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ABSTRACT 

As part of the IRTMBA (Improved Radiation Transport Modelling for Borehole 
Applications) Project of the EU Community’s 5th Programme a special purpose multigroup 
cross section library to be used in the deterministic (as well as Monte Carlo) oil well logging 
particle transport calculations was prepared. This library is expected to improve the prediction 
of the neutron and gamma spectra at the detector positions of the logging tool, and their use 
for the interpretation of the neutron logging measurements was studied. Preparation and 
testing of this library is described. 

1 INTRODUCTION 

IRTMBA project, co-ordinated by SIEP (Shell International Exploration and 
Production) started in 2000 and regroups several European research institutes and universities. 
The main aim of the project is the optimisation of the oil recovery from existing wells by 
more accurate locating deposits behind casing, thus reducing the overall cost of production 
with minimal environmental impact. Several computer codes and nuclear cross section 
libraries were used in the transport calculations in order to validate and optimise the 
calculational procedure for well logging applications. A typical neutron oil well logging tool, 
consisting of a fixed 14 MeV neutron source and two neutron or gamma detectors placed at 
different distances from the neutron source, was studied using deterministic and Monte Carlo 
(M/C) radiation transport methods. Some details about this project were presented at the 
previous conferences [1], [2]. 

One of the objectives of this work was to determine and improve some deficiencies of 
the deterministic transport codes and facilitate their use in the domain of the oil well logging 
application. Major advantage of the discrete ordinates (SN) codes like DOORS [3] or 
DANTSYS is low CPU time requirement as compared to the M/C methods. Calculations 
requiring several days of M/C runs can be typically performed in few minutes using SN codes. 
In addition, use of different methods contributes to the validation of the transport calculations. 
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But, since based on the multigroup method, the cross-section libraries include less details than 
the point-wise cross-sections used by the M/C methods, and are problem dependent. The 
proper multigroup cross section library must be usually prepared case-by-case. Our work 
therefore concentrated on the following main topics: 
1. Development of a special purpose cross-section library with a sufficiently fine energy 

structure covering fast to thermal neutron as well as gamma energies (175 neutron/45 
gamma energy groups). The format of the library allows the use of the flexible collapsing 
procedure of the TRANSX code to produce the transport cross sections in fine as well as 
broad energy groups. The gamma energy groups were selected in such a way to take into 
account the gamma lines characteristic to oxygen and carbon. The data are based on the 
recent ENDF/B-VI.8 evaluation, which includes among others the improved oxygen data. 

2. Intercomparison of results obtained from several transport computer codes using different 
methods (like DORT, TORT [3], MCNP4C [4], TRIPOLI-4 [5]) as well as different 
nuclear cross section data. 

3. Validation of the library on well defined banchmark experiments. FNS Liquid Oxygen 
benchmark was used to test the oxygen cross section data. 

2 ENDF/B-VI.8 CROSS-SECTION LIBRARY 

A cross section library specially dedicated for the oil well logging applications with an 
optimised energy group structure as well as the appropriate weighting and self-shielding 
treatment was processed. The library is provided in 175 neutron and 45 gamma-ray energy 
groups, including 12 neutron groups below 5 eV as well as 3 up-scatter neutron groups. Nine 
gamma groups cover the range of the oxygen and carbon windows (oxygen window is 
between 4.76 and 7.05 MeV, and carbon between 3.21 and 4.75 MeV). The library is based 
on the latest release of ENDF/B-VI (version 8). The data were processed using 
NJOY/TRANSX to take into account the self shielding effects. This user friendly procedure 
allows a fast production of the cross section data for a specific configuration, as well as easy 
modification of the energy group structure. 

Table 1 - Gamma fluxes in the C and O windows at the two detector positions, and the C/O ratios. 
DORT generic tool calculations using ENDF/B-VI.8 based 175neutron/45gamma group library. 

