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A neutron porosity measurement device adapted to receive a
neutron source configured to emit neutrons having a first
energy includes a segmented semiconductor detector located
at a predetermined distance from the neutron source. The
segmented semiconductor detector includes a plurality of
semiconductor neutron detection cells configured to detect
neutrons having a second energy smaller than the first energy.
The cells are arranged in subsets located between a first
distance and a second distance from the neutron source, each
subset including semiconductor neutron detection cells sur-
rounding an axis and being disposed in opposite sectors
defined relative to the axis at substantially same distance from
the neutron source. One or more of the neutron detection cells
are configured to acquire data related to detected neutrons
independently from one or more other of the neutron detected
cells. A method of manufacturing the neutron porosity mea-
surement device is also provided.
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Figure 1
(Background Art)
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Figure 2
(Background Art)
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Figure 3

A
A
N\
J

4108 p+

104

106 —

X | ]
N

/e

108+-

120

140




Patent Application Publication  Jan. 31, 2013 Sheet 4 of 7 US 2013/0026355 A1

Figure 4
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Figure 5
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Figure 7
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Mounting inside a chassis a segmented semiconductor detector
including a plurality of semiconductor neutron detection cells configured
to detect neutrons having a second energy smaller than the first energy
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Connecting the semiconductor neutron detection cells to a processing
unit configured to evaluate a porosity value based on numbers of neutrons
detected in the semiconductor neutron detector cells during a same time

interval for all the cells and to perform borehole corrections
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NEUTRON POROSITY MEASUREMENT
DEVICES WITH SEMICONDUCTOR
NEUTRON DETECTION CELLS AND

METHODS
BACKGROUND
[0001] 1. Technical Field
[0002] Embodiments ofthe subject matter disclosed herein

generally relate to neutron porosity measurement devices for
oil and gas industry, more particularly, devices including
plural semiconductor neutron detection cells arranged to
allow gathering data with azimuth coverage and enabling
evaluating porosity by considering different configurations.
[0003] 2. Discussion of the Background

[0004] Inthe oil and gas industry, well logging (or borehole
logging) is a term used for detail records made about geo-
physical properties of geological formations penetrated by a
borehole. The records include results of various and some-
times complex measurements performed using tools lowered
into the well or samples brought to the surface. Of particular
interest are measurements of porosity, permeability and fluid
content of the formations.

[0005] Porosity is the proportion of fluid-filled space found
within the rock that may contain oil and gas, and is an indi-
cator of the possible reserve of oil and gas. Logging tools
configured to provide porosity measurements may employ
various techniques (e.g., accoustics and Nuclear Magnetic
Resonance), but using neutrons is the most frequently used
method. The logging tools may have to operate at tempera-
tures as high as 175° C. and sometimes even higher.

[0006] FIG. 1 is an axial cross section of a conventional
down-hole porosity measurement set-up performed using a
neutron source 10 and two detectors, a “near’” neutron detec-
tor 20 and a “far” neutron detector 30, which are located at
different distances from the neutron source 10. The neutron
source 10 and the neutron detectors 20 and 30 are usually
encapsulated in a chassis 40. The chassis 40 is lowered in a
borehole 50 that penetrates a geological formation 60. Some
of the neutrons emitted by the neutron source 10 towards the
formation 60, loose energy (i.e., are “thermalized”) and are
deflected towards the neutron detectors 20 and 30 due to
collisions or interactions with nuclei in the formation 60.
[0007] The detectors 20 and 30 detect some (depending on
each detector’s efficiency) of the neutrons with lower (ther-
mal) energy deflected towards the detectors. A ratio of the
counting rates (i.e., number of detected neutrons/time) in the
two detectors 20 and 30 is directly related to the porosity of
the formation 60.

[0008] The probability of an interaction of a neutron and a
nucleus (i.e., a nuclear reaction) can be described by a cross-
section of the interaction (i.e., reaction). A detector’s effi-
ciency is proportional with the probability of an interaction
occurring when a neutron enters the detector’s volume. The
neutron detectors are built based on the large probability (i.e.,
cross-section) of a thermal neutron being captured (i.e., inter-
act/react) with one of the three nuclei: helium (*He), lithium
(°Li) or boron (*°B). Other particles such as, the a particle
(;*a) and the proton (,* p) result from the reaction of the
thermal neutron with these elements. A calculable amount of
energy (Q) is emitted as a result of the neutron capture reac-
tion. This emitted energy may be kinetic energy of the result-
ing particles or gamma rays. The energy is dissipated by
ionization, that is, formation of pairs of electron and posi-
tively charged particle. These pairs can be collected, for
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example, in an electrical field, and, thus, generate a signal
recognizable as a signature of the neutron capture reaction.
The larger is the emitted energy, the larger is the amplitude of
the signature signal.

