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Abstract: Neutron well logging is one of the basic methods for the determination of the characteristic parameters
of rock samples. The neutron source and neutron detectors are elements of Neutron-Neutron Thermal-Epithermal
logging tool (NNTE) of significant importance. A neutron source creates the neutron field in the nearest environ-
ment. Detectors placed at specified distances from the source register neutrons from this space. A signal of a Neu-
tron-Neutron Thermal-Epithermal tool in specific geological conditions was numerically calculated by means of
the Monte Carlo (MC) codes. The main aim of this paper is to show the potential for using the Monte Carlo N-Par-
ticle Transport Code (MCNP) software in nuclear well logging prospection methods. The results of this MC mod-

elling are presented in this paper.
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INTRODUCTION

The neutron logging probe contains the neutron
source and a set of detectors which register neu-
trons after their propagation in the vicinity of the
borehole. The neutron source emits fast neutrons
and a neutron field is created in a surrounding
matter, i.e. in a whole space which encompasses
the borehole and surrounding geological layers. At
each collision the fast neutron transfers a signifi-
cant part of its kinetic energy to the scattering nu-
cleus; greater if the nucleus is lighter. It means that
most of these interactions are related to the hydro-
gen content present in the medium. Neutrons are
slowed down, thermalized, and finally are absorbed
in the matter. In these considerations the most im-
portant parameters of neutron interactions with
matter are scattering and absorption on nuclei of
the medium in which neutrons are propagated.
Neutron scattering and absorption cross sections

depend on neutron energy and widely vary from
isotope to isotope. Detectors in a neutron probe
register thermal and/or epithermal neutrons, i.e.
those neutrons which have lost their energy dur-
ing propagation in the vicinity of the borehole. The
set of thermal and epithermal neutron detectors is
the base of the “neutron porosity tool”. Neutrons
which reach the system of detectors bring complex
information with regards to rock characteristics.
The measured signals permits the calculation of
one of the most important petrophysical param-
eters of the formation, i.e. porosity, and in conse-
quence, resources of hydrocarbon deposits.

THE NNTE BOREHOLE
NEUTRON TOOL

One technical solution for the need for a borehole
neutron tool is the NNTE (Neutron-Neutron
Thermal-Epithermal) probe which is designed
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to measure porosity and the thermal neutron ab-
sorption cross section (X,) of rock matrix in oil
and gas prospecting wells (Zorski & Stadtmiiller
2001). The probe is equipped with a fast neutron
source (Am-Be), two “near” detectors (thermal
and epithermal) and one “far” epithermal neu-
tron detector. The proper set of cadmium and
neutron moderators is placed around the de-
tectors. They determine that Bepi and Depi de-
tectors measure mainly epithermal neutron flux
and the Bter detector is sensitive only to thermal
neutrons from the geological layer. Information
about porosity is derived from readings of the
“near” detectors or from the ratio of the “near”
to “far” epithermal detector readings. Informa-
tion about the rock matrix X_ is derived from the
difference between the neutron porosities ob-
tained from the “near” thermal and epithermal
detectors.

The general diagram of the geometry of the
NNTE tool with the location of neutron source
and positions of the detectors are shown in

The system of near detectors

Bter

Bepi
Am-Be source epl

31cm

|- ~280 cm

Fig. 1. Sketch geometry of the NNTE tool

Figure 1 (dimensions in centimeters). The neu-
tron counters are filled with helium (*He). Signals
registered by the counters are induced by protons
generated in the reaction of neutron and helium:
*He(n,p)*H. The proper design of the detection
system ensures that thermal and epithermal neu-
trons are recorded in the respective counters. The
NNTE probe contains an isotopic neutron source
made from a mixture of beryllium (*Be) and amer-
icium (**'Am) as an alpha emitter. Am-Be mixture
is enclosed in a tight steel container so that the al-
pha particles do not escape outside. Neutrons are
created in reaction between ’Be and alpha parti-
cles. Beryllium powder bombarded with alpha
particles emits neutron flux. The neutron energy
spectrum of the Am-Be neutron source extends
up to 11 MeV with the maximum around 3 MeV.
Average neutron energy is about 4.5 MeV. The
detailed data for the energy spectrum which are
needed as the input data to the MCNP calculations
are taken from Kliige (1998) and Drabina et al.
(2003).

