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Abstract

measurement method used to determine the formation porosity. The americium-
beryllium (Am-Be) source is commonly used for conventional porosity measure-
ments. However, they pose potential risks to safety, health, and the environment
[14]. Researchers have studied substituting chemical sources with deuterium-
deuterium (D-D) neutrons [5-7]. However, the neutron yield of D-D neutron
sources is relatively low, which restricts their application [8,9]. In 2005, the
oilfield services company Schlumberger (now SLB) began using a deuterium-
tritium (D-T) neutron source for compensated thermal neutron porosity logging
[10]. Compared to the chemical source, the D-T neutron source has a higher
neutron yield, higher neutron energy of 14 MeV, and a longer neutron slowing-
down length; thus, D-T neutron logging can detect more thermal neutrons and
has higher detection accuracy. Nevertheless, neutron slowing-down is facilitated
by inelastic scattering owing to the higher neutron energy. Consequently, the
D-T neutron recording exhibits reduced sensitivity to porosity compared to the
chemical source [11,12], as measured by the conventional neutron porosity in-
terpretation model founded on the Am-Be source [13-15]. Methods have been
proposed to improve the porosity sensitivity of D-T neutron logging. The near
and far thermal neutron counts were corrected using the density correction func-
tion, and the modified thermal neutron counting ratio was considered to be only
associated with the hydrogen index [16]. Further, the density correction methods
were summarized to modify the thermal neutron counting ratio and studied by
MC simulation [17]. The relationship between the neutron slowing-down length,
formation density, and hydrogen index was deduced and numerically simulated
[18]. Based on data from the standard calibration experiment and actual logging
[19,20], it was verified that the density correction results were consistent with
the isotopic neutron source. In addition, the slowing-down length of the D-T
neutron source can be converted into that of the Am-Be source. One method
involves using the relationship between the neutron slowing-down length, cap-
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ture cross-section, and density to predict the counting ratio [21]. The second
involves the combination of the two-group diffusion theory with the formation
density, reaction cross-section, and neutron slowing-down length [22].
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The application of controllable neutron sources for measuring formation poros-
ity in nuclear logging has garnered increased attention. Existing porosity al-
gorithms based on thermal neutron counting ratios exhibit lower sensitivity
in high-porosity regions. To enhance sensitivity, we theoretically analyzed the
effects of elastic and inelastic scattering on fast neutron slowing-down and devel-
oped a corresponding slowing-down model. Based on this model, we proposed
a density-correction porosity algorithm that incorporates the relationship be-
tween density, thermal neutron counting ratio, and porosity. Finally, we used
the super multi-functional calculation program for nuclear design and safety
evaluation (TopMC/SuperMC) to create a simulation model for porosity log-
ging and examine its applicability. The results demonstrated that the relative
error between calculated and actual porosities was less than 1%, and the in-
fluence of density measurement deviation was less than 2%. Therefore, the
proposed density-correction algorithm based on the fast neutron slowing-down
model can effectively improve sensitivity in high-porosity regions. This study is
expected to serve as a reference for neutron porosity measurements using D-T
neutron sources.

Keywords: D-T neutron source, Slowing-down model, Elastic scattering, Neu-
tron porosity

Introduction

Neutron porosity logging is a conventional geophysical measurement method
used to determine formation porosity. The americium-beryllium (Am-Be)
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source is commonly employed for conventional porosity measurements; how-
ever, it poses potential risks to safety, health, and the environment [?, 7, 7, ?].
Researchers have studied substituting chemical sources with deuterium-
deuterium (D-D) neutron sources [?, 7, ?], but the relatively low neutron yield
of D-D sources restricts their application [?, ?].

In 2005, the oilfield services company Schlumberger (now SLB) began using
a deuterium-tritium (D-T) neutron source for compensated thermal neutron
porosity logging [?]. Compared to chemical sources, the D-T neutron source
offers higher neutron yield, higher neutron energy (14 MeV), and a longer neu-
tron slowing-down length. Consequently, D-T neutron logging can detect more
thermal neutrons and achieve higher detection accuracy.

