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Abstract

Tool design, Physics and Interpretation of Neutron-Gamma density

Mathilde Michele Luycx, M.S.E.

The University of Texas at Austin, 2016

Supervisor: Carlos Torres-Verdin

Chemical radioactive sources pose health, safety, and environmental risks. Pulsed
neutron generators have replaced Americium/Beryllium sources for the measurement of
neutron porosity. However, Cesium 137 (Cs-137) is still mainly used to measure bulk
density. Neutron-Gamma density is a new radioisotope-free measurement of density
based on neutron-induced inelastic gamma rays.

The first part of this report reviews relevant literature to the Neutron-Gamma
density measurement and to the modeling of nuclear logging tools. The second part of
this report investigates the nuclear physics behind Neutron-Gamma density and presents
the development of a tool design optimized for the measurement. The third part of this
report regards the development of a real-time interpretation algorithm. The objective of
the algorithm is to correct for the changes in spatial distribution and source strength of
the neutron-induced gamma ray source. These source variations are caused by fast

neutron transport. Therefore, the interpretation algorithm has inputs of fast neutron and
v



gamma ray counts. We achieve an accuracy of 0.019 g/cm?® in clean formation and 0.034
g/cm?® in shale and shaly formations. In the last part of this report, we study some of the
measurement limitations regarding the density range and the influence of standoff. The
algorithm does not accurately estimate higher densities (densities greater than 2.89 g/cm?)
and standoff should be kept to a maximum of 0.25 inch for light mud. Finally, the depth
of investigation of Neutron-Gamma Density is twice the depth of investigation of
Gamma-Gamma Density. This work is presented as part of the PhD fast track option and

will be extended to a PhD dissertation in the future.
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Chapter 1: Introduction

Density measurements are traditionally performed using a Cs-137 radioactive
source that generates 662 keV gamma rays. Gamma rays are attenuated in the formation.
Their attenuation almost solely depends on formation density; therefore gamma counts
are used to estimate the density of the formation. The oil industry is interested in
mitigating the security, health, and environmental risks associated with the use of
radioactive sources, such as Cs-137. Neutron-Gamma density has been developed as a
radioisotope-free alternative to the traditional Gamma-Gamma density measurement.
Neutron-Gamma density uses a pulse-neutron generator that emits high energy neutrons.
The formation nuclei become excited by high energy neutrons and emit gamma rays upon
de-excitation. Neutron-induced gamma rays are attenuated in a similar manner as the
Gamma-Gamma density measurement. Therefore, Neutron-Gamma density counts hold
information about formation density. The challenge of the Neutron-Gamma density
measurement is to decouple the influence of neutron transport from the influence of
Compton scattering that is dominated by bulk density. Understanding and correcting for
the influence of fast neutron transport over the total counts is crucial to evaluate bulk
density.

Moreover, the development of fast forward modeling associated with inversion
techniques would improve the measurement interpretation in formations where the
correction of fast neutron transport is deficient as well as in complex 3D geometry such

as deviated wells, invaded formations, and thinly laminated formations.



Chapter 2: Literature Review

In this section, I review literature relevant to the development of the Neutron-

Gamma density real-time interpretation algorithm.

2.1 MODELING OF NUCLEAR LOGGING TOOLS

Neutron-Gamma density involves multiple and complex nuclear interactions.
Since this work is purely based on numerical simulations, accurate modeling of neutron
and gamma ray counts is crucial. The transport of nuclear particles is described by the

Boltzmann transport equation

L %:—Zt\y—vowﬁ+

V(E) . (2.1)
[dE" [ dw(E" Q')[ZJE'—)E,Q'-Q)]+S
0 4n
where y =y(r, E, fz, t) is angular flux at position r, energy E, and direction Q at time t,
V(E) is particle velocity at energy E, X, is total interaction cross section. The scattering
cross section, X, represents the probability of scattering from E’ and Q' to E and Q.
and S=S(r,E,Q,1) is the source of particles at position r, energy E, and direction Q at
time t.
Lewis (1938) shows that nuclear transport problems can be solved
deterministically using approximations to solve the Boltzmann transport equation. Tittle

et al. (1961) and Bertozzi et al. (1981) investigate these methods to simulate neutron and

density tool responses.