The system of far detector

Depi

=

23.5cm
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MONTE CARLO CALCULATIONS
FOR SIMULATIONS
OF NEUTRON PROBE RESPONSE

Monte Carlo calculations are a convenient way to
model and accurately simulate the actual experi-
mental conditions of neutron well logging meas-
urements. We use the Monte Carlo N-Particle
Transport code (version MCNP5) (MCNP team
2008) for these applications. The program sim-
ulates a random transport of neutrons and oth-
er particles in media of a complex composition
and geometry based on Monte Carlo method. The
whole history of the particular particle is observed
from the creation in the user defined source to the
absorption in the matter (e.g. in a detector of the
probe). This is a powerful tool for providing in-
formation of neutron measurements in complex
borehole conditions. Parameters such as elemen-
tal composition of rock, porosity, geometry of the
borehole, scheme of construction of the tool is
provided to the program as the input data. All pa-
rameters can be modified in an easy way accord-
ing to needs and it is possible to check the influ-
ence of them on the detector response.

The geometry in the MCNP program is built in
a three-dimensional configuration of cells bound
by first- or second-degree surfaces. The cells are
defined by intersections and unions of these sur-
faces. Each cell is filled with the material of a given
isotopic composition of elements. For each mate-
rial, the mass or atomic density has to be defined
by user. The probability of a particle behavior is re-
lated to the nuclear cross sections and depends on
isotopic composition and the material density of
the matter. In the foregoing calculations, the cross
sections were taken mainly from the ENDF/B-VI
library (Herman & Trkov 2009).

In MCNP, the tally cards are used to specify the
type of information the user wants to gain from the
Monte Carlo calculation. The parameters implicat-
ed in these cards are used to describe tally “bins”,
subdivisions of the tally space into discrete and
contiguous increments such as cosine, energy, or
time. The Surface Tally Type (f4) i.e. particle flux
averaged over a cell (track length estimate of cell
flux) for neutrons in conjunction with the Tally
Multiplier card (fm card) was used in the performed
calculations. The Tally Multiplier card permits one
to obtain the total number of absorption reactions

in the volume of each detector in the whole ener-
gy range. The MC calculations have been done for
2 x 10’ neutrons emitted from the source. The max-
imum relative error for these calculations was less
than 5%. To elaborate and present the results of the
MC calculations the MATLAB program (R2012b)
has been used (The MathWorks INC. 2012).

MCNP BENCHMARK
CALCULATIONS

To validate the numerical calculations the bench-
mark procedure has been done. The set of numer-
ical calculations corresponding to the real experi-
ments realized at the calibration facility in Zielona
Gora have also been conducted. Based on the re-
sults obtained at the IF] PAN by Andrzej Drabina,
the correlation between measurements and calcu-
lations has been carried out.

The facility in Zielona Géra is equipped with
over a dozen rock models of different lithology:
sandstones, limestones, dolomites of variable po-
rosities. Rock pores are 100% saturated with fresh
water. Models are placed in a water pool with
a thick concrete floor. Each rock model has a ver-
tical water filled borehole with a diameter 145 mm
or 220 mm. The porosity, density and chemi-
cal compositions of the rock matrices are known
from laboratory analyses (Zorski et al. 1996). The
data are presented in Tables 1 and 2.

Figure 2 shows the geometry of the NNTE tool
configuration in the calibration block used for the
MCNP simulations and for the real measurements.
The probe is placed inside the block in such a way,
that the source is in the middle of the block height.
The probe is decentralized and adjacent to the wall
of the hole. The dimensions used in the calculation
are as follows: the thickness of the concrete layer
below the block: 1.5 m, the thickness of the water
layer above the block: 0.5 m and thickness of the
water layer surrounding the block: 1.2 m.

