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Abstract
Controllable D-D neutron sources offer long service life, low cost, and no ra-
dioactivity. They show favorable prospects for application in geophysical well
logging, as traditional chemical radioactive sources used in well logging pose
potential safety hazards to human health and the environment. This paper
presents an improved method for measuring formation density using a D-D neu-
tron source. Additionally, the lithological effect on density measurements was
eliminated to better estimate formation porosity. First, we investigated the spa-
tial distribution of capture gamma rays through Monte Carlo simulations, as
well as the relationship between the ratio of capture gamma-ray counts and for-
mation density, to provide theoretical support for the design of density logging
tools and their corresponding data processing methods. Second, we obtained
the far-to-near detector count ratio of capture gamma rays for an optimized
tool structure and established its correlation with the density and porosity of
three typical formations composed of pure quartz, calcite, and dolomite miner-
als. Third, we determined correction values for the densities of sandstone and
dolomite relative to limestone at the same porosity and established equations
for calculating these correction values, which provides a solid foundation for
accurate formation porosity calculation. We observed that capture gamma-ray
counts first increased and then decreased, varying across different formations,
particularly in high-porosity formations. Under the same lithologic conditions
(rock matrix), as porosity increases, the peak of the gamma-ray count distribu-
tion shifts toward the neutron source. At different detector-source distances,
the ratio of capture gamma-ray counts exhibited a strong correlation with for-
mation density. A formation density conversion equation was established based
on the ratio of capture gamma-ray counts at detector-source distances of 30 cm
and 65 cm, and the calculated values agreed well with the true values. After
correction, the formation density values showed excellent agreement with the
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true limestone density values, with a mean absolute error of -0.013 g/cm3. The
calculated porosity values were very close to the true values, with a mean rela-
tive error of 2.33%, demonstrating the accuracy of the proposed method. These
findings provide a new approach for developing D-D neutron source logging tools
and their corresponding well-log data processing methods.
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Abstract: Controllable D-D neutron sources offer long service life, low cost,
and non-radioactive operation, presenting favorable prospects for geophysical
well logging applications. Traditional chemical radioactive sources used for well
logging pose potential threats to human safety and the environment. This paper
presents an improved method for measuring formation density that employs a
D-D neutron source, along with a technique to remove lithological effects for
better porosity estimation. First, we investigated the spatial distribution of
capture gamma rays through Monte Carlo simulations and established the rela-
tionship between the ratio of capture gamma ray counts and formation density,
providing theoretical support for density logging tool design and data processing
methods. Second, we obtained the far-to-near detector count ratios for an opti-
mized tool structure and established its correlation with the density and porosity
of three typical formations composed of pure quartz, calcite, and dolomite min-
erals. Third, we determined correction values for sandstone and dolomite densi-
ties relative to limestone data at equivalent porosity and established equations
for calculating these correction values, laying a solid foundation for accurate
formation porosity calculation. We observed that capture gamma ray counts
initially increased then decreased, with variations across different formations,
particularly in high-porosity formations. Under the same lithologic conditions
(rock matrix), as porosity increases, the peak gamma ray count moves toward
the neutron source. At different detector-source distances, the ratio of capture
gamma ray counts correlated well with formation density. A formation den-
sity conversion equation was established based on the ratio of capture gamma
ray counts at detector-source distances of 30 cm and 65 cm, and the calculated
values showed excellent agreement with true values. After correction, the forma-
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tion density was highly consistent with the true limestone density, with a mean
absolute error of -0.013 g/cm3. The calculated porosity values were very close to
the true values, with a mean relative error of 2.33%, highlighting the accuracy
of the proposed method. These findings provide a new approach for developing
D-D neutron source logging tools and their associated data processing methods.

Keywords: Density measurement; D-D Neutron Source; Lithological correc-
tion; Porosity prediction

Introduction
Density logging is an effective method for porosity determination and lithology
identification. With the development of geophysical prospecting for fossil fuels,
density logging theories and methods have become increasingly important in
recent years [?, ?]. In particular, growing awareness of health, safety, and en-
vironmental concerns has necessitated the use of alternative sources in density
logging [?]. Several research institutions and scholars both in China and abroad
have investigated replacing chemical sources with D-T neutron [?] and X-ray
sources [?, ?] in density logging, and progress has been made in establishing
density measurement and correction methods [?]. D-D neutron sources are su-
perior to D-T neutron sources, offering advantages of long service life, low cost,
and non-radioactivity [?, ?]. However, the relatively low neutron yield of D-D
sources has historically restricted their development [?, ?].