[0009] Some other particles besides the targeted neutrons
(e.g., gamma rays) may cross the detector and be detected
simultaneously. A good detector should exhibit characteris-
tics that would allow discrimination between capture of a
thermal neutron and other untargeted nuclear reactions that
may occur. To facilitate discrimination between a neutron
capture reaction and a gamma ray, the energy emitted in the
neutron capture reaction (Q) should be as high as possible.

[0010] The three most common neutron capture reactions
used for neutron detection are illustrated in Table 1:
TABLE 1
Thermal neutron
cross section
Name Reaction Q (MeV) (barns)
B, a) 5B+ oln—;"Li+5% Ground 2.792 3840
Excited 2.31
SLi(n, )  ;°Li+ o'n—3H + 5% 4.78 940
3He(n,p) > He +o'n—H+,'p 0.764 5330
[0011] In the above table, relative to the '°B(n,c) reaction

“Ground” means that the resulting ,’Li is in a ground state
and “Excited” means that the resulting ,”Li is in the first
excited state.

[0012] Traditionally, detectors based on *He(n,p) reaction
have been used in neutron porosity measurements performed
in the oil and gas industry, due to their relatively low cost,
ruggedness, good detection efficiency, and insensitivity to
gamma rays (i.e., the cross section for an interaction of the
gamma ray with *He is very small). The detection efficiency
ofthese *He based detectors can be improved by using higher
pressures of the *He gas, but the use of higher pressures
results in increasing the cost of the detectors and of the high
voltage required to operate them, which adversely affects the
associated detector electronics. Additionally, the critical
worldwide shortage of *He makes it necessary to develop
alternate neutron detectors for neutron porosity measure-
ments in the oil and gas industry.

[0013] Lithium-glass scintillation detectors are currently
used in some logging tools. The detection efficiency of the
detectors based on °Li(n,a) reaction depends on the amount
of °Li in the detector material. A common lithium-glass used
for down-hole logging is GS20, which has an isotopic ratio of
95% SLi and a total lithium composition of 6.6%. Although
the cross section for an interaction of the gamma ray with °Li
is significant, the large amount of energy (Q) resulting from
the °Li(n,a) reaction enables a reasonable discrimination
from reactions induced by gamma rays. However, the poor
energy resolution of lithium-glass detectors at room tempera-
ture diminishes further at temperatures as low as 150° C.,
rendering their use limited to relatively shallow wells. In the
lithium-glass scintillation detectors, the lithium-glass is
coupled to a photomultiplier tube (PMT) that introduces elec-
tronic noise at elevated temperatures and is mechanically
fragile.

[0014] Downhole neutron-porosity measurements may be
performed during or after the drilling of a well. Accordingly,
tools come in two different conveyances, logging (or measur-
ing) while drilling (LWD/MWD) and wireline. The principal
difference between LWD and wireline systems is the service
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environment. LWD tools operate during the drilling process
and are subjected to the high levels of vibration and shock
generated by drilling through rock. Wireline tools are con-
veyed in and out of the borehole on a cable after drilling and
do not experience the shock and vibration seen during drill-
ing.

[0015] FIG. 2 is a transversal cross-section (which is per-
pendicular to the well axis) of a porosity measurement set-up
using a conventional LWD tool 80. Inside the geological
formation 82, a borehole 84 is drilled by a drill bit (not
shown). During drilling, mud is circulated inside the well, to
maintain a hydrostatic pressure to counter-balance the pres-
sure of fluids coming out of the well, and to cool the drill bit
while also carrying crushed or cut rock at the surface though
the borehole 84. The tool 80 is configured such as not to
interfere with the mud circulation, for example, by surround-
ing a mud channel 86. The clean mud is sent downhole
through the mud channel 86 and carries the drilling debris up
to the surface through the borehole 84.

[0016] The diameter of the tool 80 may be about 8 inch.
Similar to FIG. 1, the tool 80 may include a “near” detector
positioned at about 10 inches from a neutron source (not
shown in FIG. 2, e.g. 10 in FIG. 1) and a “far” detector
positioned at about 20 inches from the neutron source. The
near and far detectors include one or more *He tubes having
a % to 1 inch or more diameter and 2-4 inches length.
[0017] FIG. 2 is a transversal cross-section (perpendicular
to the well direction) of a porosity measurement setup using
a conventional tool, the cross-section cutting though either
the “near” detectors or though the “far” detectors. In this case,
the (near or far) detectors includes four *He tubes 90. The *He
tubes 90 may be placed on a side closest to the formation 82,
since capturing neutrons scattered from the formation 82 are
of interest (rather than neutrons scattered by the mud flowing
in the borehole 84 or the mud channel 86). The counting rates
in the near and far detector may be corrected for the effect of
neutrons scattered by the mud flowing in the borehole 84 or
the mud channel 86. However, even when corrections are
performed, asymmetrical measurements unavoidably intro-
duce uncertainty and errors.

