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RESEARCH HIGHLIGHTS 

 

Temporal and spatial resolution of the neutron probe for C/O logging with associated alpha 

particle technique was measured. PET bottle filled with diesel was used as a target for 

inelastic neutron scattering. Measurements were supplemented with Monte Carlo 

simulations of the experiment using MCNP6.2. Temporal resolution was found to be 2 ns, 

with corresponding spatial resolution of 10 cm. 
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Abstract

The potential of detecting particular formation elements inside boreholes, separated
by small distances, was investigated. Neutron probe, designed for C/O nuclear well
logging and with associated alpha particle method (AAP) as its operational principle,
was used. The measurements consisted of irradiating 0.5 l diesel-filled plastic bottle
with fast tagged neutron beam. The bottle was placed in four positions along the axis
of the probe, spaced by ∼ 10 cm; time spectrum for each position was obtained. The
peaks in time spectra are separated by ∼ 2 ns, suggesting that neutron probe with
AAP can, in principle, distinguish between parts of the formation separated by 10 cm.
The results were confirmed by Monte Carlo (MC) simulations of the experiment.

Keywords: Tagged neutrons, Monte-Carlo simulations, Temporal resolution, Spatial
resolution

Introduction

Conventional logging identification, evaluation and interpretation of thin-bedded
reservoirs sometimes could result in a difference between the prediction and actual
reservoir production, especially in cases where no core material is available. Locating
the depth intervals of production zones could be challenging and might lead to under-
estimated reserves. Improving the identification and evaluation is of great importance
in a segment of reservoir development. For example, the gamma-ray log resolution for
thin-bedded layers of sandstone reservoirs is low. Precise and accurate detection of
lithology changes is possible if the core material is available. In cases of oil layers sur-
rounded with mudstone rocks, the logging response will be affected by the surrounding
rocks. That can give, for example, overestimated values of water saturation [1]. Even
in a case where the core material is available, sometimes the validation of correlating
log and core integration data does not ensure the exact petrophysical evaluations, es-
pecially quantitative determination of shale volume [2]. An additional challenge is also
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a high-temperature environment which reduces the number of available technologies
and at the same time increases the safety hazards and the cost of onsite procedures,
especially within high-temperature geothermal reservoirs [3]

Neutron probes (NPs) designed for nuclear well logging have been proven to be a
very efficient method of investigating hydrocarbon saturation of formations outside the
borehole pipes (casing) [4, 5]. Its main components are usually a source of fast neutrons
and one or two gamma and neutron detectors, all placed inside long and hollow metallic
cylinder. Probe is lowered through the borehole pipe at steady rate as to analyze data
at different conditions for extra information.

This type of neutron tool has been developed and used for decades, yielding nu-
merous different methods for testing the formations outside the borehole casing. Since
the thermal neutron capture cross section for chlorine is significantly larger than for
carbon, hydrogen and oxygen, high-salinity oilfields were commonly investigated using
the die-away method, which measures the lifetime of thermal neutrons absorbed in
the formation of interest. Thermal neutron capture cross sections are comparable for
oxygen, hydrogen and carbon and therefore, the die-away method is not suitable for
investigating freshwater oilfields. To estimate the oil saturation in freshwater condi-
tions, carbon-to oxygen (C/O) well logging is commonly used[6, 7]. Furthermore, C/O
logging is convenient for examining rock formations that contain carbon[8]. The C/O
method utilizes fast neutrons produced by a pulsed neutron source which excites the
nuclei of chemical elements of which the formation is composed. Prompt gamma rays
emitted through de-excitation of nuclei are detected by gamma detectors attached to
appropriate electronics and subsequently analyzed. Pulsed neutron sources can also be
used for geochemical elemental logging and neutron-gamma density logging [9, 10].

The main disadvantage of conventional NPs that utilize fast neutron activation
analysis (FNAA) is significant background influence. In contrast, NPs that utilize the
associated alpha particle technique (AAP), proposed by Valkovic et al.[11], were proven
useful in detection of hidden explosives [12] and were shown to reduce background noise
in C/O logging[13]. Namely, tagging neutrons with alpha particles enables detection of
only those formations which are placed inside the tagged neutron cone. A neutron tool
utilizing the AAP method was recently successfully tested in high-temperature envi-
ronments (up to 175◦C) with pulse amplitude degradation observed as the temperature
was increased [14].