For each nuclide, the nuclear data for the de-
scription of neutron transport have been taken
from the relevant specialized data libraries. The
ENDFB-VIL.6 and ENDFB-VI.2 neutron data li-
braries (Herman & Trkov 2009) were used in the
first approach together with the data of elemen-
tal composition as in Table 1, i.e., the presence of
strong absorbents of neutrons was not included
(Drabina et al. 2003).
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Fig. 2. Measurement geometry and position of the NNTE probe inside the calibration block

The correlation between the numerically calcu-
lated detector responses and the experimental re-
sults were not satisfactorily correlated for the Bter
detector (Fig. 3A, R* = 0.93). The correlation co-
efficients for other detectors were better: for Bepi
was R* = 0.99 and for Depi was R* = 0.98. The cor-
relation coefficient has a lower value in relation
to the dependence between the response of the
Bter detector on the thermal neutron absorption
cross section, X, of the medium. This suggestion
was confirmed when a slight admixture of strong

neutron absorbers (boron and rare earths) in the
elemental composition of calibration blocks were
included in the MCNP calculations. The detailed
elemental analyses were performed (Cywicka-Ja-
kiel et al. 2006) in the XRAL Laboratory (Canada)
and the presence of the boron and rare earths in
the rock models confirmed (Tab. 2).

The correlation coefficient for the Bter detec-
tor has been improved to R* = 0.97 (Fig. 3B) when
these data have been taken into MCNP calcula-
tions.

https://journals.agh.edu.pl/geol
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MCNP calculations vs. measurements.
Basic rock chemical composition
without admixture of neutron high absorbers.
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Fig. 3. Correlation between numerically calculated “near” thermal detector responses (MCNP) and measurements performed
in the calibration blocks of the Zielona Gora facility: A) the basic elemental composition (weight content) of the calibrating
blocks is taken as input data to the MCNP calculation (Tabs. 1, 2), (Drabina et al. 2003); B) the contribution of highly absorb-
ing elements in Zielona Géra lithology models is taken into account (Tab. 3)
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The total amount of boron, chlorine and rare
earths in the elemental composition of calibration
blocks at Zielona Goéra facility does not extend be-
yond 0.02% of weight content (e.g. Mucharz 143,
Fig. 4). All of these constituents have a strong in-
fluence on the neutron parameters of the media.
Boron is present in sandstone blocks, while in

Table 3

limestones and dolomites only chlorine is to be
found. To present the effect of the B, Cl and rare
earths admixture in calibration blocks, the ther-
mal neutron absorption cross section has been cal-
culated twice with and without neutron absorbers
content. The results are presented in Figure 5 and
Table 3.

The thermal neutron absorption cross section calculated for standard calibration blocks at Zielona Gora facility for the
main elemental compositions (X)) and taking into account the small admixtures of B, Cl, Gd, Sm, Eu absorbers (X ,). Linear
macroscopic cross section X is calculated for the neutron speed v = 2200 ms™" and is expressed in capture units (c.u.), where

Tcu=10°cm™

Rock model diameter Rock matrix3density “(Z{;) O(ZZ“ZZ) %]
[mm] [g/em’] [cou.] [cou.]
Biata Marianna 141 2.712 ggz 3(5)2 16.66
Biata Marianna 220 2.713 gé; ggi 16.35
Morawica 141 2.677 (7)?).25 33(3) 19.08
Morawica 220 2.674 (7)?)(3) (9)(6)3 19.25
Jozefoéw 143 2.691 (9)(6)2 101534 14.55
Jozefow 216 2.686 1(;).'0238 1010933 13.83
Pinczow 145 2.716 1&6630 1080137 8,64
Pinczow 220 2.694 105.'0930 107(;135 8.88
Libigz 145 2.823 géi gg; 19.82
Libigz 216 2.824 g?); 332 18.90
Mucharz 143 2.670 ggi 15'(;112 42.68
Mucharz 220 2.710 33(1) 105.'0916 43.61
Brenna 140 2.649 1(;). '(;516 l(i '0518 36.31
Brenna 215 2.651 1(3'0517 106"0610 36.33
Radkéw 143 2.620 3(2;11 18 ':16 14.92
Radkow 216 2.620 ggi 1010214 14.41
Zerkowice 135 2.643 1(3 '0910 10%6111 16.86
Zerkowice 220 2.645 l(;). '0914 1030115 16.81
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Fig. 4. Example of the elemental composition of the sandstone Mucharz 143 calibration block indicating the contents of strong