[0018] Accordingly, it would be desirable to provide neu-
tron detectors having a good detection efficiency (i.e., large
cross section for neutron capture), good discrimination rela-
tive to gamma rays, and can be used in the logging shock and
vibration environment (e.g., during drilling) and at high tem-
peratures (e.g., over 175° C.) and have a complete azimuth
coverage that would enable taking into consideration more
accurately the effect of neutrons scattered by the mud flowing
in the borehole.

SUMMARY

[0019] According to one exemplary embodiment, a neutron
porosity measurement device adapted to receive a neutron
source configured to emit neutrons having a first energy
includes a segmented semiconductor detector. The seg-
mented semiconductor detector includes a plurality of semi-
conductor neutron detection cells configured to detect neu-
trons having a second energy smaller than the first energy. the
cells are arranged in subsets located between a first distance
and a second distance from the neutron source, each subset
including semiconductor neutron detection cells surrounding
anaxis and being disposed in opposite sectors defined relative
to the axis at substantially same distance from the neutron
source. one or more of the neutron detection cells being
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configured to acquire data related to detected neutrons inde-
pendently from one or more other of the neutron detected
cells.

[0020] According to another exemplary embodiment, a
neutron porosity measurement tool configured to receive a
neutron source configured to emit neutrons having a first
energy includes a segmented semiconductor detector, and a
processing unit connected to the segmented semiconductor
detector. The segmented semiconductor detector includes a
plurality of semiconductor neutron detection cells configured
to detect neutrons having a second energy smaller than the
first energy, the cells being arranged in subsets located
between a first distance and a second distance from the neu-
tron source, each subset including semiconductor neutron
detection cells surrounding an axis and being disposed in
opposite sectors defined relative to the axis at substantially
same distance from the neutron source. one or more of the
neutron detection cells is configured to acquire data related to
detected neutrons independently from one or more other of
the neutron detection cells. Each of the cells has a semicon-
ductor substrate, electrodes and electronics. The semiconduc-
tor substrate of the cell is doped to form a pn junction, and has
microstructures of neutron reactive material formed to extend
from a first surface inside the semiconductor substrate. The
electrodes of the cell include one electrode which is in contact
with the first surface of the semiconductor substrate, and
another electrode, which is in contact with a second surface of
the semiconductor substrate, the second surface being oppo-
site to the first surface, the electrodes being configured to
acquire electrical signals occurring when a neutron is cap-
tured inside the semiconductor substrate. The electronics of
the cell is configured to process and count the electrical sig-
nals received from the electrodes. The processing unit is
configured to evaluate a porosity value based on numbers of
neutrons detected in the semiconductor neutron detector cells
during a same time interval for all the cells and to perform
borehole corrections based on the numbers of neutrons cor-
responding to semiconductor neutron detector cells of a same
subset.

[0021] According to another exemplary embodiment, a
method of manufacturing a neutron porosity measurement
device configured to be used with a neutron source that emits
neutrons having a first energy includes mounting inside a
chassis a segmented semiconductor detector including a plu-
rality of semiconductor neutron detection cells configured to
detect neutrons having a second energy smaller than the first
energy inside a chassis. the cells are arranged in subsets
located between a first distance and a second distance from
the neutron source, each subset including semiconductor neu-
tron detection cells surrounding an axis and being disposed in
opposite sectors defined relative to the axis at substantially
same distance from the neutron source. The method further
includes connecting the semiconductor neutron detection
cells to a processing unit configured to evaluate a porosity
value based on numbers of neutrons detected in the semicon-
ductor neutron detector cells during a same time interval for
all the cells, and to perform borehole corrections based on
numbers corresponding to cells in the same subset. Here, each
of the cells includes (1) a semiconductor substrate doped to
form a pn junction, and having microstructures of neutron
reactive material formed to extend from a first surface inside
the semiconductor substrate, (2) electrodes, one of which is in
contact with the first surface of the semiconductor substrate
and another one of which is in contact with a second surface
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of the semiconductor substrate, the second surface being
opposite to the first surface, the electrodes being configured to
acquire electrical signals occurring when a neutron is cap-
tured inside the semiconductor substrate, and (3) electronics
configured to process and count the electrical signals received
from the electrodes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] The accompanying drawings, which are incorpo-
rated in and constitute a part of the specification, illustrate one
or more embodiments and, together with the description,
explain these embodiments. In the drawings:

