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RADIATION GENERATOR AND POWER SUPPLY
CONFIGURATION FOR WELL LOGGING INSTRUMENTS
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Priority is claimed from U.S. Provisional Application No. 60/954,586 filed on August 8,

2007,
Statement regarding federally sponsored research or development
Not applicable.
Background of the Invention
Field of the Invention
[0001] The invention relates generally to the field of neutron generator-type well logging
instruments. More specifically, the invention relates to structures for high voltage power
supplies used with neutron generator-type well logging instruments to enable better
placement of internal components of such instruments.
Background Art
[0002] The characteristics of geological formations are of significant interest in the

exploration for, production and monitoring of subsurface water and mineral deposits,
such as oil and gas. To that end, a variety of techniques have been developed to measure
subsurface characteristics and evaluate the characteristics to determine certain
petrophysical properties of interest. These techniques typically include the subsurface
deployment of tools or instruments having energy sources to emit energy into the
formations (usually from within a borehole traversing the formations). The emitted
energy interacts with the surrounding formations to produce signals that are detected and
measured by one or more sensors on the instrument. By processing the detected signal

data, a profile or log of the subsurface properties is obtained.
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[0003] A variety of logging techniques have been developed to evaluate subsurface
formations. A number of such techniques include emitting neutrons into the formation
and evaluating the results of neutron interactions with formation nuclei. Various types of
radiation sources have been used in subsurface well logging systems. For example,
neutrons or gamma rays may be generated simply through the use of radioactive isotopes
(which naturally decay over time), an x-ray source may be used or neutrons may be
generated in an electronic device utilizing a nuclear fusion reaction to generate neutrons
on demand. In such electronic neutron sources, high-energy neutrons may be generated
through the controlled collision of energized particles by using a nuclear fusion reaction
caused by accelerating ions toward a target at high voltage, so as to emit neutrons in
bursts of fully controllable lengths and time sequences. Such devices may be referred to
for convenience as neutron generators to distinguish them from chemical isotope sources.
One neutron generator (referred to as a “pulsed” neutron generator) is described in U.S.
Pat. No. 3,461,291. The neutron source described in the '291 patent uses an accelerator
tube in which charged particles, such as deuterium ions, are accelerated across a high
voltage potential and contact a target element such as tritium. The reaction between the
deuterium ions with the tritium target produces substantially monoenergetic bursts of
neutrons at an energy level of about 14 million electron volts (MeV). In most well
logging applications the neutrons are not emitted continuously but in short bursts of well-
defined lengths and sequence of repetition, however continuous generation of neutrons is
also possible. When using such a neutron generator, the formation surrounding the
instrument is typically subjected to repeated, discrete “bursts” of high energy neutrons.
U.S. Pat. Nos. 4,501,964, 4,883,956, 4,926,044, 4,937,446, 4,972,082, 5,434,408,
5,105,080, 5,235,185, 5,539,225, and 5,608,215, for example, describe well logging

instruments equipped with pulsed neutron generators.

[0004] In well logging using a neutron generator, the borehole and surrounding formation
are irradiated with neutrons, and the various interactions of the neutrons with constituent
nuclei are measured. Pulsed neutron well logging instruments typically include one or
more sensors or detectors that record numbers of neutrons, particularly epithermal energy

and thermal energy, as well as gamma rays which are emitted as a result of the interaction
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of the neutrons with the subsurface formations and the fluids in the borehole itself. The
gamma rays may include inelastic gamma rays which are a consequence of high-energy
collisions of the neutrons with atomic nuclei in the subsurface formations, as well as
capture gamma rays emitted when low energy (thermal) neutrons are captured by
susceptible atomic nuclei in the formations (for example, chloring). Various relevant
well logging techniques and tools are described, for example, in U.S. Pat. No. 4,390,783
to Grau, U.S. Pat. No. 4,507,554 to Hertzog et al.,, U.S. Pat. No. 5,021,653 to Roscoe et
al, U.S. Pat. No. 5,081,351 to Roscoe et al., U.S. Pat. No. 5,097,123 to Grau et al,, U.S.
Pat. No. 5,237,594 to Carroll, and U.S. Pat. No. 5,521,378 to Roscoe et al.

[0005] Properties of the formations which may be determined as a result of measuring
neutron and gamma ray phenomena include, for example, formation density, fractional
volume of void or pore space in the formation (porosity), carbon/oxygen (C/O) ratios,
formation lithology, and neutron capture cross section (Sigma), among other
measurements. Properties which may be determined by spectral analysis of the gamma
rays include concentration of various chemical elements, for example. Properties of fluids
in the wellbore may also be determined from various neutron and gamma ray

measurements.

[0006] Nuclear measurements are also useable in nuclear spectroscopy techniques to
obtain qualitative and quantitative information related to subsurface fluid movement.
U.S. Pat. No. 5,219,518 describes an instrument equipped with a neutron source and
sensors adapted to measure water flow through neutron oxygen activation. Alternative
techniques for subsurface fluid measurements include the use of radioactive markers or
tracers to identify flow path between formations or wells. U.S. Pat. Nos. 5,049,743,
5,182,051, 5,243,190, and 5,929,437 describe the use of elements that can be made
radioactive by bombardment with neutrons so their location can be determined by nuclear
logging. Logging tools equipped with gamma ray detectors are particularly suited to

distinguish and determine the location of trace materials.

[0007] The nuclear phenomena detected with the foregoing instruments are

representative of interactions not only with the formation nuclei, but also with the
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instrument and the borehole. In order to penetrate the formation, the high energy neutrons
must pass through the fluid in the borehole (and casing in some applications) before
entering the formation. The resulting non-formation contributions to the measured
radiations significantly complicate the analysis of the formation characteristics. The
problem is all the more complex since the sensitivity of the detector(s) to the radiations
coming from the borehole, instrument and the formation, is a function of many
parameters, such as, to name a few, lithology, porosity, borehole size, casing
size/weight/eccentricity, cement quality, detector housings, or borehole fluid
composition. In practice, several techniques have been devised to account for these

contributions and to discriminate the undesired radiations from the desired radiations.