neutron absorbers

20
18
p—
5 16
(8]
c
.%12
2 10
% 8
o4
O 6
<4
2
0
SRIQLLLRLIIReNLsaR
= N = N «d N o4 N = N 4 N 4 N 4 N +4
g 8 g0 2 2 2 S NEEDN o 2 2 2 9
c £ £ ©0O 0090 = < @ @ £ £ 0 QC =2 2
2 2w &= N N 02 0 c¢c ©c ¢ € X xXx 2 =2
E.Emmwwuujjuumwvvoo
§ & 5 5 © © = £ 2 2 5 m 2 8 & =
o o [
=B =35 ' ° 2 2 38
&S Q9
T ©
[an o n]

Fig. 5. Thermal neutron absorption cross section calculated for standard calibration blocks at Zielona Gora facility for the
main elemental compositions (X,,) and taking into account the small admixtures of B, Cl and rare earth absorbers (Z,,)

The standard deviations o(Z ;) and o(X,) pre-
sented in Table 3 have been calculated taking into
account only the standard deviations for particu-
lar elements based on Mughabghab (1984). The
parameter A is a relative error of the X in two cas-
es: with and without taking into account the small

admixtures of strong neutron absorbers: B, Cl and
rare earths. It was introduced into Table 3 to il-
lustrate the influence of the small admixtures of
strong neutron absorbers: B, Cl and rare earths on
the macroscopic neutron absorption cross section
of given models.

Geology, Geophysics and Environment, 2016, 42 (3): 365-383
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The very good correlation between the real ex-
perimental results obtained at the Zielona Goéra
facility and the results of the numerically repro-
duced experiments confirm that the problem has
been modeled correctly. This compatibility al-
lows us to realize reliable numerical experiments
for other interesting measurements with neutron
probes.

MONTE CARLO CALIBRATION
OF THE NNTE LOGGING TOOL
FOR STANDARD MIOCENE
LITHOLOGY

In order to obtain a quantitative interpretation of
the results of borehole measurements, the read-
ing tool need to be calibrated. The aim of the cali-
bration is to find a correlation between the detec-
tor response and the physical properties of rock.
There are many parameters (side factors) which
influence the correlation, e.g. borehole dimension,
composition of borehole fluid, eccentric position
of the probe. All of them should be taken into con-
sideration during the calibration of the neutron
logging tool. Calibration can be done experimen-
tally by the real measurements of the tool response
in the set of well-known geological standards. For
the neutron tools, the semi-empirical calibration
method has been developed by Prof. J.A. Czubek
(Czubek 1988). The method is a combination of an
analytical solution of the neutron transport in the
borehole and the surrounding geological medium
with some experiments performed on a calibra-
tion facility. Experimental calibration is the most
costly, because it requires constructing appropri-
ate physical models to analyze the influence of all
side factors. It is possible to extend the results of
the experimental calibration onto a wide range of
parameters and side factors. Sometimes it is im-
possible to build a physical model of a rock of de-
sired parameters. In such situations, the numeri-
cal methods are the solution.

Numerical Monte-Carlo methods offer anoth-
er possibility of calibration and can be regarded as
a parallel method to the experimental one. Monte
Carlo methods create the possibility to build any
facility system in a relatively easy way. To that end
the numerical model of the whole calibration fa-
cility system must be modeled in detail. The re-
sponse of the neutron tool can be calculated for
any combination of parameters of the borehole
and the rock medium.

The correctness of the simulation procedure,
as described above in Section “MCNP Benchmark
Calculation”, allowed the creation of a set of stand-
ard calibration curves for the NNTE probe (Drabi-
na & Zorski 2005). The response of the each detec-
tor has been simulated for the lithology standard,
i.e. for the Miocene lithology with the elemental
composition and the density p, = 2.65 g cm™ pre-
sented in Table 4 (Zorski & Stadtmiiller 2001).