[0023] FIG. 1 is an axial cross-section of a conventional
down-hole porosity measurement set-up;

[0024] FIG. 2 is a transversal cross-section of a porosity
measurement set-up using a conventional tool;

[0025] FIG. 3 is a schematic diagram of a neutron semicon-
ductor detector cell;

[0026] FIG. 4 is a schematic diagram of a segmented neu-
tron detector according to an exemplary embodiment;
[0027] FIG. 5 is an axial cross-section of a down-hole
porosity measurement set-up using a neutron semiconductor
detector according to an exemplary embodiment;

[0028] FIG. 6 is a transversal cross-section of a porosity
measurement set-up using a neutron semiconductor detector
according to another exemplary embodiment; and

[0029] FIG. 7 is a flow chart of a method of manufacturing
a neutron porosity measurement device using a segmented
semiconductor neutron detector according to an exemplary
embodiment.

DETAILED DESCRIPTION

[0030] The following description of the exemplary
embodiments refers to the accompanying drawings. The
same reference numbers in different drawings identify the
same or similar elements. The following detailed description
does not limit the invention. Instead, the scope of the inven-
tion is defined by the appended claims. The following
embodiments are discussed, for simplicity, with regard to the
terminology and structure of neutron detection tools used for
measuring the porosity of soil formations in oil and gas indus-
try. However, the embodiments to be discussed next are not
limited to these systems, but may be applied to other systems
ghat require neutron detection in the context of scarcity of
He.

[0031] Reference throughout the specification to “one
embodiment” or “an embodiment” means that a particular
feature, structure, or characteristic described in connection
with an embodiment is included in at least one embodiment of
the subject matter disclosed. Thus, the appearance of the
phrases “in one embodiment” or “in an embodiment” in vari-
ous places throughout the specification is not necessarily
referring to the same embodiment. Further, the particular
features, structures or characteristics may be combined in any
suitable manner in one or more embodiments.

[0032] Recent development of semiconductor technology
has made appealing replacing conventional *He tubes and
Lithium glass neutron detectors with silicon carbide neutron
detectors. Description of structure and efficiency of silicon
carbide neutron detectors are included in U.S. patent appli-
cation Ser. No. 12/956,560, which is incorporated herewith in
its entirety.

[0033] FIG. 3 is a schematic diagram of a neutron semicon-
ductor detector cell 100. An incoming thermal neutron 102
interacts with a °Li or a '°B nucleus 104 of neutron reactive
material 110 intertwined as pillars or trenches with semicon-
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ductor material 120 (e.g., SiC). An a-particle 106 and the
recoiled nucleus 104 resulting from the interaction generates
pairs 108 of free electrons and missing electron holes (behav-
ing like free positively charged particles) in the semiconduc-
tor 120. The electrons and the holes migrate to the top or the
bottom of the structure due to an electric field in the semicon-
ductor pn junction (i.e., the upper area of the semiconductor
120 is doped with p+ impurities while the bottom part with n—
impurities). The electrons and holes accelerated by the elec-
tric field (which may be amplified by applying an electrical
potential difference via electrodes 130 and 140) may produce
secondary pairs of electrons and holes. An electric signal
resulting from collecting the electron and holes at the elec-
trodes 130 and 140 (which may be made of gold) is an indi-
cator of a captured neutron. The electrical signals may be
processed and a number of signals in a predetermined time
may be counted in an electronics unit (150).

[0034] The simulations (described in U.S. patent applica-
tion Ser. No. 12/956,560 whose disclosure is incorporated
herewith by reference) revealed that neutron semiconductor
detectors with '°B as reactive material have a higher effi-
ciency than the ones with 5Li (LiF is used for the electrodepo-
sition of lithium on the SiC substrate, neutron detection is
accomplished by using the nuclear reaction) as reactive mate-
rial, for the same dimensions. This is an expected result since
the neutron capture cross-section of °B is larger than the one
of °Li.

[0035] Further simulations for pillars of neutron reactive
material having various depths in the semiconductor material,
i.e., between 50 um and 200 um for a step of 50 um, revealed
that (i) at 200 um depth of the pillars, the efficiency of the
SiCSLi detectors becomes comparable with the helium tube
efficiency, and for depths of the pillars over 130 um the
SiC'°B detectors efficiency becomes larger than the lithium-
glass efficiency.