However, deterministic solutions are not adequate in 3D geometries and complex
problems. Stochastic methods such as MCNP (Monte Carlo for N-particle transport,
Goorley, 2014) allow for accurate modeling in complex geometries since the probability
of interaction and transport of millions of particles are calculated individually to evaluate
quantities by the law of large numbers. This method is computationally expensive but
very accurate. Variance reduction techniques such as cutoffs or weight windowing can be
used to improve efficiency (Booth et al., 1984). Moreover, fast forward modeling based
on first order linear perturbation theory and sensitivity functions has been developed by
Watson (1984, 1922), Case et al. (1994), Couét et al. (1993) and implemented to
formation evaluation and petrophysical interpretation by Mendoza et al. (2007, 2010,
2010Db).

In this work, our modeling is based on the MCNP6.1.1-Beta algorithm (Goorley,
2014). MCNP6.1.1-Beta allows for accurate modeling and benefits from a tagging
feature, useful for understanding the complex physics of the measurement. This feature
reveals the respective influence of annihilation, bremsstrahlung radiation, and inelastic

interactions in the creation of the gamma rays used for the density measurement.

2.2 SOURCELESS MEASUREMENT OF FORMATION DENSITY

The concept of sourceless density was first introduced by Weller et al.. A
description of the Neutron-Gamma density measurement and its accuracy were published
in 2012 by Evans et al. and Reichel et al.

Based on a customer survey to clients of different specialties worldwide, Weller
et al. found that the elimination of chemical nuclear sources was the fourth highest
priority in the development of the next generation of LWD logging tools. Neutron-

Gamma density was proposed as a solution to eliminate the risk involved in using
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chemical sources. Reichel et al. introduced a LWD Neutron-Gamma density tool that
uses neutron-induced inelastic gamma rays to measure density. When inelastic gamma
rays are considered, the strength and position of the neutron-induced gamma ray source
remain relatively constant with formation porosity.

Reichel et al. state that inelastic gamma ray counts are affected by two major
influences: the attenuation of fast neutrons to the point of gamma ray creation and the
following attenuation of inelastic gamma rays. A correction algorithm is implemented to
correct inelastic gamma ray counts for fast neutron attenuation in order to determine
density. Evans et al. apply additional corrections for high Sigma formations, shale, and
gas-filled formations. The correction algorithm inputs and the algorithm procedure are
not disclosed. The extent and exact form of the additional corrections are also not
described. The formation density limitations for the algorithm are 1.7 to 2.9 g/ cm®. The
accuracy in clean formations is 0.025 g/cm® and 0.045 g/cm? in shale.

The depth of investigation of Neutron-Gamma density is found to be 25 cm,
which i1s 2.5 times deeper than the traditional Gamma-Gamma density. Consequently,
Neutron-Gamma density is less sensitive to shallow invasion and well deviation.

Reichel et al. and Evans et al. report promising results, but no paper to date has clearly
stated the procedure or the required corrections to perform a radioisotope-free

measurement of density.

2.3 ENVIRONMENTAL EFFECTS OF NEUTRON-GAMMA DENSITY

Neutron-Gamma density is subject to environmental effects. Reichel et al.
describe the most significant effects as: borehole size, standoff, mud weight, and Sigma
—the macroscopic thermal neutron capture cross section of the formation. The influence

of Sigma and mud salinity are minimal since only inelastic gamma rays are used to
4



perform the measurement. Inelastic gamma rays are generated from fast neutrons that are
only slightly affected by changes in formation capture cross section. Evans et al. indicate
that a critical input is caliper. An enlarged borehole will shift the measured density closer
to the mud density. Therefore, the influences of mud weight and borehole enlargement
are correlated and the borehole size input should be as accurate as possible to perform the
optimal correction.