Nevertheless, neutron slowing-down is facilitated by inelastic scattering due to
the higher neutron energy. Consequently, D-T neutron measurements exhibit re-
duced sensitivity to porosity compared to chemical sources [?, 7] when using the
conventional neutron porosity interpretation model based on the Am-Be source
[?, 7, ?]. To overcome this problem, various density correction methods have
been proposed to improve the porosity sensitivity of D-T neutron logging. The
near and far thermal neutron counts were corrected using a density correction
function, and the modified thermal neutron counting ratio was considered to be
associated only with the hydrogen-containing index [?]. Further studies summa-
rized density correction methods to modify the thermal neutron counting ratio
and investigated them through Monte Carlo simulation [?]. The relationship be-
tween neutron slowing-down length, formation density, and hydrogen index was
deduced and numerically simulated [?]. Based on data from standard calibra-
tion experiments and actual logging [?, ?], researchers verified that the density
correction results were consistent with isotopic neutron source measurements.
The slowing-down length of the D-T neutron source can be converted to that of
the Am-Be source through two primary approaches: one involves the relation-
ship between neutron slowing-down length, capture cross-section, and density to
predict the counting ratio [?]; the second combines two-group diffusion theory
with formation density, reaction cross-section, and neutron slowing-down length
[?].

In these studies, the slowing-down length is expressed as s = L2E0* B T L%r B,
where Ly, _p is the slowing-down length for neutrons from energy E, = 14
MeV to Ey, and L _ B, 18 the slowing-down length for neutrons from energy E;
to E, (thermal neutron energy). The corresponding correction methods assume
that the slowing-down length is determined by inelastic scattering from E to
E; and ignore the contribution of elastic scattering.

However, neutron slowing-down results from both elastic and inelastic scattering.
At high porosity, the higher hydrogen content shortens the mean free path
of elastic scattering [?, ?], making Lp,_p, dominated by inelastic scattering.
At low porosity, elastic scattering cannot be ignored because the long mean
free path of D-T neutron elastic scattering for L _p is primarily contributed
by C, O, and Ca. Ignoring this leads to measurement deviations in porosity
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logging at low porosities. To improve the accuracy of D-T neutron porosity
logging, Section II presents a neutron slowing-down model for the D-T source
that considers elastic scattering throughout the entire process. In this model,
both elastic and inelastic scattering contribute to neutron slowdown. Based on
this model, Section III develops a porosity density-correction algorithm based
on the relationship between density and porosity. Finally, Section IV verifies
the effectiveness of the proposed method using a multifunctional calculation
program for nuclear design and safety evaluation (TopMC/SuperMC) [?].

II. Theoretical Analysis
A. Distribution of Thermal Neutrons

Based on two-group diffusion theory, the distribution of thermal neutron flux
density for a fast neutron point source in an infinite uniform medium is expressed

as [?]:
B Q efr/Lf — e /Ly
"= o\ B

where @ is the strength of the fast neutron point source, r is the detector spac-
ing, and D,, Ly, L, are the thermal neutron diffusion coefficient, fast neutron
slowing-down length, and thermal neutron diffusion length, respectively. In
typical formations, L, is significantly larger than L, allowing Eq. (1) to be
approximated as:

Q —r/L
N — 5
9(r) 4xD,rI2°

Assuming near and far detector spacings of r, and r; (as shown in Fig. 1 [Figure
1: see original paper]), with detector efficiencies n; and 7,, the counting ratios
for the near and far detectors are expressed as:

R, = 10 M1 ey
mde(ry) — mrg

The detector counting ratio is related to the fast-neutron slowing-down length.
In conventional compensated porosity logging, neutrons emitted from the Am-
Be source have energies below 5 MeV and are primarily slowed down by elastic
scattering with hydrogen in the formation, making the thermal neutron counting
ratio a direct reflection of formation porosity. However, neutrons produced by
the D-T reaction have an energy of 14 MeV and are slowed down by both elastic
and inelastic reactions with formation elements, meaning formation porosity
cannot be directly determined from the thermal neutron counting ratio.
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B. The Slowing-Down Model of Fast Neutrons

This subsection establishes a slowing-down model for D-T neutrons to investi-
gate the relationship between the slowing-down length L and elastic scattering,
particularly at low porosity.

According to the diffusion equation [?], the slowing-down length L; can be
expressed as:

2

where 2 is the mean square straight-line distance from a D-T neutron slowed
down to thermal energy. As shown in Fig. 2 [Figure 2: see original paper], the
neutron slowing-down process can be calculated using the multigroup method

7).