[0036] The simulations also allowed an evaluation of the
ratio of the counting rates of the near and far detectors for the
SiC'“B detector, the SiC°Li detector, and the helium tube as
functions of the porosity of the formation, revealing that the
sensitivity of the porosity measurement is larger when using
the neutron semiconductor detectors than when using the
helium tubes. Thus, the neutron semiconductor detectors can
be built to match and exceed the detection performance (effi-
ciency and sensitivity) of currently used detectors (with *He
and lithium-glass). Additionally, the neutron semiconductor
detectors can operate reliably at temperatures up to 250° C.
and higher.

[0037] Different from neutron porosity measurement
devices described in the U.S. patent application Ser. No.
12/956,560, where a near semiconductor detector and a far
semiconductor detector replace the conventional helium or
lithium glass neutron detectors, one feature of some embodi-
ments is using an azimuthal and axial segmented semicon-
ductor neutron detector. As illustrated in FIG. 4, a segmented
neutron detector 200 includes a plurality of detection cells
210 made of SiC'°B or SiC°Li neutron detectors arranged to
surround a central axis 220, in a plurality of subsets (e.g.,
R1-R8) located at increasing distances from the source. The
detection cells in each subset are arranged to cover a first
sector as defined from the axis 220, which first sector may be
positioned during a measurement in close proximity of the
formation, and a second sector as defined from the axis 220,
which second sector is opposite to the first sector. Presence of
multiple detection cells in each subset enables more accurate
borehole corrections (e.g., for mud weight, borehole size,
pressure and temperature, etc.) of data acquired by the detec-
tion cells (e.g., counting rates or total numbers of detected
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neutrons in a time period). The segmented neutron detector
200 is an embodiment in which the detection cells 210 (1)
appear to be of equal size, (2) are symmetrically arranged
around the axis 220 to form a cylindrical shape, and (3)
exhibit also a vertical alignment (i.e., cells in different subsets
are arranged as a vertical column). However, embodiments of
the segmented neutron detector are not limited by these fea-
tures.

[0038] A single detection cell 210 may have an area of
about 1 cm? and a thickness of 100-150 um. The segmented
neutron detector 200 may be configured to be used in a wire-
line or in a LWD porosity measurement device. In one
embodiment, the segmented neutron detector 200 may have a
diameter (D) of 1-8 inches and a length (h) (which is a dif-
ference between a first distance from the farthest subset of
detection cells R8 to the neutron source and a second distance
from the closest subset of detection cells R1 to the neutron
source) of up to 30 inches.

[0039] Data acquisition (e.g., counting rate or number of
detected neutrons per unit of time) from each of the detection
cells 210 may be performed independently. As mentioned
above, the processing of the data acquired from each subset of
detection cells allows more accurate borehole corrections.
The subsets of cells 210 may also be grouped as a first group
corresponding to a “near” detector, and as a second group
corresponding to a “far” detector. That is, the grouping is not
fixed due to constructive features. For example, the cells in
subsets R1-R3 may be considered to form a “near” detector
and in subsets R4-R8 may be considered to form a “far”
detector. Multiple porosity estimates may practically be
extracted based on the same measurement using different
groupings of the subsets of cells. These porosity estimates
may be combined to yield a porosity value having an uncer-
tainty significantly smaller than when a single fixed or con-
structively defined grouping is used.

[0040] Moreover, by grouping the subsets of detection cells
(R1-R8) in different manners, porosity measurements corre-
sponding to different depths into the formation may be evalu-
ated. That is, most of the neutrons detected by the subsets of
detection cells closer to the neutron source correspond to a
smaller penetration of the neutrons in the formation, while the
neutrons detected by the subsets of detection cells farther to
the neutron source include neutrons that penetrated deeper in
the formation. Thus, for example, a first porosity measure-
ment using R1 and R2 as a near detector and R3 and R4 as a
far detector characterizes the formation closer to the borehole
than a second porosity measurement using RS and R6 as a
near detector and R7 and R8 as a far detector.

[0041] In addition to evaluating the porosity, the data
acquired by the detection cells may also be used to evaluate
the hydrogen index which is a ratio of the hydrogen content in
the formation and the hydrogen content of water. Relative to
evaluating the hydrogen index, the segmented neutron detec-
tor provides the same advantages related to borehole correc-
tions, flexible combinations and results corresponding to
various penetration depths as in the case of the porosity evalu-
ation.