Reichel et al. indicate using the spine and ribs technique to correct for borehole
environmental effects of Neutron-Gamma density. This technique was initially developed
for Gamma-Gamma density by Wahl et al. and Tittman et al. and does not require

borehole size, standoff, or mud weight as inputs.

2.4 INVERSION ALGORITHM

The development of the real-time interpretation algorithm is based on empirical
corrections using fast neutron counts. The correction coefficients used to correct inelastic
gamma ray counts for fast neutron transport are obtained using an inversion algorithm.

Aster et al. (2005) references practical techniques to implement efficient inversion
algorithms. The Levenberg-Marquardt and Occam methods are both referenced for non-

linear inversion.



Chapter 3: Physics and Tool Design

In this chapter, we study the physics of the Neutron-Gamma density
measurement. The physics of the measurement guides us to develop an optimal tool

design and to derive a real-time interpretation algorithm of the measurement.

3.1 PHYSICS AND NUCLEAR INTERACTIONS

The interactions of nuclear particles leading to the measurement of Neutron-
Gamma density are complex. Reichel et al. indicate that the measurement count rate is
affected by three main effects: the fast neutron flux attenuation, the inelastic gamma ray
production cross section and the gamma ray attenuation afterwards. Other type of particle
transport and interactions contribute significantly to the measurement count rate.

High energy fast neutrons are generated by a pulsed neutron generator. These
high energy neutrons undergo elastic scattering interactions and inelastic scattering
interactions with the formation nuclei losing more and more energy. During inelastic
scattering, the formation nuclei become excited and release inelastic gamma rays upon
de-excitation. Neutrons can also loose energy and start diffusing in the formation as
thermal neutrons. Thermal neutrons are captured by formation nuclei which emit capture
gamma rays upon de-excitation. Both capture and inelastic gamma rays are attenuated
through Compton scattering (and photoelectric absorption at lower energies).

Interactions such as Compton scattering also lead to electrons being ejected from
their cloud. These free electrons can release their energy and generate bremsstrahlung
photons. Additionally, inelastic gamma rays - born at higher energy - can be absorbed

during pair production interactions where a positron-electron pair is created. Upon



interaction with electrons, the positrons generate annihilation photons at their birth
location (the migration distance of positrons is a few millimeters).

Neutron-Gamma density uses inelastic gamma rays to limit variability in the
neutron-induced gamma ray source. Inelastic gamma rays are produced by fast neutrons,
which do not diffuse in the formation and are less influenced by changes in hydrogen
index than thermal neutrons. Therefore, the neutron-induced gamma ray source is also
less affected by changes in hydrogen index, thus limiting variations in the spatial
distribution of the secondary source.

A 10 microsecond time gate is implemented to tally non-capture gamma rays at
gamma ray detectors. In the first 10 microseconds after the burst, fast neutrons have not
lost sufficient energy to reach energies where capture interactions dominate. The neutrons
remain at high energies (above the energy threshold for inelastic interactions), and
capture is thus dominated by other interactions (non-capture interactions). Non-capture
gamma ray counts are used to approximate inelastic gamma ray counts.

Contributions to non-capture counts from annihilation radiation, pair production,
and bremsstrahlung radiation need to be considered in the measurement. In figure 3.1, we
present the contribution of these interactions to the detector counts.

The detected gamma rays are generated from various interactions besides inelastic
scattering. However the linear attenuation with respect to density observed in figure 3.1
indicates that these gamma rays are subsequently undergoing Compton scattering
interactions. Therefore, non-capture gamma counts carry information about density
despite being generated from other type of interactions. We will develop a real-time
interpretation algorithm to decouple the influence of Compton scattering interactions

from changes in source strength and source spatial distribution.
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3.2 TOOL DESIGN

To date no papers have been published that study the most effective tool design to
perform Neutron-Gamma density. The design of the tool and the choice of source-
detector spacing are challenging because two opposite effects influence the optimal tool
configuration. Fast neutron transport dominates the measurement until non-capture
gamma rays are produced. After this point, gamma ray transport dominates.