In recent years, with increasing neutron yields from D-D sources, their applica-
tion in well logging has attracted greater attention [?, ?]. D-D neutron sources
can produce high thermal neutron fluxes through interaction with formations
and are typically used directly in neutron porosity logging [?], but their appli-
cation in density logging remains in the exploration stage. He et al. analyzed
the energy spectra of 𝛾-rays generated by D-D neutron source-formation in-
teractions and found that both capture 𝛾-ray and mixed-field 𝛾-ray spectra
correlated well with formation density [?]. Zhang Li studied the feasibility of
using D-D neutron sources in density logging and investigated factors affecting
the spatial distribution of induced gamma rays [?, ?]. Some Chinese companies
and institutes, such as China Oilfield Services Limited, have conducted studies
on density logging with controllable D-D neutron sources and noted that the
spatial distribution of induced 𝛾-rays significantly impacts logging tool design
[?]. While previous studies verified the feasibility of density measurement with
controllable D-D neutron sources, detailed methods for density calculation and
correction were not provided.

Building upon previous research, this study proposes a method for measuring
formation density with a D-D neutron source and correcting for lithological
effects. The Monte Carlo N-Particle Transport Code (MCNP) was used to
investigate the characteristics of capture gamma ray spatial distribution across
various formation lithologies, analyze the relationship between gamma ray count
ratios and formation density at different detector-source distances, and establish

chinarxiv.org/items/chinaxiv-202201.00018 Machine Translation

https://chinarxiv.org/items/chinaxiv-202201.00018


equations for calculating formation density. Finally, using limestone data as
a reference, density correction values were determined under varying porosity
conditions, providing a solid foundation for accurate porosity calculations. This
study offers a reference for developing controllable D-D neutron source density
logging tools and researching their applications.

1. Theoretical Background
During D-D source density logging, the pulsed neutron generator (nuclear re-
action formula: ⟨𝑀𝐴𝑇 𝐻0⟩) generates 2.45 MeV fast neutrons that react with
formation nuclides. The 𝛾-rays produced during these reactions serve as the in-
duced 𝛾-ray source for measuring formation density. It has been verified that the
induced 𝛾-rays are primarily capture 𝛾-rays. Unlike the point 𝛾-ray sources used
in traditional density logging, capture 𝛾-rays are not monoenergetic, and their
spatial positions are not fixed. The photons from these spatially distributed
capture 𝛾-rays constitute the 𝛾-ray source for density logging. After generation,
capture 𝛾-rays undergo attenuation. The 𝛾-ray flux measured by detectors can
be calculated as [?, ?]:

⟨𝑀𝐴𝑇 𝐻1⟩

where ⟨𝑀𝐴𝑇 𝐻2⟩ is the neutron flux, ⟨𝑀𝐴𝑇 𝐻3⟩ is the 𝛾-ray mass attenuation
coefficient, and ⟨𝑀𝐴𝑇 𝐻4⟩ is the bulk density of the formation.

Equation (1) indicates that detector responses to capture 𝛾-rays depend on
the formation’s macroscopic capture cross-section, thermal neutron distribu-
tion, and formation density. Consequently, the ratio of capture gamma ray
counts measured by gamma-ray detectors may vary even in formations with
identical density, primarily because capture gamma ray counts are affected by
both the macroscopic capture cross-section and the spatial distribution of ther-
mal neutrons. Figure 1 shows the distribution of capture gamma ray fluxes in
three formations (sandstone, limestone, and dolomite) with the same density
(⟨𝑀𝐴𝑇 𝐻5⟩). Capture gamma ray flux intensity is color-coded (high values in
red, low values in blue).

Fig. 1 (Color online) Distributions of capture gamma ray flux in three
formations (sandstone, limestone, and dolomite) with the same density.

As shown in Fig. 1, in the three formations with identical density, gamma
rays exhibit distinct spatial distribution patterns in zones around the neutron
source. The capture gamma ray flux varies significantly near the far detector, as
demonstrated by different color distributions and ranges in the blue area shown
in the right panels of Fig. 1. The capture gamma ray flux was lowest in dolomite
and highest in sandstone. Using gamma ray counts from a single detector to
determine formation density introduces significant measurement errors.