[0042] FIG. 5 is an axial cross-section of a down-hole
porosity measurement set-up using a neutron porosity mea-
surement device 300 according to an exemplary embodiment.
The neutron porosity measurement device 300 is lowered
inside a borehole 310 to measure porosity of a geological
formation 320. The neutron porosity measurement device
300 includes a segmented semiconductor neutron detector
330 (for example, similar with the one illustrated in FIG. 4)
and a neutron source 340.
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[0043] An average energy of neutrons emitted by the neu-
tron source 340 is substantially larger than an average energy
of'neutrons detected in the detector 330. Fast neutrons, having
for example energies larger than 1 MeV, are less likely to
interact with nuclei due to neutrons’ high speeds. Thermal
neutrons having energies less than 0.1 eV after colliding with
nuclei (see, e.g., neutron trajectories 335) are more likely to
be captured by nuclei. Therefore, an average energy of neu-
trons emitted by the neutron source is substantially larger than
an average energy of neutrons detected in the semiconductors
and thus neutrons coming directly from the neutron source
are unlikely to be detected.

[0044] The segmented semiconductor neutron detector 330
and the neutron source 340 may be placed inside a chassis
350. The neutron source 340 may be a chemical source such
as AmBe or an electrical neutron generator. If the neutron
source 340 is a chemical source, the neutron source 340 may
be removed from the porosity measurement device 300 and
stored in a radiation-shielded storage, while the device is not
in use. The chassis 350 may have a cavity 360 configured to
receive the neutron source 340.

[0045] Each of the detection cells of the segmented semi-
conductor neutron detector 330 may have associated elec-
tronics capable to operate at the same temperatures as the
cells (e.g., up to 250° C.) and enabling acquiring and process-
ing the signals produced due to neutrons captured in the cell.
The cell electronics may also be configured to count a number
of'signals in a predetermined time period. The cell electronics
may be located close to a respective cell or may be grouped in
one or more electronics blocks.

[0046] The porosity measurement device 300 may also
include a data processing unit 380 configured to process
and/or transmit data and results related to the porosity mea-
surement to a remote device via a wire 390 or wirelessly. If the
neutron porosity measurement device 300 is an LWD device,
porosity measurement related data may be sent at the surface
through the mud (in a real-time mode). The data may also be
recorded in a data storage device 390 (in a recording mode) to
be recovered and processed after the device is brought back to
the surface. Thus, the data processing and borehole correc-
tions may be performed locally, by the data processing unit
380, or remotely based on data transmitted at the surface.
Data processing and borehole correction may also be per-
formed after data has been acquired based on raw and/or
processed data stored in a memory locally or remotely.

[0047] Conventional porosity logging tools using *He or
Lithium-glass detectors require a high voltage power supply
to be able to collect a signal when a neutron is captured. The
high voltage power supply takes up a lot of space inside the
conventional porosity logging tool and high power supply. In
case of the neutron porosity measurement device 300, no
power supply is necessary due to the pn junction’s electric
field (although the electric field may be amplified by applying
a potential difference via the electrode but this enhancement
does not imply a high power requirement). Since the neutron
semiconductors detectors do not require a (high) power sup-
ply, the electronics is significantly smaller compared to that of
a helium tube or the photomultiplier required with lithium-
glass. If a chassis used for a conventional tool is used with
neutron semiconductor detectors, the freed space may be
filled with a neutron absorber (boron epoxy, for example) to
better shield the neutron detectors from the neutron source
through the tool, the mud channel or the borehole, and, thus,
to lower the number of detected neutrons that do not travel
through the formation. In other words, more shielding results
in reducing noise of the measurement. Alternatively, the elec-
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tronics being smaller allows the chassis to be smaller than the
chassis used for a conventional tool.

[0048] FIG. 6 is a transversal cross-section of a porosity
measurement set-up using a neutron porosity measurement
device 400 according to another exemplary embodiment.
Similar to FIG. 2, FIG. 6 illustrates a LWD device configured
to surround a mud channel 86, while lowered in a borehole 84
to measure porosity of formation 82. Silicon carbide cells 410
may correspond to one subset such as R1, R2, ..., or Rnin
FIG. 4, and are configured to acquire data independently. The
cells 410 are circularly arranged thereby providing possibility
to differentiate azimuthal measurements and therefore better
correct for borehole effects in the porosity evaluation. The
detection cells 410 are arranged to cover both a first sector 420
in close proximity of the formation 82 and a second sector 430
opposite to the first sector 420. The first sector 420 and the
second sector 430 in FIG. 6 cover semicircles. However,
design and data processing are not limited by the cell con-
figuration illustrated in FIG. 6. If the diameter of the borehole
is substantially larger than the diameter of the device, the first
sector is preferably defined narrow, while if the diameter of
the borehole is only slightly larger than the diameter of the
device the first sector is preferably defined wide. Having cells
arranged regularly around the axis allows flexibility of data
processing relative to the manner of defining the first sector
and the second sector.