On one hand, the distance between the neutron-induced source and the gamma
detector has to be large enough to carry sufficient information about the gamma transport
and display sufficient accuracy for the density measurement. On the other hand, if the
detector is spaced too far from the neutron source, the detected count rates and the
statistics of the measurement are reduced. The performance of Neutron-Gamma density
are compared to Gamma-Gamma density in figure 3.2. Then, a point source was used in
an infinite homogenous medium to eliminate tool effects. I compare the attenuation of
gamma rays with density to evaluate the accuracy of each tool. Increasing detector
spacing to improve accuracy is three times more efficient for the Gamma-Gamma density
tool compared to the Neutron-Gamma density tool.

A long space detector located 90 cm from the source achieves similar accuracy to
a short space Gamma-Gamma density detector and receives a number of photons within
the same order of magnitude per source particle emitted. Another detector is located 50
cm from the source for the Neutron-Gamma density short space measurement. A fast
neutron detector is located 25 cm from the source. The tool design includes boron carbide
shielding to prevent contributions from particles that do not interact with the formation.

The final tool design is presented in figure 3.3.
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Chapter 4: Real-Time Interpretation Algorithm

I develop a real-time interpretation algorithm to correct non-capture gamma ray
counts for the changes in source strength and spatial distribution of the neutron-induced
gamma ray source. These changes result from the influence of fast neutron transport.

The main input of the interpretation algorithm comes from the counts at the long
space gamma ray detector. Since the detector is located at 90 cm from the source, the
gamma rays are more likely to undergo Compton interactions and carry more information
about formation density. At different spacing, gamma counts are similarly affected by
fast neutron transport and resulting variations in the neutron-induced gamma source.
Performing the ratio of gamma ray counts at two different detector spacing allows us to
compensate for some of the fast neutron transport influence (figure 4.1).

The algorithm also uses fast neutron counts from the detector located at 25 cm
from the source to correct inelastic gamma ray counts for fast neutron transport. I solve
the following inverse problem

f(GRLS/GRSS, Fast_N)=m, -p+m, @)

where p 1is the bulk density, and f is a function of the fast neutron counts as well as the

ratio of long and short space gamma ray counts. The function f is described by

log, (Corrected GR counts) = f(GRLS/ GRSS, Fast_N)

_ o (GRLS) [¥ J o 4.2)
= Oge(—GRSS] [gaiXIoge(Fast_N)} ax(1-C,)
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and represents the corrected gamma ray counts, where C_ is the relative shale

sh
concentration in the matrix. I perform the Levenberg-Marquardt minimization on the

error function

2
e(m,;,m,,a;,a,,a;,0) =

GRLS 2 i
log, (@j - [;‘ai xlog, (Fast_N) } -ax(1-Cy)-(m, xp+m,)

2

(4.3)

The inversion results are presented in figure 4.2 for clean formations. In shale and shaly
formations, a linear equation

log, (Corrected MCNP counts) =m,(C,, ) xp+m,(Cy,) (4.4)

is used to predict the formation bulk density according to shale concentration (Figure
4.3). The inversion results for shale and shaly formations are presented in figure 4.4. Cy
can be obtained through Gamma Ray or spectroscopy logging.

The accuracy of the density measurement is 0.019 g/cm?® in clean formations and
0.034 g/cm® in shale and shaly formations. This accuracy is calculated by adding 5 %

Gaussian noise.
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Chapter 5: Density Limitations, Environmental Effects and, Depth of
Investigation

In this chapter, we study the acceptable range of formations for the sourceless
density measurement. We also study environmental effects and resulting limitations on
standoff. Finally, we compare the depth of investigation of Neutron-Gamma density to

that of Gamma-Gamma density.