According to neutron transport theory, 2 = ZZ:1 r2, where 7, is the distance
traveled by the neutron between the (k — 1)th and kth scattering events, E, is
the D-T neutron energy (14 MeV), and E, is the thermal neutron energy.

When a neutron slows down, two types of scattering occur: elastic and inelas-
tic. In elastic scattering, the neutron strikes the nucleus, which remains in its
ground state. Inelastic scattering is identical except that the nucleus remains in
an excited state. Neutrons lose energy through numerous elastic and inelastic
scatterings. Therefore, 72 in Equation (5) is expressed as:

p R S
r _ninrin—’_nelrel

where n;, and n,; are the average numbers of inelastic and elastic scattering
; 2 2 .
events, respectively. Further, r;, and rZ, can be expressed as:

— 2
i, =2\, = o
m
— 2
Y =2X5 = 2721
€

where \;, and A, are the inelastic and elastic mean free paths, respectively, and
3, and X, are the macroscopic inelastic and elastic cross-sections, respectively.
Substituting Equations (6) and (7) into Equation (4), L is rewritten as:

3%?

Te

L =
! 3%2

in
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A neutron slowing-down model was established to obtain n,,, and n,;. In this
model, neutrons are slowed by elastic scattering or both elastic and inelastic
scattering. To simplify calculations, we assumed that inelastic scattering is effec-
tive such that neutron energy falls below E; (the inelastic scattering threshold)
through a single inelastic scattering event.

We define a = _Zi" l and b = E_Zjlz - as the probabilities of inelastic and
elastic scattering, respectively. When a neutron’ s energy drops to E, after ¢

elastic collisions, the relationship is given by [?]:

E, 2\ :
e R T I
(%) ( A+J ‘

where ( is the lethargy of the formation. Based on this assumption, n,,, and n,
can be obtained as:

_ 1—b S, 1—0
n. =— =

L T S PSS I

1 1—b
o = b T T

3

These equations indicate that n;, and n,; are affected by 2, ¥,,,, and ¢, which
are determined by the nuclides in the formation. Furthermore, bll_fbl represents
the average number of elastic scattering events during the neutron slowing-down
process from F to F,. As the elastic scattering cross-section ¥, in the forma-
tion is considerably larger than the inelastic scattering cross-section ¥;,, we
have 1 — b ~ i(1 — b). By substituting Equation (9) into Equation (8), L; can
be rewritten as:

els

_ 2 2 2
Ly= \/Lm,EO—E1 + Lel,EofEl + Lel,Elet

2
3¢, (Bint2e)

2
308 (XintEer)

scattering in the neutron slowing-down process from energy E, to E;, and

where L, g g, is the slowing-down length of inelastic

scattering, Lo g _p, = is the slowing-down length of elastic

Layg, -5 = \/3 CQEEZ In (%) is the slowing-down length of elastic scattering
through which the neutron is slowed down from energy F, to E,. Equation (10)
shows that elastic scattering of high-energy neutrons corrects the slowing-down

length.
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C. Analysis of the Slowing-Down Model

To analyze the effects of elastic and inelastic scattering on the neutron slowing-
down length, Table 1 presents theoretical calculation results for the slowing-
down length of D-T neutrons in limestone with porosities ranging from 0% to
100%. Specifically, the inelastic scattering threshold was set to 3.6 MeV for lime-
stone [?], and the cross-sections for inelastic and elastic scattering corresponded
to neutron energies of 14 MeV and 10 MeV.

When the limestone porosity was 0%, no water was present; the macroscopic
inelastic scattering cross-section was 0.0279 cm™', and the macroscopic elastic
scattering cross-section was 0.3248 cm™! [?]. Therefore, the mean free path of
inelastic scattering was approximately 35 cm, whereas that of elastic scattering
was approximately 3 cm. However, the nuclides in limestone are primarily C,
O, and Ca, which have a weaker ability to slow down neutrons, resulting in
more elastic collisions (about 165 times). This yielded (Lel,EOﬂEt)2 = 525.56
cm? and (Li,ugoﬂgt)2 = 262.36 cm?. Thus, the effect of elastic scattering on the
slowing-down length exceeded the contribution of inelastic scattering, resulting
in a theoretically calculated slowing-down length of D-T neutrons up to 28 cm.