[0049] A flow chart of a method 500 of manufacturing a
neutron porosity measurement device is illustrated in FIG. 7.
The method 500 includes mounting a neutron source config-
ured to emit neutrons having a first energy and a segmented
semiconductor detector (e.g., 200) including a plurality of
semiconductor neutron detection cells configured to detect
neutrons having a second energy smaller than the first energy
inside a chassis, at S510. The method 500 further includes
connecting the semiconductor neutron detection cells to a
processing unit configured to evaluate a porosity value based
on numbers of neutrons detected in the semiconductor neu-
tron detector cells during a same time interval for all the cells.

[0050] The disclosed exemplary embodiments provide
devices and methods related to porosity measurements using
segmented neutron semiconductor detectors. It should be
understood that this description is not intended to limit the
invention. On the contrary, the exemplary embodiments are
intended to cover alternatives, modifications and equivalents,
which are included in the spirit and scope of the invention as
defined by the appended claims. Further, in the detailed
description of the exemplary embodiments, numerous spe-
cific details are set forth in order to provide a comprehensive
understanding of the claimed invention. However, one skilled
in the art would understand that various embodiments may be
practiced without such specific details.

[0051] Although the features and elements of the present
exemplary embodiments are described in the embodiments in
particular combinations, each feature or element can be used
alone without the other features and elements of the embodi-
ments or in various combinations with or without other fea-
tures and elements disclosed herein.

[0052] This written description uses examples of the sub-
ject matter disclosed to enable any person skilled in the art to
practice the same, including making and using any devices or
systems and performing any incorporated methods. The pat-
entable scope of the subject matter is defined by the claims,
and may include other examples that occur to those skilled in
the art. Such other examples are intended to be within the
scope of the claims.
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What is claimed is:

1. A neutron porosity measurement device adapted to
receive a neutron source that emits neutrons having a first
energy, the device comprising:

a segmented semiconductor detector comprising a plural-
ity of semiconductor neutron detection cells configured
to detect neutrons having a second energy smaller than
the first energy, the cells being arranged in subsets (R1-
R8) located between a first distance and a second dis-
tance from the neutron source, each subset including
semiconductor neutron detection cells surrounding an
axis and being disposed in opposite sectors defined rela-
tive to the axis at substantially same distance from the
neutron source,

wherein one or more of the neutron detection cells are
configured to acquire data related to detected neutrons
independently from one or more other of the neutron
detected cells.

2. The neutron porosity measurement device of claim 1,
wherein each of the semiconductor neutron detection cell
comprises:

a semiconductor substrate doped to form a pn junction, and
having microstructures of neutron reactive material
formed to extend from a first surface inside the semicon-
ductor substrate, and

electrodes, one of which is in contact with the first surface
of the semiconductor substrate and another one of which
is in contact with a second surface of the semiconductor
substrate, the second surface being opposite to the first
surface, the electrodes being configured to acquire elec-
trical signals occurring when a neutron is captured
inside the semiconductor substrate.

3. The neutron porosity measurement device of claim 2,
wherein the microstructure are trenches or pillars of the neu-
tron reactive material.

4. The neutron porosity measurement device of claim 2,
wherein the neutron reactive material comprises '°B or °Li.

5. The neutron porosity measurement device of claim 2,
wherein a thickness of the microstructures of neutron reactive
material from the first surface inside the semiconductor sub-
strate is between 50 um and 200 um.

6. The neutron porosity measurement device of claim 2,
wherein the semiconductor substrate is silicon carbide.

7. The neutron porosity measurement device of claim 2,
wherein each of the semiconductor neutron detection cells
further comprises:

electronics configured to process and count the electrical
signals received from the electrodes.

8. The neutron porosity measurement device of claim 7,
wherein the semiconductor neutron detection cells and the
electronics are configured to operate at temperatures up to
250° C.

9. The neutron porosity measurement device of claim 7,
wherein the electronics is configured to provide an electrical
potential difference to the electrodes of a respective semicon-
ductor neutron detection cell.

10. The neutron porosity measurement device of claim 1,
further comprising:

aprocessing unit configured to evaluate a porosity value of
a formation outside the device based on numbers of
neutrons detected in the semiconductor neutron detector
cells during a same time interval for all the cells, the
porosity value being based on at least one ratio of a first
sum of numbers of neutrons detected in first semicon-
ductor neutron detector cells and a second sum of num-
bers of neutrons detected in second semiconductor neu-
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tron detector cells which are located farther to the
neutron source than the first semiconductor neutron
detector cells.