DORT  19%H2O 19%H2O, 150gNaCl 19%CH2 

 E (MeV) Φγ Φγ Φγ 
SiO2 

3.21-4.75 6.69E-06 6.69E-06 6.76E-06 Det. 1 
4.75-7.05 7.03E-06 7.02E-06 6.84E-06 

Ratio C/O 0.9514 0.9534 0.9885 
3.21-4.75 5.95E-07 5.94E-07 6.05E-07 Det. 2 
4.75-7.05 6.11E-07 6.07E-07 5.93E-07 

Ratio C/O 0.9747 0.9780 1.0204 
CaCO3 

3.21-4.75 7.36E-06 7.35E-06 7.44E-06 Det. 1 
4.75-7.05 6.56E-06 6.55E-06 6.36E-06 

Ratio C/O 1.1220 1.1224 1.1701 
3.21-4.75 6.59E-07 6.55E-07 6.70E-07 Det. 2 
4.75-7.05 5.56E-07 5.53E-07 5.37E-07 

Ratio C/O 1.1847 1.1849 1.2485 
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Table 2 -Comparison of the gamma fluxes in the C and O windows, and the C/O ratios, 
obtained by the DORT and MCNP generic tool calculations. The M/C statistical uncertainty 
(∆(%)) is quite high, up to 10 % (MCNP calculations performed by [9]). 
MCNP4C (ENDF/B-VI.8) generic tool calculation, Inelastic gammas (cutoff E  N>0.64MeV), E(source)=12.214-14.191 MeV 

DORT/ MCNP4C 19%H2O 19%H2O, 150gNaCl 19%CH2 
 E (MeV) Φγ ∆(%) Φγ ∆(%) Φγ ∆(%) 

SiO2 
3.21-4.75 1.009 2.1 1.010 2.1 1.010 2.1 Det. 1 
4.75-7.05 1.024 2.4 1.024 2.4 1.036 2.4 

Ratio C/O 0.985 3.2 0.986 3.2 0.975 3.2 
3.21-4.75 1.090 6.2 1.081 6.3 1.066 6.2 Det. 2 
4.75-7.05 1.127 6.9 1.170 7.0 1.120 6.9 

Ratio C/O 0.967 9.3 0.923 9.4 0.952 9.3 
CaCO3 

3.21-4.75 0.999 2.0 1.006 2.0 0.989 2.0 Det. 1 
4.75-7.05 1.040 2.5 1.045 2.5 1.040 2.5 

Ratio C/O 0.960 3.2 0.963 3.2 0.951 3.2 
3.21-4.75 1.039 5.8 1.054 5.8 1.064 5.6 Det. 2 
4.75-7.05 1.170 7.5 1.163 7.4 1.142 7.6 

Ratio C/O 0.888 9.5 0.906 9.4 0.932 9.4 

Table 3 -Gamma fluxes in the C and O windows at the two detector positions, and the C/O 
ratios for the generic tool, centered in the borehole. Results were obtained by the TRIPOLI 
code using ENDF/B-VI.4 cross-sections. The M/C statistical uncertainty (∆(%) is few %. 

TRIPOLI 4 /ENDF/B-VI.4 (60 million particles - CPU : ~108 h on SUN E-3500 station), Inelastic gammas (EN>0.64MeV), 
E(source)= 14 MeV. 

TRIPOLI4  19%H2O 19%H2O, 150gNaCl 19%CH2 

 E (MeV) Φγ ∆(%) Φγ ∆(%) Φγ ∆(%) 
SiO2 

3.21-4.75 5.71E-06 0.5 5.71E-06 0.5 5.84E-06 0.5 Det. 1 
4.75-7.05 6.14E-06 0.9 6.05E-06 0.6 5.96E-06 0.6 

Ratio C/O 0.930  0.944  0.980  
3.21-4.75 4.61E-07 1.0 4.51E-07 1.0 4.74E-07 1.0 Det. 2 
4.75-7.05 5.14E-07 1.2 5.04E-07 1.2 5.03E-07 1.3 

Ratio C/O 0.897  0.895  0.942  
CaCO3 

3.21-4.75 6.52E-06 0.5 6.56E-06 0.5 6.71E-06 0.5 Det. 1 
4.75-7.05 5.55E-06 0.6 5.56E-06 0.6 5.48E-06 0.8 

Ratio C/O 1.174  1.180  1.224  
3.21-4.75 5.58E-07 1.0 5.45E-07 1.1 5.65E-07 1.0 Det. 2 
4.75-7.05 4.47E-07 1.2 4.51E-07 1.3 4.42E-07 1.4 