As the water content in limestone increased with porosity, the macroscopic cross-
section of inelastic scattering decreased slowly, while the macroscopic cross-
section of elastic scattering increased rapidly. In particular, hydrogen—the nu-
clide with the strongest ability to slow down neutrons—caused the number of
elastic scatterings to decrease rapidly. For example, when porosity increased
to 10%, the number of elastic scatterings decreased to 43, the elastic scattering
mean free path was 2.0 cm, the number of inelastic scatterings decreased to
0.14, and the inelastic scattering mean free path was 38 cm. At this point, the
contribution of elastic scattering to the slowing-down length was less than that
of inelastic scattering. When porosity exceeded 50%, the contribution of elastic
scattering was significantly lower than that of inelastic scattering and could be
ignored.

Table 1 also indicates the contribution of D-T neutron elastic scattering in the
high-energy region (14 MeV to E,). The variation of the slowing-down length
of elastic scattering in the high-energy region (L, By p,) Was consistent with
the variation of the whole elastic scattering slowing-down length; that is, the
slowing-down length of elastic scattering decreased rapidly as porosity increased.
However, the slowing-down length of elastic scattering from F, to E, decreased
faster than that in the high-energy region.

When porosity was 0%, the proportion of (L, Ey— E1)2 in the elastic scattering
reached approximately 4%, whereas at 30% porosity, the proportion was approx-
imately 7%. Therefore, the contribution of elastic scattering cannot be ignored
for accurate porosity measurements. When addressing the slowing-down length
above the inelastic threshold energy, although the contribution primarily origi-
nates from inelastic scattering, the contribution of elastic scattering cannot be
neglected, as it affects the accuracy of porosity measurement.
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In existing D-T neutron porosity logging methods, elastic scattering in the high-
energy region is directly ignored, and porosity measurement is associated only
with elastic scattering below the threshold energy. As shown above, although
high-energy neutron elastic scattering has minimal contribution to the slowing-
down length during the D-T neutron slowing-down process, ignoring it can still
cause an error of approximately 4%. Therefore, using D-T neutrons for porosity
logging requires establishing a suitable method that accounts for these effects.

I1I. Density Correction Porosity Algorithm

According to Equation (3), the thermal neutron counting ratio R, remains al-
most unchanged in the high-porosity region because of inelastic scattering [?],
making porosity less sensitive to the thermal neutron counting ratio for the D-T
neutron source at high porosity. To enhance porosity sensitivity, this section
introduces a density correction method based on Equation (11). By combining
Equations (9) and (10), the slowing-down length can be written as:

_ /12 2 2
Ly= \/Iﬁn,ErE1 + L gk, T Lo, -5,

Equation (11) shows that L, correlates with the macroscopic cross-sections of
elastic and inelastic scattering, with the contribution of elastic scattering to the
slowing-down length divided into terms above and below E;. This demonstrates
that elastic scattering cannot be ignored compared with inelastic scattering,
particularly for low-porosity cases.

If the pore medium is pure water, the relationship between formation density
and porosity can be described as:

p=0p,+ (1L—)p,

where p is the formation density in g/cm3, p, is the matrix density, and ¢ is the
porosity.

The lethargy of the formation from elastic collisions ¢ can be expressed as:

B Z;l ¢ N;of! OGN + CoNood + (g Nyt

C =
Z?:l N,o¢! Nyogt + NOUeOl + Nyoé

where (;, (p, (i are the lethargies of the matrix, oxygen, and hydrogen, re-
spectively, and (;, IV;, afl are the lethargy, nucleon density, and microscopic
elastic scattering cross-section of the ith nuclide in the formation. According
to Equations (12) and (13), the macroscopic cross-section can be rewritten as a
function of formation porosity and density.
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A. Monte Carlo Simulation

Py P— Py i
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where N, is Avogadro’ s constant, p, is the matrix density, M, is the molecular
weight of the matrix, and ozn/ el, agL/ el, and o¢! are the corresponding inelas-
tic/elastic cross-sections of the matrix, oxygen, and hydrogen, respectively. As
evident, 3, exhibits a linear relationship with p, while ¥, and (X_; have linear

relationships with ¢.