The X, of the Miocene lithology according to
the elemental composition given in Table 4 is equal
to 7.75 c.u. It is possible to modify the ¥ by means
of a very small admixture of a strong thermal neu-
tron absorber like '’B without significant change
of the weight content of the considered medium.
For example admixture of the 0.0016318% of '’B
enable to obtain the thermal neutron absorption
cross section £, = 15 c.u. of the above Miocene
standard. That possibility of modification of X,
is commonly used for calculating corrections for
calibration curves.

In order to obtain the calibration curves the
response of each detector has been calculated as
a function of porosity. The porosity was changed
in the range from 0% to 100%. Borehole diame-
ter was 216 mm and filled with water and the
NNTE tool was decentralized. All of the calibra-
tion curves presented in this paper were obtained
for a value of £, = 15 c.u. (Fig. 6). The red crosses
presented in Figure 6 are the extra control points
added only for the validation of calculations, as
described above in Section “MCNP Benchmark
Calculation”.

Table 4

Elemental composition of the standard Miocene lithology [%]
SiO, ALO, Fe,O, CaO K,O0 Cco, H,0
72.5 7 2 7.5 1.8 8 1.2

https://journals.agh.edu.pl/geol
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Fig. 6. Standard calibration curves calculated numerically by the MCNP for Miocene lithology for Btet, Bepi and Depi detec-
tors of NNTE probe
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The best fit of the calculated points was ob-
tained by using the sum of exponential curves.
The final calibration curves are described by the
following equation:

X—Xx X—Xx
L |+ A, exp| — ¢
tl t2

where y is the porosity of the standard Miocene li-
thology [%] and x is the numerically calculated re-
sponse of the detector: Bter, Bepi, Depi expressed
in the number of counts in a given detector corre-
sponding to one neutron escaping from the neu-
tron source. The parameters of the above equation
do not have a physical significance and for each
detector are collected in Table 5.

y=yo+AleXp£—

Tab. 5. Parameters of calibration curves obtained from the
MCNP calculations for three detectors of the NNTE tool

Bter Bepi Depi
Yo —18.75332 -117.83013 -1.48304
X, 5.7577 - 107 1.2139-10°° 8.9672-107°
A, 67.4822 88.25646 91.19472
A, 72.27604 133.11497 33.75238
f 3.202- 107 6.0607 - 1077 9.5803- 107’
t, 1.6988 - 10°° 3-107° 6.4658 - 107°
NUMERICAL IMAGING
OF THE NNTE TOOL RESPONSE
IN STANDARD MIOCENE
LITHOLOGY

One of the important problems of the interpre-
tation of neutron detectors signals is the spatial
range of the neutron probe. The average distance
that a neutron can travel in a given bulk medi-
um during the slowing down and diffusion pro-
cesses are: <rs> = \/E-LS and <rd> = \/g-Ld, respec-
tively; where L is a neutron slowing-down length,
and L,is a neutron diffusion length. The total mi-
gration length L can be calculated from the for-
mula: Lzm = LZS + Lfi, and constantly: <rm> = \/g ‘L,
Knowing these parameters, the radial range of
neutron migration in the medium can be estimat-
ed. E.g. for water L_is about 7 cm and L, about
2.8 cm. For comparison: for SiO, L_is about 29 cm
and L, about 19 cm. The image of neutron pene-
tration from the point neutron source in the iso-
tropic, homogeneous medium is a sphere. Some

examples for SiO, and for water are presented in
Figure 7. The distribution of the thermal neutrons
in a cube of the side 50 cm from the point Am-Be
neutron source located in the center has been cal-
culated numerically.

The analogical visualization can be present-
ed when the silica cube is cut by a hole filled with
strongly absorbing brine. The example present-
ed in Figure 8 has been calculated for the hole
of 22 cm diameter filled by brine of 200 kppm of
NaCl. The effect of the absorption of thermal neu-
trons by chlorine is visible (Fig. 8A). Additional-
ly the unsymmetrical distribution of the thermal
neutron field is observed when the neutron source
is placed on the borehole wall (Fig. 8B).

The presented visualization of the neutron dis-
tribution were driven by an impulse to think of how
the distribution of neutrons in more realistic con-
ditions appears, what happens when a real probe is
inside the borehole? We decided to show the distri-
bution only these neutrons which reached the de-
tectors of the probe meaning that we keep track of
those neutrons which are finally absorbed in the de-
tector. Neutrons which are absorbed in the depths
of rock do not participate in the count of the detec-
tor (Woznicka et al. 2012).The following numerical
experiments have been carried out in order to show
the distribution of neutrons referred above.