5.1 LIMITATIONS IN DENSITY AND REMOVAL CROSS SECTION

Neutron-Gamma density counts are attenuated by high densities during gamma
ray transport and by the fast neutron removal cross section during fast neutron transport.
The combination of both effect leads to poor statistics at the detectors. Figure 5.1 shows
that the product of density and removal cross section can be used to predict particle
attenuation in different lithologies. The product of density and removal cross section is a
quick technique to assess whether a certain formation yield poor statistics. In general,
shale with high hydrogen content and high density yield the lowest counts. Higher
hydrogen content results in decreased gamma ray production while higher density
increases the likelihood that gamma rays undergo Compton scattering.

The real-time interpretation algorithm does not accurately estimate higher

densities (densities greater than 2.89 g/cm?) as illustrated by figure 5.2.

5.2 ENVIRONMENTAL EFFECTS

We study the environmental effects on the measurements. In figure 5.3, we
investigate the influence of increasing standoff for different borehole sizes. The

measurement of density is increasingly affected by the density of the mud when standoff

18



increases. Therefore, standoff is particularly significant in the presence of light mud
because the density contrast with formation density is more important.

We recommend that the standoff be kept under 0.25 inch for a reliable Neutron-
Gamma density measurement in light mud.

In figure 5.4, we study the influence of mud salinity and borehole size on the
density measurement. Increased mud salinity has little to no influence on the density
measurement. Similarly, increased borehole size with no standoff has little influence. A

correction of 0.05 g/cm® would be required in a 10 inch borehole.

5.3 DEPTH OF INVESTIGATION

We compute the depth of investigation of Neutron-Gamma density and Gamma-
Gamma density using the radial geometrical factor of the flux sensitivity functions of
each measurement.

The Neutron-Gamma density source is located directly inside the formation.
Therefore, the depth of investigation of Neutron-Gamma density (around 22 cm) is more
than twice the depth of investigation of Gamma-Gamma density (figure 5.5).

The depth of investigation of Neutron-Gamma density is almost independent of

changes in porosity, lithology and fluids (figure 5.6).
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Figure 5.2: Inversion algorithm results for formations with densities higher than 2.89 g/cm’.
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Figure 5.3: Correction on density in g/cm? versus increasing standoff for 8.5 in (left), 9 in (center), and 10 in (right)
boreholes in limestone.
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Figure 5.4: Correction on density in g/cm® versus borehole size (no standoff) for different mud salinities in a 0 p.u (left), 5 p.u
(center), and 20 p.u (right) Limestone.
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Figure 5.5: Comparison of the depth of investigation of Neutron-Gamma density and
Gamma-Gamma density measurements.
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Chapter 6: Conclusions

This work studies the feasibility and limitations for a sourceless measurement of
density. The objective is to assess the possibility for replacing the traditional Gamma-
Gamma density measurement with a radioisotope-free alternative.

Studying the physics of Neutron-Gamma density is essential to understand the
impact of the different nuclear interactions on the counts. The measurement relies on
counts generated during the burst of the pulsed neutron generator in order to limit neutron
diffusion in the formation and therefore limit variations in the neutron-induced gamma
ray source.

The neutron-induced gamma ray source remains influenced by formation changes
and therefore the counts are affected by more than just formation density. We designed a
synthetic tool in MCNP and optimized source — detector spacing towards optimal
accuracy. We develop a real-time interpretation algorithm in order to correct for the
influence of fast neutron transport and linearize tool response with respect to formation
density. The density accuracy is 0.019 g/cm?® in clean formations and 0.034 g/cm?® in shale
and shaly formations. However, the interpretation algorithm does not accurately estimate
higher densities (densities greater than 2.89 g/cm?).

We study the depth of investigation of the measurement which is more than twice
the depth of investigation of Gamma-Gamma density and almost insensitive to changes in
formations porosity, fluid and, lithology. The measurement is affected by environmental
effects and particularly standoff. Standoff should be kept to a maximum of 0.25 inch in

case of light mud.
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Future work will be extended to a PhD dissertation. The tool design will be
improved to further decrease the dependence of the measurement to lithology and the
limitations in formation density. The real-time algorithm will be reviewed to increase
measurement accuracy. We will develop fast forward modeling for enhanced
interpretation in complex 3D geometries and in situations where standoff is affecting the

measurement.
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