Substituting Equations (11) and (14) into Equation (3), the relationship between
porosity ¢, density p, and ratio R, is obtained as:

=T

In(R,) = +1n (“l)
In (%) Ts

2 2 2
\/3C2m(2m+zez> + 3C8 e (X, +2¢) + 33

To verify the performance of the proposed algorithm, TopMC/SuperMC was
used to build the tool model and simulate D-T neutron porosity logging. Refer-
encing the NeoScope logging tool from Schlumberger and considering practical
instrument constraints—including instrument size, detector size, and shield layer
thickness—the instrument design is shown in Figure 3 [Figure 3: see original
paper]. The neutron porosity logging instrument was developed using a D-T
neutron source, two *He neutron detectors, and two shields. The D-T neutron
source yield was set as isotopic, with near and far source-to-detector spacings
of 35 cm and 70 cm. To reduce direct measurement interference from the neu-
tron source, tungsten alloy neutron shields were placed between the neutron
source and the near detector, as well as between the near and far detectors.
The borehole had a diameter of 20 cm, filled with fresh water and surrounded
by limestone rocks of varying porosities with a diameter and height of 200 cm.
The instrument was compressed against the borehole wall, and the limestone
density was 2.703 g/cm3.

The equation above is a second-order function of ¢, and its root can be obtained
as:

Y £VY?—4XZ

¢ 2X
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In Equation (16), Z=C+ D - f(R,) - (g9(p) + E) and Y = A+ B - f(R,) - g(p),
where f(R,) is a second-order polynomial function of In(R,), and g(p) has a
linear relationship with 1/p. The constants A, B, C, D, E are calibration
factors related to formation lithology and detector source distances, which can
be calibrated during actual logging.

Equation (16) shows a complex relationship between porosity, density, and ther-
mal counting ratio. In general, porosity cannot be simply written as the product
of f(R,) and g(p). Therefore, using the product of f(R,) and g(p) results in
deviations in D-T neutron porosity logging.

IV. Simulation and Analysis

Monte Carlo numerical simulation technology is widely used in nuclear logging
[?,2,2, 7,2, 7. Tt can effectively, accurately, and reliably simulate particle
propagation and interaction in formations, thereby predicting various nuclear
logging parameters. This capability is significant for optimizing logging design
and improving logging interpretation accuracy. To verify the validity of Equa-
tion (16), we constructed a porosity logging instrument model and a standard
well model using TopMC/SuperMC. Consequently, this section investigates the
application of neutron porosity logging.

Fig. 3 [Figure 3: see original paper|. (Color online) Model of the
instrument and the formation

Based on the calculation model shown in Fig. 3, thermal neutron counts were
simulated for different porosities. By combining the simulated results with the
least-squares method, the coefficients in Equation (16) were determined as fol-
lows:

In Eq. (17),
Z =0.1431- f(R;) - (g(p) + 0.092) — 0.0046
and

Y =4.6069 — 0.9431 - f(R,) - g(p).

B. Verification of the Algorithm

According to the algorithm in Equation (17), D-T neutron porosity logging
was simulated for limestone porosities of 0.1%, 1%, 2%, 3%, 5%, 7%, 10%,
13%, 17%, 21%, 26%, 31%, 37%, 43%, 50%, 57%, 65%, 73%, 82%, 91%, and
99.9%. Figure 4 shows the performance of Equation (17) for different porosity
values, verifying its accuracy. The calculated values almost always fell on the
45° line, demonstrating that porosity values calculated using Eq. (17) were
highly consistent with true porosity values. Additionally, Figure 4 shows the
relative errors of the calculated porosity values, indicating that the relative error
between calculated and real porosities was less than 2% when porosity exceeded
10%, while the absolute error was less than 0.1% when porosity was below 10%.

chinarxiv.org/items/chinaxiv-202412.00029 Machine Translation


https://chinarxiv.org/items/chinaxiv-202412.00029

ChinaRxiv [$X]

If Ly p,—p, in Eq. (11) is neglected, the slowing-down length can be described

as L, = \/L127L,E0—E1 + LiLErEt' Thus, Equation (17) is simplified, and the

algorithm of the model can be obtained as:

¢ = 1.768 x In(0.811 x R,)? — 0.000176

Figure 5 [Figure 5: see original paper] presents a comparison of results calculated
using Equations (17) and (18). As evident, porosity values calculated using both
equations were consistent with actual porosity values (Figure 5(a)). Figure
5(b) compares the relative errors obtained using Equations (17) and (18) for
porosity values exceeding 10%. Compared with Equation (17), the relative error
of Equation (18) was larger, particularly at low porosities. Table 2 indicates that
the absolute error reached 3.6% for Equation (18) when actual porosity was less
than 7%, demonstrating that the influence of elastic scattering from E; to E;
on porosity measurement cannot be ignored.