The response of each detector of the NNTE
logging tool are calculated for the infinite homog-
enous standard Miocene lithology. Three cases
are taken into account (Tab. 6): Miocene litholo-
gy of low porosity (7.5%) and two different val-
ues of thermal neutron absorption (S_7.5/15 and
S_7.5/40) and the third case: lithology of high po-
rosity and high neutron absorption (S_45/40). The
elemental composition of the standard Miocene li-
thology is taken as in Table 4. The rock pore spaces
are saturated by water. The probe is decentralized
and adjacent to the wall of the water filled bore-
hole with diameter of 216 mm. The external size of
the simulated model is 10 m x 10 m x 10 m. The
geometric size of the rock model is selected so that
all of the neutrons emitted from the source are ab-
sorbed therein. None of the neutrons are scattered
outside simulated volume and this assumption
means the simulated volume may be treated as an
infinite medium in terms of the transport of neu-
trons from an Am-Be source.
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Fig. 7. Distribution of the thermal neutrons in a cube of side 50 cm from the point Am-Be neutron source located in the center:
A) in silica; B) in water
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Fig. 8. Distribution of the thermal neutrons in the silica cube of side 50 cm cut by the hole of 22 cm diameter filled with 220 kppm
of NaCl brine from the point Am-Be neutron source: A) source on the axis of the hole; B) source on the wall of the hole
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To validate the model prepared for the MCNP
simulations, the response of each detector corre-
sponding to the three control points of the calibra-
tion curves have been calculated as shown in Fig-
ure 6. Control points are the detectors responses
for standard Miocene lithology of 7.5%, 20% and
40% of porosity and X, = 15 c.u. (Tab. 7, Fig. 9).
In Figure 6 they are marked at the curves as red
crosses. The full compliance of the results has been
achieved.

In order to obtain a good statistical accuracy
of calculations, the 1.5 - 10® histories of neutrons
starting from the Am-Be source were simulated
for each run. The relative errors below 3% have
been obtained. The response of a detector is de-
fined as an average number of neutrons absorbed
in a detector volume unit, per one starting particle
from the source. The response of each detector is
strongly related with parameters of the medium:
the porosity ¢ and the thermal neutron absorp-
tion cross section X . We assume detectors, which
count, thermal (Bter) and epithermal (Bepi, Depi)
neutrons with 100% efficiency.

The images of neutron 2D distribution in the
outside borehole were drawn up for each of the
presented models. This kind of chart (map) shows
the origin of the neutrons registered in the detec-
tors. A special MCNP technique called flagging’
was used, which enables the calculation of the flux
of particles that moved through selected cells of

Table 6
Porosity ¢ and X, for Miocene models. %
model with water saturated pores

and X

a matrix arock

the model. In these calculations the source cell
was flagged and the isolines of the map show the
areas from which the same number of neutrons
are counted (absorbed) in the detector. The color
scale (here: from blue to red) is a measure of the
growing number of neutrons reaching the detec-
tor from a given element of the space.

Based on these maps, the space range of the
NNTE tool can be visualized. The examples of
maps are presented for detector Bter in Figure 10
for detector Bepi in Figure 11 and for detector
Depi in Figure 12.

In the presented maps the positon of the par-
ticular elements of the logging tool are the follow-
ing: for the Am-Be neutron source z = 2 cm, for
the center of the near detectors: Bter and Bepi
z=31 cmand x =0 cm, and for the center of the far
detector Depi z = 54.5 cm and x = 0 cm. All of these
elements are localized along borehole-media.

In order to be counted in the “near” thermal
detector (Bter) the neutrons emitted from the
Am-Be source must be slowing down and ther-
malized in the model considered. Fewer num-
bers of thermal neutrons are measured by the Bter
when the absorption of the thermal neutron of the
model is increased. These differences are shown in
Figure 10A and Figure 10B. In both cases the space
range of detector Bter is the same but the number
of counts for case S_7.5/40 is lower on 23% in rela-
tion to the case S_7.5/40 (Tab. 7, Fig. 9).