In this research, a temporal and spatial resolutions of 2 ns and 10 cm, respectively,
estimated by [14] were proven experimentally and supplemented with Monte Carlo sim-
ulations of the measurements. The obtained results have a potential of improving the
quality of borehole research even further.

Methods

Experimental setup and measurements

The AAP method is based on electronic collimation of the 14 MeV neutron beam,
produced in d+3H−→n+4H reaction. Neutrons inelastically scatter off various nuclei
that compose the target. Characteristic gamma rays, emitted through de-excitation of
those nuclei were used as a start signal for time-of-flight (t-o-f) measurement. Alpha
particles, on the other hand, were used as delayed stop signal.
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The AAP probe is shown schematically in Fig.1. A tritium target with the ac-
tive area of 6 mm in diameter is placed into the holder is being hit by the deuteron
beam, inducing 3H(d, n)4He fusion reaction. Produced alpha particles were detected by
YAP:Ce alpha detection scintillator 0.5 mm thick and 38 mm in diameter, with four
equal optically divided parts. Scintillator is connected to the Hamamatsu R4177-01
photomultiplier tubes [14].

Figure 1: Scheme of a neutron probe for the AAP technique (units in mm). The target is shown placed
inside the tagged cone of neutrons. Characteristic gamma rays emitted from the target are used as
a start signal in time-of-flight measurements. The cone of alpha particles is shown on the left of the
tritium target and is used as a stop signal.[14]

Characteristic gamma rays emmited from the target are detected by LaBr3:Ce scin-
tillator, which showed satisfying characteristics when applied to the borehole research.
Lead shielding in front of the LaBr3 provides protection from the background gamma
rays produced by neutron interactions with probe casing, target holder etc.

It is worth noting (Fig.1) that for t-o-f measurement to be successful, one needs to
place the target inside the tagged neutron cone, defined by the geometries and positions
of the tritium target and YAP:Ce alpha scintillator.

The experimental setup is shown in Fig.2. A 0.5 l PET bottle filled with diesel was
used as a target. The bottle was placed in four different positions separated by 10 cm
and parallel to the axis of the probe and the measurements included time spectra and
gamma-ray spectra.

Monte Carlo code

The experiment was simulated using MCNP6.2 (Monte Carlo n-Particle Transport
Code)[15]. Studies using Monte Carlo have seen success in simulating characteristic
gamma-ray neutron activation analysis of multiphase gas/water/oil/salt flow amounts
in a deep sea [16, 17]. More recently, it confirmed significant background reduction in
measuring C/O values using AAP [13].

Each simulation setup recreated the experimental geometry using basic MCNP6.2
structures, continuous cell volumes bounded by well defined surfaces. Setup was sim-
plified (Fig.3.) and contained neutron source, lead shield, LaBr3 detector and diesel
target. Each material that fills appropriate cell volumes were described using the mate-
rial density and mass fractions of the elements that those materials were composed of.
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Figure 2: Experimental setup. The PET bottle filled with diesel fuel is placed in one of the four
positions for which the time spectra was measured. Instrumentation (scintillators, photomultipliers)
is placed inside metallic cylinder.

For diesel fuel, an average chemical formula C12H23 was assumed and its mass fractions
were calculated.

The point source emits 14 MeV neutrons in a narrow cone directed towards the diesel
target. Each of the successive positions was spaced 10 cm in the direction of probe-axis
(Fig.3.). Interactions of neutrons with the nuclei that constitute the materials were de-
fined in input file by continuous-energy neutron cross-section libraries. MCNP6.2 uses
the most recent default libraries ENDF/B-VII.1 for neutrons and ENDF/B-VI.8 for
photons. Default data libraries used include gamma ray production for each element,
with the exception of La-139.