Influence of Density Accuracy on Porosity Measurement

The relationship between density and porosity can be observed from Equations
(12) and (16). As density decreases, porosity tends to increase. The intro-
duction of density correction raises concerns about the accuracy of porosity
measurements caused by density measurement errors. In conventional density
measurements, the measurement error Ap should generally be less than 0.015
g/cm3. To evaluate the effect of density precision on neutron porosity measure-
ment, calculated results were obtained for density errors of +0.015 g/cm?® and
-0.015 g/cm?, as shown in Fig. 6 [Figure 6: see original paper] and Table 3 .

As shown in Fig. 6 and Table 3, the absolute error between calculated and
actual porosities was less than 0.3% when actual porosity was below 7%, while
the relative error was less than 4% in areas where actual porosity exceeded 7%.
In particular, when porosity exceeded 2%, the relative error was less than 30%.
As porosity increased, the relative error gradually decreased. Therefore, the
measurement error of density exerts minimal effect on porosity in conventional
density measurements.

This method considers the nonlinear relationship between detector count and
porosity and density during D-T neutron transport in the formation, indicating
that the proposed algorithm can effectively improve porosity measurement ac-
curacy compared with existing density correction algorithms. Furthermore, it
greatly eliminates the influence of density measurement error in actual measure-
ment processes.

V. Conclusion

The fast neutron slowing-down length of the D-T source is affected by both
elastic and inelastic scattering. A slowing-down model for fast neutrons was
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established to explain the neutron slowing-down process. In this model, the
contribution of elastic scattering to neutron slowdown was considered above the
inelastic scattering threshold. The model shows that the slowing-down length
of D-T neutrons comprises L;,, g g, , L p,—g,, and Ly p _g,. Further anal-
ysis indicated that for formations with relatively low porosity, the probability
of neutron slowing-down through inelastic scattering was higher. As porosity
increased, the probability of inelastic scattering decreased. However, due to the
rapid increase in the elastic scattering macroscopic cross-section, the contribu-
tion of inelastic scattering to the slowing-down length became significant. The
results also indicated that ignoring elastic scattering above the inelastic scatter-
ing threshold energy would impact the slowing-down length by approximately
4%, which exceeds the required accuracy for porosity measurement. Therefore,
the effect of elastic scattering cannot be ignored at high energies in porosity
measurement.

Based on the slowing-down model, a porosity density-correction algorithm
was developed to improve the porosity sensitivity of D-T neutrons. The
algorithm represents a complex function of density and porosity and cannot
be simply written as f(p)g(¢). Finally, a porosity logging model was created
using TopMC/SuperMC, and the effectiveness of the established algorithm
was verified through simulations. The results showed that the relative error
between calculated and actual porosities was less than 2% when porosity
exceeded 10%, while the absolute error was less than 0.1% when porosity was
below 10%. If L g _p, was ignored, the relative error in porosity reached
19%. The comparison demonstrated that high-energy neutron elastic scattering
exerts significant influence on porosity measurement accuracy.

Additionally, the effect of density precision on porosity measurement was eval-
uated. The results showed that the absolute error was less than 0.3% when
actual porosity was below 7%, while the relative error was less than 4% in areas
where actual porosity exceeded 7%.

The algorithm, proposed through theoretical deduction based on fixed lithology
and detector-to-source distance, can improve the overall measurement accuracy
of the density correction method. This study provides valuable reference for
porosity measurements using D-T neutron sources.

This study was primarily conducted using simulation instruments in a standard
well. Future work will involve scaling and testing based on actual instruments,
with further analysis of influencing factors in complex environments, particularly
the effects of lithology and borehole diameter.
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