Ratio C/O 1.248  1.208  1.278  

This library was tested against stochastic calculations performed with the TRIPOLI-4 
and MCNP-4C Monte Carlo transport code, using point-wise cross-sections. Like in [1,2] a 
typical neutron oil well logging tool [6] was studied, but this time a cut-off neutron energy of 
0.64 MeV was applied in order to separate the inelastc from the capture gamma-rays. This can 
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be done in practice due to the different time scales of the two processes. The configurations 
investigated include different formation (sandstone and limestone) and formation fluids, i.e. 
water, oil and saline water. Comparison of the predictions of the library using the 
deterministic DORT code with stochastic calculations using MCNP4C and TRIPOLI-4 for the 
gamma fluxes in the carbon and oxygen windows in the position of the two detectors, as well 
as the carbon-oxygen (C/O) ratio, i.e. the ratio of the gamma flux in the carbon and oxygen 
windows, are shown in Tables 1 - 3. Comparing the MCNP and DORT results (see Table 2), 
the maximum difference between the stochastic and non-stochastic runs is about 17 % for the 
gamma fluxes, and about 11 % for the C/O ratios (i.e. below the level of statistical uncertainty 
for the stochastic calculations in almost all cases). The statistical uncertainties of the MCNP 
calculations were relatively high, up to ~ 10%. They were lower in the TRIPOLI calculations 
(few %), but an older version of ENDF/B-VI library (version 4) was used, which explains the 
differences of up to 30 % in the gamma flux, and of 12% in the C/O ratio (Table 3). 

2.1 ENDF/B-VI.8 Chlorine Evaluation 

Cross sections for chlorine in the new ENDF/B-VI.8 evaluation are given for the two 
major isotopes (Cl-35 and Cl-37) [7], contrary to the older evaluations providing data for 
natural chlorine. But several problems were discovered when processing Cl-35 using 
NJOY99. First a format error was corrected in the file. Next, using CRSRD (conversion from 
AMPW work to MCNP group library) P. de Leege reported that many terms for photon 
production MT=102 (n,γ reaction) from NJOY/GROUPR module output were negative [8].  

A comparison of the spectra obtained using the old and new (with negative gamma 
production) evaluation is given in Figure 1. The origin of the problem, either error in the 
NJOY processing or in the evaluated file (format), is still under investigation. 

 
Fig. 1: Comparison of the gamma spectra in the far detector obtained using the new (isotopic) 
and the old Cl evaluations. 
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Table 4 - Influence of Cl cross sections: Gamma fluxes in the C and O windows in the two 
detector for the salted water formation fluid. DORT generic tool calculations using ENDF/B-
VI.8 56n/24 gamma library, new and old Cl data. 

Inelastic + capture gammas (no cutoff), E(source)=13.84-14.19 MeV 

 Cl35&Cl37 from  
ENDF-B/VI.8 

Cl-nat from  
ENDF-B/VI.7 

ENDF-B/VI.7 / 
ENDF-B/VI.8 

DORT 
19%H2O, 
150gNaCl E (MeV) Φγ Φγ Φγ 

Sandstone (SiO2) 
3.21-4.75 1.64E-5 1.68E-5 1.02 Det. 1 
4.75-7.05 1.70E-5 1.73E-5 1.02 

Ratio C/O 0.966 0.969 1.00 
3.21-4.75 1.63E-6 1.70E-6 1.04 Det. 2 
4.75-7.05 1.85E-6 1.90E-6 1.03 

Ratio C/O 0.879 0.895 1.02 
Limestone (CaCO3) 

3.21-4.75 1.68E-5 1.71E-5 1.02 Det. 1 
4.75-7.05 1.64E-5 1.66E-5 1.01 

Ratio C/O 1.022 1.028 1.01 
3.21-4.75 1.60E-6 1.66E-6 1.04 Det. 2 
4.75-7.05 1.71E-6 1.75E-6 1.02 

Ratio C/O 0.934 0.948 1.01 

3 FNS- LIQUID OXYGEN BENCHMARK 

The calculated carbon/oxygen ratios rely on a good knowledge on the oxygen and 
carbon cross sections in particular. The recommended way to determine the quality and merit 
of the cross sections data files, as well as of the calculational procedures is to test them 
against some well defined benchmark experiments. The advantage of benchmarks is that the 
uncertainties, other than those due to the nuclear data, are reduced considerably.  

The Time-of-Flight Experiment on Liquid Oxygen Slab [10,11], performed at the 
JAERI/FNS facility, was found particularly suitable for the validation of oxygen cross 
sections for the purpose of the oil well logging applications. The experiment was performed at 
the 14 MeV D-T neutron source facility at Fusion Neutronic Source (FNS) at JAERI. The 
angular neutron spectra leaking from a 20 cm slab of liquid oxygen were measured at the 
angles of 0, 12.2, 24.9, 41.8, and 66.8 degrees with respect to the source beam. The spectra in 
the energy range between 0.05 and 15 MeV were determined using the NE-213 scintilator. 
The cross section sensitivity profiles of the typical oil well cases indicate that this neutron 
energy range is most relevant also for the oil well logging needs. 14 MeV neutron source was 
used in the two cases. 