To eliminate the effects of other factors on density measurement, we used the

chinarxiv.org/items/chinaxiv-202201.00018 Machine Translation

https://chinarxiv.org/items/chinaxiv-202201.00018


ratio of capture 𝛾-ray counts measured by two detectors (near and far) to de-
termine formation density. The relationship between this ratio, denoted as 𝑅,
and formation density can be derived from Eq. (1):

⟨𝑀𝐴𝑇 𝐻6⟩

where ⟨𝑀𝐴𝑇 𝐻7⟩ and ⟨𝑀𝐴𝑇 𝐻8⟩ are the distances from the near and far detec-
tors to the neutron source, respectively, and ⟨𝑀𝐴𝑇 𝐻9⟩ and ⟨𝑀𝐴𝑇 𝐻10⟩ denote
the neutron flux measured by the near and far detectors, respectively. 𝑅 is
primarily related to formation density but is also affected by the spatial distri-
bution of neutrons. This study focuses on calculating density using the ratio of
gamma-ray counts measured by the two detectors.

In nuclear logging, the Monte Carlo method is commonly employed to study
particle reaction processes and spatial distributions. MCNP is a general-purpose
Monte Carlo particle transport code capable of simulating various particles,
including neutrons, photons, and electrons [?, ?]. In this study, we used this
method to investigate capture gamma ray spatial distribution characteristics
under various formation conditions. We constructed a pure theoretical model
(excluding wellbore and logging instruments), as shown in Fig. 2, consisting of a
sphere divided into numerous concentric spherical shells with a radial increment
of 5 cm. The initial radius (detector-source distance) is 𝑟 = 5 cm, and the
outermost sphere radius is 𝑟 = 120 cm.

The neutron source is located at point O, the sphere’s center, with neutrons
emitted directly into the formation. Gamma ray fluxes through the spherical
surfaces are recorded. The D-D neutron generator yield is 1 × 107 n/s, with a
neutron source energy of 2.45 MeV.

Fig. 2 (Color online) Calculation model.

Three typical formations—sandstone, limestone, and dolomite—were used for sim-
ulation. The rock matrices were SiO2, CaCO3, and CaMg(CO3)2, respectively.
The pore fluid was H2O, with porosity varying from 0–40% in 2% increments.
Detailed parameters are listed in Table 1.

Table 1 Parameter information of three typical lithologic strata.

Lithology Rock Matrix Pore Fluid Porosity (%) Density (g/cm3)
Sandstone SiO2 H2O 0–40 Variable
Limestone CaCO3 H2O 0–40 Variable
Dolomite CaMg(CO3)2 H2O 0–40 Variable

The calculation model shown in Fig. 2 was used to record gamma-ray fluxes
through spherical surfaces under various formation conditions (as listed in Table
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1), yielding gamma-ray counts at different detector-source distances. The results
are presented in Fig. 3.

Fig. 3 (Color online) Distribution of capture gamma rays in three different
lithologic strata with varying source distances: (a) Sandstone formation, (b)
Limestone formation, (c) Dolomite formation.

Figure 3 shows that as detector-source distance increases, gamma ray counts
initially increase then decrease, with the distribution range affected by porosity.
For pure minerals with zero porosity, capture gamma rays exhibited a wide
spatial distribution range. As porosity increased, the spatial distribution range
narrowed, and the peak gamma ray count moved toward the neutron source. At
40% porosity, the peak value was closest to the neutron source.

The primary reason is that water serves as the pore fluid in numerical simu-
lations. High porosity indicates high hydrogen content, causing neutrons to
slow down rapidly. With more thermal neutrons in zones near the neutron
source, the gamma ray count from thermal neutron capture increases. Note
that thermal neutron counts are also affected by other formation elements such
as carbon, silicon, and magnesium. In low-porosity formations, the effects of
these elements are not negligible. In pure rock matrices, neutrons slow down
over longer distances, so when they become thermal neutrons, they are farther
from the neutron source, causing the peak capture gamma ray count to also
be farther from the source. The spatial distribution pattern of capture gamma
rays varies across formations, closely related to the elements in different rock
matrices.