Neutrons and photons were the only particles being tracked and default settings for
neutron and photon physics were used in each simulation. Neutrons and photons were
tracked down to 0 keV and 1 keV, respectively. Total of 2× 109 particle histories were
generated per simulation.

The time tally data was generated using the pulse-height tally card f8, time bin
card T and energy deposition card f6. Specifically, f8 tally is allowed with T card, but
only in conjunction with special treatment tally card FT PHL. F6 tally converts energy
deposition to light equivalent and is used, together with FT PHL option, to subdivide
the pulse-height tally. Finally, the pulse-height time tallies were generated and divided
into 0.1 ns bins.

Results

Experimental results

Time spectra and prompt gamma-ray energy spectra for 0.5 l plastic bottle filled
with diesel fuel placed on four different positions were measured. The first position is
closest to the source, and the fourth position is farthest. Time spectra were shown in
Fig.4. Peak shifts to the left in time spectrum (time window I) were clearly visible as
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Figure 3: 2D scheme of simulated experimental setup. Point neutron source is placed at the origin.
The arrow indicates movement of the PET bottle filled with diesel from the first position (closest to
the neutron source) to the fourth position (farthest from the neutron source).

the target moves along the NP axis. Explaining time window II will require further
testing. It is possibly due to the source neutrons penetrating through the lead shield
and/or being scattered off diesel target.

Figure 4: Time spectra for the first (top left), second (top right), third (bottom left) and fourth
(bottom right) position of the diesel bottle. Time window I corresponds with prompt gamma rays and
it shifts to the left for about 2 ns for each position. Time window II is possibly due to detection of
source neutrons and scattered neutrons.

Peak shifts to the left as the target is moved away from the source is expected since
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Figure 5: Prompt gamma-ray energy spectra for the first (top left), the second (top right), the third
(bottom left) and the fourth (bottom right) position of the diesel bottle.

the prompt gamma rays are used as starting signal for the time-to-amplitude converter
(TAC). Means of the time window I are shifted (2.2 ± 0.1) ns (between the first and
the second position), (1.5 ± 0.1) ns (between the second and the third position) and
(1.8±0.1) ns (between the third and the fourth position). Errors of 0.1 ns are estimated
using the fact that time spectra is collected in 0.1 ns bins. Subsequently, distances be-
tween adjacent positions are calculated using 5.2 cm/ns as the 14 MeV neutron speed
and their values are, respectively: 11.4± 0.5 cm, 7.8± 0.5 cm and 9.4± 0.5 cm.

In addition to time spectra, prompt gamma-ray energy spectra for successive po-
sitions are provided (Fig.5). Carbon peaks in the energy spectra coincide with time
window I.

Simulations

Monte Carlo simulation results are shown in Fig.6. Unlike the experimental time
spectra, simulation time peaks shifted to the right, since every source neutron started
at time t = 0. Means of the time spectra are shifted by (2.0±0.1) ns for each successive
position.

An analogue of the time window II did not appear in the simulations. This was
the expected result if we assume that the time window II in the experiment came from
scattered source neutrons, since default data libraries for La-139 don’t include gamma
production. However, considerable amount of pulses are tallied around 0.6-1.0 sh (6-10
ns) (Fig.6.). This is due to gamma-rays produced by inelastic neutron scattering in
lead shield.
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Figure 6: Time spectra generated with MCNP6.2 for different positions of diesel bottle is shown.
Spectral peaks shift to the right by 0.2 sh (2 ns) for each successive position. Spectra for third and
fourth position show pulse detection between 0.6 sh and 1.0 sh. Those pulses came from gamma-rays
produced in the lead shield.

Conclusion

A neutron probe with the associated alpha particle technique as its operational
principle has shown success in distinguishing small parts of the formation volume along
the NP axis. Temporal resolution of such probe was shown to be at least 2 ns, allowing
us, in principle, differentiating and measuring parts of the formation separated by 10 cm.
Experimental results were supplemented and confirmed with MCNP6.2 simulations.
Further research will try to explain pulses appearing as additional time window in time
spectra. Our future endeavours will focus on more realistic simulations of associated
alpha particle in borehole conditions.
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