The description of the FNS/JAERI Liquid Oxygen experiment is included in the 
SINBAD package [10] available from the OECD/NEA Data Bank and the RSICC. The 
compilation includes the calculational models for MCNP-4B and DORT, as well as all the 
relevant reports in pdf format. 

In order to determine the actual state-of-the-art of the nuclear data relevant for oil well 
logging, this benchmark was analysed using the same code system as described before, i.e. 
DORT code with the new cross section library, as well as with the MCNP-4C code and 
ENDF/B-VI.8. JENDL-3.2 and JEF-2.2 point-wise data. As shown on Figure 2, good general 
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agreement was found between the two calculations and the measured spectra. Both for DORT 
and MCNP the C/E values degrade with the increasing angle, indicating possible problems in 
the description of the secondary angular distribution of the scattered neutrons. 

Fig. 2: Measured spectra from the FNS Liquid Oxygen Benchmark, compared to the 
calculated spectra obtained using the DORT and MCNP/4C codes with respectively 
multigroup and point-wise ENDF/B-VI.8 cross-sections.  

4 CONCLUSIONS 

The IRTMBA project is focussed on improving the interpretation of the nuclear logging 
measurements which are used to locate remaining hydrocarbon resources behind casing but 
away from existing producing zones. This will be done by increasing the accuracy, precision 
and ease of use of the radiation transport modelling codes available to the petrophysicist 
interpreting the logs. Greater accuracy will result from the development of improved nuclear 
data libraries specifically geared to the borehole environment and the type of radiation 
transport model used.  

In the past large differences in the predicted C/O ratios were observed using different 
cross-section libraries. In particular some older multigroup libraries issued gamma ray fluxes 
which differed by as much as 50 % and more [1]. Large differences are observed also between 
different evaluations, or even between different versions of the same evaluation. Up to 25% 
differences in gamma flux were for instance observed between ENDF/B-VI.8 and /B-VI.2. 
This situation was clearly not sattisfactory for use in the oil well logging applications 
requiring high precission calculations to detect differences between different formations and 
porosities.  

A special-purpose multigroup cross-section library was therefore derived from the latest 
ENDF/B-VI (version 8) evaluation. The energy group structure was selected in a way to take 
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into account the requirements of the oil well logging applications. ENDF/B-VI.8 among 
others includes improved oxygen and chlorine cross-section evaluations. The library was 
tested against pointwise MCNP4C and TRIPOLI-4 calculations on the generic oil well 
logging tool with 19% porosity limestone and sandstone formations containing oil, fresh and 
saline water as formation fluid. Substantial improvement of the results was observed using the 
special purpose cross section library as compared to those using older libraries. The new 
results using deterministic codes DORT and TORT agree within 10 % with the MCNP4C 
pointwise cross-section calculations. 

The new library, in particular its oxygen cross sections, was in addition validated 
against the FNS/JAERI Liquid Oxygen Time-of-Flight benchmark experiment, demonstrating 
very good agreement with the measured neutron spectra, as well as with the MCNP-4C 
calculations. In this experiment the angular neutron spectra leaking from a 20 cm liquid 
oxygen slab were measured. The neutron source (~14 MeV) and the energy range covered 
(0.05 and 15 MeV) were particularly relevant for oil well logging applications. 

Several problems were on the other hand discovered when processing the chlorine data, 
including format errors and negative gamma-ray production from the (n,γ) reaction. Further 
investigations should determine whether this is due to the processing or format errors. 

Deterministic radiation transport methods together with the newly developed cross 
section library were found suitable for complex well logging problems. The deterministic 
calculations are typically by several orders of magnitude faster than the corresponding Monte 
Carlo calculations. Instead of several days of Monte Carlo calculations, typically few minutes 
are sufficient for an equivalent deterministic analysis.  

The library can be used in the M/C calculations as well. The procedure based on the 
NSLINK code [12] will be used for the conversion of the library to the AMPX format and 
further to the multigroup MCNP library.  

Both deterministic and M/C version of the special purpose nuclear cross section library 
will be available to the international community through OECD/NEA. 
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