2. Relationship Between the Ratio of Capture Gamma Ray
Counts and Formation Density
We analyzed gamma ray counts measured in different formations at various
detector-source distances to determine the optimal ratio for density calculation.
As shown in Fig. 3, peak captured 𝛾-ray counts in different formations were
primarily distributed within 20–80 cm. Peak locations represent the main dis-
tribution zones of capture gamma rays. We analyzed the relationship between
capture gamma ray count ratios and formation density through fitting at various
detector-source distances. The results in Table 2 show that for formations with
the same lithology, the capture gamma ray count ratio was highly correlated
with formation density, with an average correlation coefficient of 0.99.

Table 2 Correlation coefficient of the counting ratio and formation density
under 42 different source distance combinations.

Detector Spacing Sandstone Limestone Dolomite
20/50 ⋯ ⋯ ⋯
20/55 ⋯ ⋯ ⋯
⋯ ⋯ ⋯ ⋯
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Detector Spacing Sandstone Limestone Dolomite
45/80 ⋯ ⋯ ⋯

The above analysis demonstrates that within the main gamma capture spatial
distribution area (20–80 cm from the neutron source), gamma count ratios under
various source distance combinations correlated well with formation density,
particularly when the near-source distance was 25–35 cm and the far-source
distance was 50–70 cm. Additionally, practical instrument dimensions, including
detector size and shield thickness, must be considered. After comparison, near
and far source distances of 30 cm and 65 cm were selected. Based on this
structural design, a logging instrument model was developed, as shown in Fig.
4.

Model parameters are as follows: wellbore diameter of 20 cm filled with fresh
water; D-D neutron source yield of 2 × 107 n/s with 40 �s pulse width; two
NaI-type gamma-ray detectors positioned 30 cm (near) and 60 cm (far) from
the D-D neutron source, with lengths of 5 cm and 10 cm, respectively; tungsten-
iron-nickel shields (density 17.78 g/cm3) placed between the neutron source and
detectors and between the near and far detectors.

Fig. 4 (Color online) Schematic diagram of instrument model.

Using the model in Fig. 4, we obtained near-to-far detector gamma ray count
ratios in sandstone, limestone, and dolomite formations with varying porosity
(parameters listed in Table 1) and analyzed the relationship between count ratios
and formation density, as shown in Fig. 5.

Fig. 5 (Color online) Relationship between capture gamma ray count ratio
and formation density for the source distance combination of 30/65 cm.

The density calculation equations for the three formations were determined to
be:

Sandstone: ⟨𝑀𝐴𝑇 𝐻11⟩, 𝑅2 = 0.9976
Limestone: ⟨𝑀𝐴𝑇 𝐻12⟩, 𝑅2 = 0.9947
Dolomite: ⟨𝑀𝐴𝑇 𝐻13⟩, 𝑅2 = 0.9952
where 𝑥𝑐 is the capture gamma count ratio between near and far detectors, and
𝑦𝑑 is formation density.

Figure 5 and Eqs. (3)–(5) show that in all three formations, the relationship
between gamma ray count ratio and formation density follows a functional form.
As the gamma ray count ratio increases, formation density decreases, with the
ratio affected by formation porosity. Higher porosity yields higher gamma ray
counts in both near and far detectors because increased hydrogen content slows
neutrons more rapidly, increasing thermal neutron flux near the near detector
and the number of gamma rays from thermal neutron capture. Consequently,
the gamma ray count measured by the far detector decreases with increasing
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porosity, causing the near-to-far count ratio to increase. While the gamma
ray count ratio fits formation density well in all three formations, lithological
effects are significant and must be corrected to obtain accurate formation density
information.

3. Method for Correcting Lithology Effects
Formation density data are frequently used in geophysical prospecting to deter-
mine porosity. However, precise transformation of density data to porosity is
challenging because density is strongly affected by mineral composition. Inaccu-
racies in matrix density significantly impact calculated porosity. To accurately
determine formation porosity, density logs must typically be converted to values
relative to a standard lithology to eliminate the impact of improperly selected
matrix parameters on calculation results.

First, we calculated densities of sandstone, limestone, and dolomite formations
with varying porosities using the formation density equations. Second, we com-
puted lithology correction values for the three formations across different porosi-
ties. The results are shown in Table 3.

Table 3 Three lithologic and stratigraphic density corrections.

