV.5. Calculation and Measured neutron spectra at position 8 – JEFF-3.2 
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Figure S.PV.6. Calculation and Measured neutron spectra at position 8 – JENDL-4.0 
 

 
 

Figure S.V.1. Calculation and Measured neutron spectra at position 10 – ENDF/B-VI.6 
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Figure S.V.2. Calculation and Measured neutron spectra at position 10 – ENDF/B-VII.1 
 

 
 

Figure S.V.3. Calculation and Measured neutron spectra at position 10 – JEFF-3.1 
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Figure S.V.4. Calculation and Measured neutron spectra at position 10 – JEFF-3.1.2 
 

 
 

Figure S.V.5. Calculation and Measured neutron spectra at position 10 – JEFF-3.2 
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Figure S.V.6. Calculation and Measured neutron spectra at position 10 – JENDL-4.0 
 

 
 

Again calculated and experimental values were compared in the following SR series of six Figures 
in which we present the (Spectrum) C/E Ratio. Figs. SR.1, SR.2, SR.3, SR.4, SR.5 and SR.6 show the 
C/E Spectral Ratios for both positions (PV and Void) for the ENDF-B/VI.6, ENDF/B-VII.1, JEFF-3.1, 
JEFF-3.1.2, JEFF-3.2 and JENDL-4.0 transport libraries respectively. Error bars in these Figures are 1 
standard deviation and include both calculation and measurement errors. 
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Figure SR.1. Ratio of Calculation to Experiment for neutron spectra – ENDF/B-VI.6 
 

 
 

Figure SR.2. Ratio of Calculation to Experiment for neutron spectra – ENDF/B-VII.1 
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Figure SR.3. Ratio of Calculation to Experiment for neutron spectra – JEFF-3.1 
 

 
 

Figure SR.4. Ratio of Calculation to Experiment for neutron spectra – JEFF-3.1.2 
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Figure SR.5. Ratio of Calculation to Experiment for neutron spectra – JEFF-3.2 
 

 
 

Figure SR.6. Ratio of Calculation to Experiment for neutron spectra – JENDL-4.0 
 
 
 
 
 



 
 

Centro Ricerche Bologna 
Sigla di identificazione 

SICNUC – P000 - 014  

Rev. 

0 

Distrib. 

L 
 Pag. di 

 42 44 
 
 

10. Discussion 
 

The three dosimeters, Indium, Rhodium and Sulphur, show a good agreement between calculation 
and measurement for the three most recent transport libraries and all five dosimeter libraries as can be 
seen in the D series of figures. (Furthermore the three older transport libraries show equally good 
agreement.) Looking more closely at the comparison by means of the C/E values in the DR series of 
eighteen figures: 

- As far as 115In(n,n’)115mIn is concerned, the more recent IRDF dosimetry files may be slightly 
better than the older 532DOS file. The qualities of the six transport cross-section files are 
indistinguishable. 

- As far as 103Rh(n,n’)103mRh is concerned, the qualities of the IRDF and LLLDOS dosimetry 
files look indistinguishable as do those of the six transport cross-section files. The calculation at 
the first detector position at 1.91 cm from the fission plate looks a slight overestimate. This is 
probably due to source modelling rather than to transport or dosimetry cross-sections. 

- As far as 32S(n,p)32P is concerned, there is a tendency for the C/E value to increase from just 
below 1 to just above 1 between detector positions 8 and 10 for all dosimetry files and for all 
six transport files. This looks as if it could be due to the NESTOR background estimate. It is 
difficult to distinguish between the dosimetry files, but with regard to the transport files the two 
ENDF/B files may be very slightly better than any of the three JEFF files or the JENDL files. 

Note that the above conclusions are extremely tentative given the 1 s.d. error bars. 
 
Looking at the flux spectra in the series of six S.PV and six S.V Figures, we firstly note that the 

only uncertainties in the measurements are those of the NESTOR background. Neither the detector 
(hydrogen proportional counters or liquid scintillators) measurements nor the unfolding procedure 
(with the code RADAK) have been assigned uncertainties [8]. Therefore, the error bars on the 
experimental spectra are certainly underestimates. 

Secondly we note at both measurement positions – in the PV and Void – in the energy range below 
around 1 MeV that the calculated and measured spectra fluctuate above and below each other. We may 
tentatively assign these differences to the unfolding procedure. Instead there remains a macroscopic 
effect, which is an underestimate of the calculated flux at position 8 in the PV sample above around 2 – 
2.5 MeV (ignoring the very low flux in the highest energy bin 9 - 10 MeV). Such an underestimate is 
present for all transport files but is slightly less for JENDL-4.0. This underestimate is not present in the 
spectra at position 10 in the Void. On the contrary there is, if anything, a slight overestimate of the 
calculated flux in the same energy range. Such overestimate becomes macroscopic for JENDL-4.0 
above around 3 MeV. 

These effects are apparent in the six SR series of Figures where we see the C/E values. From these 
Figures, JENDL-4.0 looks somewhat better than the other five files at position 8 in the PV sample and 
somewhat worse at position 10 in the Void. The other five files look similar to each other. 
 
 

11. Conclusions 
 
The results show in general a good agreement with the experimental data especially for the three 

dosimeters. The spectra instead show calculational underestimates in the MeV energy range for the 
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measurement within the mild steel sample and calculational overestimates in the same energy range for 
the measurement in the void after the mild steel sample. 
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