- thermal neutron absorption cross section for rock matrix and rock

X )

Rock model %) [ o (o]
S_7.5/15 7.5 15 15.54 2.508
S_7.5/40 7.5 40 38.67 2.508
S_45/40 45.0 40 32.01 1.897

*2 = (l_ (P)Eu matrix + (pza waler; Za water = 2224 c.u.

arock

Table 7

The response of the detectors of NNTE logging tool in infinity, homogenous rock Miocene models

Rock model Bter Relative error Bepi Relative error Depi Relative error
[abs/cm?*/sn] oBter [%] [abs/cm®/sn] oBepi [%] [abs/cm*/sn] oDepi [%]
S_7.5/15 2.31E-06 0.53 3.44E-06 0.60 9.40E-08 1.23
S_7.5/40 1.79E-06 0.57 3.42E-06 0.60 9.08E-08 1.26
S_45/40 9.08E-07 0.84 1.79E-06 0.83 2.27E-08 2.57
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Fig. 9. Comparison of the number of counts of detectors Bter, Bepi and Depi for the three considered cases
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Fig. 10. Response of the “near” Bter detector in the Miocene models of different porosity ¢ and X, ,,: A) case S_7.5/15:
@ =7.5%, 2,00 = 15.54 c.u.; B) case S_7.5/40: ¢ = 7.5%, X 00 = 38.67 c.u.; C) case S_45/40: ¢ = 45%, 2, ;oex = 32.01 c.u.

The much more significant differences are
shown when the porosity of the medium grows.
This situation can be observed in Figure 10B and
Figure 10C. The response of the Bter detector in
the case S_45/40 drop to 50% in comparison to
the case S_7.5/40 (Tab. 7, Fig. 9). For both cases
(S_7.5/40 and S_45/40) the absorption cross sec-
tions do not differ too much. The main differences
are in the neutron slow-down and diffusion length

of neutrons. The porosity of Miocene S_7.5/40 is
low, and in such a case is about L, = 15 cm and
L,=7 cm (Czubek 1988). It means that the mean
total distance of neutron travel is about 40 cm. The
porosity of Miocene S_45/40 is high (¢ = 45%),
and the rock contains much more water (neutron
moderator). Consequently L is about 7 cm, L, is
about 3 cm and the mean total distance of neutron
travel is about 20 cm.
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The distance between the neutron source and
the Bter detector is about 30 cm. This explains the
low probability of reaching the Bter detector by
means of thermal neutrons. The example shows
how important the optimization of the source-de-
tector distance is.

The space distribution of epithermal neutrons
which reach the detector Bepi (Fig. 11) is similar
to the results for “near” thermal detector (Fig. 10).
Only the number of counts is much higher in the
detector Bepi than for the detector Bter what is ob-
vious. In Figure 11 the space distribution of epi-
thermal neutrons which reach the “near” detector
Bepi is presented. The Miocene models: S_7.5/40

S 7.5/15

Bepi

_

us/_wo/sqe

Am-Be
source |

X [em]

S_7.5/40

and S_45/40 differ in value of the absorption cross
section only. The number of thermal neutrons
reaching the detector does not depend on the ther-
mal neutron absorption cross-section of medium.
The number of counts in both cases is near the
same (Tab. 7, Fig. 9). One can conclude that the
maximum range, of the Bepi detector is also very
similar in both cases.

Only significant differences are observed in the
distribution of points from which the neutrons reach
the detector. This effect may be due to the presence
of a strong absorber in the model. A detailed analy-
sis could be carried out on the basis of the distribu-
tion of neutron energy in the given space.