Porosity
(%)

Sandstone
Density
(g/cm3)

Limestone
Density
(g/cm3)

Dolomite
Density
(g/cm3)

Correction
Values

⋯ ⋯ ⋯ ⋯ ⋯

Table 3 shows that different correction values are needed for lithology effects on
density in formations with varying porosity. The calculated sandstone formation
density was slightly higher than true values, while dolomite formation density
was slightly lower. Therefore, lithology correction values are negative for sand-
stone and positive for dolomite. We analyzed the relationship between porosity
and corresponding correction values for these three formations, as shown in Fig.
6. The fitted equations are:

Sandstone: ⟨𝑀𝐴𝑇 𝐻14⟩, 𝑅2 = 0.9733
Limestone: ⟨𝑀𝐴𝑇 𝐻15⟩, 𝑅2 = 0.9802
Dolomite: ⟨𝑀𝐴𝑇 𝐻16⟩, 𝑅2 = 0.9859
where 𝑥𝑝 is porosity and Δ𝑦𝑑 is the density correction value.

Figure 6 shows that density correction values correlate well with porosity for
all three formations. The limestone formation exhibited the smallest correc-
tion values due to statistical errors, while the dolomite formation showed large
correction values ($�0.16𝑔/𝑐𝑚^{3}$ for porosity <40%). The sandstone forma-
tion showed moderate correction values that decreased with increasing porosity,
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reaching 0.0122 g/cm3 at 40% porosity. Using these correction values, forma-
tion porosity can be accurately calculated to quantitatively determine formation
parameters.

Fig. 6 (Color online) Density corrections for sandstone, limestone, and
dolomite for different porosity.

To validate the accuracy of density measurements and lithology correction effects
on porosity, we calculated densities and porosities of sandstone, limestone, and
dolomite formations (with water as pore fluid) at porosities of 3%, 5%, 13%,
15%, 23%, 25%, 33%, and 35% using Monte Carlo numerical simulation and the
model shown in Fig. 4. The calculated values were compared with theoretical
values, as shown in Figs. 7 and 8.

Fig. 7 (Color online) Relationship between calculated and true density values
obtained using the density fitting formula.

Figure 7 shows that nearly all density values calculated using the density equa-
tions fall on the 45° line, demonstrating high consistency with true values and
verifying equation accuracy. Lithology significantly impacts calculated density
values, and these measurement errors affect porosity calculations.

Fig. 8 (Color online) Comparison of calculated and true porosity values
before and after correction: (a) Sandstone, (b) Dolomite.

Fig. 9 (Color online) Relative error of calculated porosity before and after
correction.

Figure 8 compares sandstone and dolomite formation porosities calculated be-
fore and after lithology correction. Before correction, porosity values are dis-
tributed on both sides of the 45° line, with dolomite data points farther from
the line. After correction, calculated porosity values show high consistency with
true values, with most falling on the 45° line. Figure 9 shows relative errors in
calculated porosity for sandstone and dolomite. For porosity <5%, relative
errors are significant but <5%, except for sandstone where the error reaches
30% due to cumulative density measurement errors. For porosity >5%, rel-
ative errors in calculated porosity are <4%, demonstrating correction method
effectiveness. Formation porosity parameters obtained from D-D neutron source
density measurements show that lithology effects are non-negligible, particularly
in low-porosity formations, and must be corrected to obtain accurate formation
parameters.

4. Conclusion
In density measurements with a D-D neutron source, lithology significantly
impacts the spatial distribution of capture gamma rays. In formations with
the same lithology, capture gamma ray spatial distribution follows predictable
patterns, while varying lithologies produce substantially different distributions.
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Analysis using a neutron source-formation model revealed that for porosity rang-
ing 0–40%, capture gamma rays in the three typical formations are primarily
distributed 20–80 cm from the neutron source.

Formation density can be determined using the ratio of gamma ray counts mea-
sured by two gamma-ray detectors. The capture gamma ray count ratio was
highly correlated with formation density, with a correlation coefficient of 0.99.
However, density measurement was affected by lithology, requiring different
equations for density calculation in formations with varying lithologies.

The accuracy of the formation density calculation equations and lithology cor-
rection methods was verified using simulation data. The mean error of density
values obtained from the calculation equations was <0.015 g/cm3, satisfying
density measurement requirements. After lithology correction, the mean rela-
tive errors in calculated formation porosity were <4%, demonstrating that the
proposed correction method effectively reduces lithology effects on porosity cal-
culation and improves formation parameter accuracy.
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