11. The neutron porosity measurement device of claim 10,
wherein the processing unit is further configured to evaluate a
hydrogen index corresponding to the formation based on the
numbers of neutrons detected in at least some of the semicon-
ductor neutron detector cells.

12. The neutron porosity measurement device of claim 10,
wherein the processing unit is further configured to correct
for neutrons detected in the cells that are not recoiled from the
formation by using data from cells in the same subset.

13. The neutron porosity measurement device of claim 10,
further comprising at least one of:

a memory configured to store data received from the semi-
conductor neutron detection cells and/or the processing
unit; and

a transmitter to transmit the data received from the semi-
conductor neutron detection cells and/or the processing
unit.

14. The neutron porosity measurement device of claim 10,
wherein the processing unit is configured to transmit data
received from the neutron detection cells to a remote device.

15. The neutron porosity measurement device of claim 10,
wherein:

the segmented semiconductor detector includes at least
three subsets of cells, and

the processing unit is configured to evaluate at least two
different porosity values by including different subsets
in the first semiconductor neutron detector cells and in
the second semiconductor neutron detector cells respec-
tively.

16. The neutron porosity measurement device of claim 1,

further comprising:

a chassis configured to encapsulate the neutron source and
the segmented semiconductor detector.

17. The neutron porosity measurement device of claim 16,
wherein the chassis has a cavity configured to receive a
removable neutron chemical source or a permanent neutron
generator device.

18. The neutron porosity measurement device of claim 1,
wherein the neutron porosity measurement device is config-
ured to be used while drilling and has a mud channel passing
therethrough, the semiconductor neutron detection cells
being arranged circularly between an inner wall neighboring
the mud channel and an outer wall.

19. A neutron porosity measurement tool configured to
receive a neutron source that emits neutrons having a first
energy, the tool comprising:

a segmented semiconductor detector comprising a plural-
ity of semiconductor neutron detection cells configured
to detect neutrons having a second energy smaller than
the first energy, the cells being arranged in subsets (R1-
R8) located between a first distance and a second dis-
tance from the neutron source, each subset including
semiconductor neutron detection cells surrounding an
axis and being disposed in opposite sectors defined rela-
tive to the axis at substantially same distance from the
neutron source, one or more of the neutron detection
cells being configured to acquire data related to detected
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neutrons independently from one or more other of the
neutron detected cells, each of the cells comprising
a semiconductor substrate doped to form a pn junction,
and having microstructures of neutron reactive mate-
rial formed to extend from a first surface inside the
semiconductor substrate,
electrodes, one of which is in contact with the first sur-
face of the semiconductor substrate and another one
of which is in contact with a second surface of the
semiconductor substrate, the second surface being
opposite to the first surface, the electrodes being con-
figured to acquire electrical signals occurring when a
neutron is captured inside the semiconductor sub-
strate, and
electronics configured to process and count the electrical
signals received from the electrodes; and
a processing unit connected to the segmented semiconduc-
tor detector and configured to evaluate a porosity value
based on numbers of neutrons detected in the semicon-
ductor neutron detector cells during a same time interval
for all the cells and to perform borehole corrections
based on the numbers of neutrons corresponding to
semiconductor neutron detector cells of a same subset.
20. A method of manufacturing a neutron porosity mea-
surement device configured to be used with a neutron source
that emits neutrons having a first energy, the method compris-
ing:
mounting inside a chassis a segmented semiconductor
detector comprising a plurality of semiconductor neu-
tron detection cells configured to detect neutrons having
a second energy smaller than the first energy, the cells
being arranged in subsets (R1-R8) between a first dis-
tance and a second distance from the neutron source,
each subset including semiconductor neutron detection
cells surrounding an axis and being disposed in opposite
sectors defined relative to the axis at substantially same
distance from the neutron source; and
connecting the semiconductor neutron detection cells to a
processing unit configured to evaluate a porosity value
based on numbers of neutrons detected in the semicon-
ductor neutron detector cells during a same time interval
for all the cells, and to perform borehole corrections
based on numbers corresponding to cells in the same
subset, wherein each of the cells comprises
a semiconductor substrate doped to form a pn junction,
and having microstructures of neutron reactive mate-
rial formed to extend from a first surface inside the
semiconductor substrate,
electrodes, one of which is in contact with the first sur-
face of the semiconductor substrate and another one
of which is in contact with a second surface of the
semiconductor substrate, the second surface being
opposite to the first surface, the electrodes being con-
figured to acquire electrical signals occurring when a
neutron is captured inside the semiconductor sub-
strate, and
electronics configured to process and count the electrical
signals received from the electrodes.
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