S_45/40

x 10
14

us/ _wo/sqe
us/ wo/sqe

10 20

2 0 10
X [em]

20
X [em]

Fig. 11. Response of the “near” Bepi detector in the Miocene models of different porosity ¢ and X, ,,4: A) case S_7.5/15:
@ =7.5%, 2,00 = 15.54 c.u; B) case S_7.5/40: ¢ = 7.5%, 2, ,ocx = 38.67 c.u.; C) case S_45/40: ¢ = 45%, X, o0 = 32.01 c.ui.
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Fig. 12. Response of the “far” Depi detector in the Miocene models of different porosity ¢ and 2, ,.a: A) case S_7.5/15: ¢ = 7.5%,
2ok = 15.54 c.u.; B) case S_7.5/40: ¢ = 7.5%, 2, ok = 38.67 c.u.; C) case S_45/40: ¢ = 45%, 2, o0 = 32.01 c.ut.
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These differences in the distribution shown for
the cases: S_7.5/15 and S_7.5/40 in Figure 12 are
of no importance when considering a homogene-
ous medium. The differences in the distribution
of epithermal neutrons for Miocene S_45/40 with
respect to the Miocene: S_7.5/15 and S_7.5/40 can
be explained similarly as in the case of neutron
distribution for the detector Bepi. A high porosity
and water content means that the area of neutron
migration is significantly decreased in relation to
the medium with low water content.

CONCLUSIONS

The background possibilities of Monte Carlo
modelling of the responses of the neutron well
logging tool are presented in the paper. The
NNTE borehole probe was chosen to introduce
the computational capabilities of the MCNP pro-
gram. Numerical modelling using the MCNP
code allows us to track the history of neutron ex-
iting from the source until its absorption in the
medium. This process can be completed in com-
plex 3D geometry containing a probe, borehole
and surrounding medium. The neutron can,
both when leaving the source and where it reach-
es the detector, can react not only with the bore-
hole fluid and geological layer but also with the
mechanical elements of the probe. In that reason
the whole mechanical construction of the tool
has to be numerically modelled in detail. The
MCNP code gives us such an opportunity, so the
actual physical experiment can be faithfully re-
produced numerically.

The benchmark calculations presented in the
paper confirmed the very good reproducibili-
ty of the real measurements taken by the NNTE
probe. The simulations confirmed the need to
know in detail the elemental composition of the
entire modeled system. In order to have fully re-
liable simulation results for thermal neutron, the
presence of strong neutron absorbers (B, CI, rare
earths) must be known to an accuracy of a few
ppm. For the purposes of an interpretation of the
NNTE readings an issue of the strong thermal
neutron absorbents comes down to knowledge of
the absorption cross section X,. For a given bulk
material X, can be calculated from its elemental
composition. It seems to be easy to implement,

but note that it requires the determination of
small impurities B, C, rare earths at a level of few
ppm which can significantly increase the cost of
analysis. X, can be measured experimentally on
samples or, in the case of NNTE probe may also
be determined on the basis of an adequate anal-
ysis of the detector responses. The MCNP simu-
lations can be used for a detailed analysis of the
measurements carried on the NNTE probe in
a wide range of X variation.

The paper also presents the possibility to vis-
ualize the spatial distribution of neutrons using
a Monte Carlo simulation of a neutron migration
in bulk media. Our aim was to show the graph-
ical representation of which areas and in what
amounts neutrons reach each of the detector
probes. The examples show which areas (points)
considered the center reach the neutron detector
and the extent of penetration of the neutron probe
is estimated. It is known that many of the neu-
trons produced by a neutron source are absorbed
in the media and only a part of them reached and
is detected in the volume of detector.

This method of presentation may be useful for
the visualization of the spatial and energy distri-
butions of neutrons for more complex systems,
e.g. for thin-layer formations, for systems with an
invaded zone near a borehole, etc.

The following examples of distributions are one
of many possible implementations of the visual
field of a neutron originating from the target neu-
tron source. There is the possibility to create maps
of neutron energy distribution, and in the event of
pulsed neutron sources, e.g. of time distributions
of neutrons.

We have shown that the MCNP software en-
ables a wide range of applications of computer
simulations to nuclear well logging methods. The
program can be used not only to simulate neu-
tron-transport in a given bulk media with a com-
plex geometry, but also to simulate the gamma
rays and other charged particles - electrons, pro-
tons, alpha particles, etc. It extends the possibil-
ities of using this software to simulate different
variants of the probes with gamma sources.

The authors would like to express their gratitude to
Msc. Barbara Gabariska, for her help and valuable
comments during the work.
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