[0008] For certain types of neutron measurements, the neutron generator and its
associated high voltage power supply may be disposed in an instrument housing along
with neutron detectors, a neutron monitor detector, gamma ray detectors, or some
combinations of the foregoing. Neutron generator well logging instruments known in the
art include a high voltage power supply to operate the neutron generator disposed
adjacent to the neutron generator. Certain of the foregoing detectors may need to be in
nearly identical longitudinal positions as the neutron generator within the instrument in
order to optimize the measurements made by the such detectors. Such optimal detector
placement is impracticable using conventional instrument configurations where the
neutron generator and its associated high voltage power supply are disposed proximate
each other. FIG. 1 illustrates such conventional instrument configuration. The
instrument 10 includes a spectroscopy detector 12 operable for gamma ray detection,
neutron detectors at different longitudinal positions, e.g., near 14 and far/array 16, a

pulsed neutron generator 18, and appropriate shielding 20.

[0009] FIG. 2 illustrates another known instrument configuration. The instrument 30 is
configured in what is called the “split-physics design”, in which smaller diameter
detectors 32, 34 can be disposed longitudinally alongside the neutron generator 36.
Larger detectors 38, such as the gamma-ray detector referred to above, can be
longitudinally displaced from the neutron generator 36 so that the combination of

detectors can be better optimized. Appropriate shielding 39 is also included in the
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instrument. The instrument shown in FIG. 2 is described, for example, in U.S. Patent No.
7,148,471 assigned to the assignee of the present invention. Limitations inherent in the
configuration of FIG. 2 includes that the size of the detectors 32, 34 near the neutron
generator 36 must be relatively small, and/or the diameter of the instrument housing must
be relatively large. The foregoing may limit the optimum placement of detectors that are
typically larger in diameter, for example, spectral gamma ray detector, or may require the
use of instrument housings of such size as to require the use of the instrument only in

larger diameter wellbores.

[0010] The foregoing statements related to neutron well logging instruments may also

apply to well logging instruments having x-ray generators therein.

[0011] A need exists for improved radiation generator and detector configuration within

a well logging instrument.

Summary of the Invention

[0012] A well logging instrument according to one aspect of the invention includes a
radiation generator and a high voltage power supply functionally coupled to the
generator. The radiation generator and the supply are longitudinally separated by a
distance sufficient for emplacement of a radiation detector. At least a first radiation
detector is disposed in a space between the radiation generator and the power supply.
The instrument includes an electrical connection between the supply and the radiation

generator.

[0013] A method for evaluating formations traversed by a borehole according to another
aspect of the invention includes generating electrical power to operate a radiation
generator at a position longitudinally separated from a position of the neutron generator
along the borehole. The longitudinal separation is sufficient to emplace a radiation
detector. The electrical power is conducted to the radiation generator. The generator is
operated to emit radiation into the formations. Radiation is detected at a longitudinal
position between the position of the generating electrical power and the position of the

radiation generator.
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[0014] Other aspects and advantages of the invention will be apparent from the following

description and the appended claims.

Brief Description of the Drawings

|0015] FIG. 1 shows a prior art neutron generator well logging instrument.
[0016] FIG. 2 shows another prior art neutron generator well logging instrument.
[0017] FIG. 3 shows one example of a radiation generator well logging instrument

according to the invention.

[0018] FIGS. 3A through 3D show cross sections of the instrument shown in FIG. 3 at

selected longitudinal positions.

[0019] FIG. 4 shows another example well logging instrument according to the
invention.
[0020] FIGS. 4E and 4F show cross sections of the instrument of FIG. 4 at selected

longitudinal positions.

[0021]} FIG. 5 shows another example of an instrument according to the invention.
[0022] FIGS. 5A and 5B show cross sections of the instrument of FIG. 5.
[0023] FIG. 6 shows another example of an instrument according to the invention.
[0024] FIGS. 6A and 6B show cross sections of the instrument of FIG. 6.

Detailed Description

[0025] FIG. 3 shows one example of a well logging instrument according to the
invention. A well logging instrument 40 includes an elongated housing 40A having
therein a gamma ray detector 42, which may be a scintillation crystal coupled to a
photomultiplier and an associated multichannel pulse height analyzer for determining
energy level of gamma rays entering the crystal. The gamma ray detector 42 may be
disposed at one end of the housing 40A. A radiation generator 44, for example, an

electrically operated neutron generator such as a pulsed neutron generator, and a plurality
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of neutron detectors 45, 46, 47 may be disposed in the housing 40A at various positions
longitudinally below the radiation generator 44. The neutron detectors 45, 46, 47 may be
any combination of neutron detecting device known in the art used in well logging
instrumentation, including, as non-limiting examples, lithium-6 scintillation detectors,
helium-3 proportional counters and similar devices. The neutron detectors 45, 46, 47
may include suitable radiation shielding (not shown) according to the energy level of the
neutrons to be detected (e.g., fast, epithermal and thermal), the lateral position of the
detector in the housing 40A and the longitudinal placement of the detector with respect to
the neutron generator 44. A neutron monitor detector 43 may also be disposed in the
housing 40A proximate the radiation generator 44 to provide a signal related to the
radiation output of the generator 44. Appropriate shielding 50 is also disposed within the
housing 40A as shown in FIG. 1 to reduce detection of neutrons and/or gamma-radiation

directly along the interior of the housing 40A, as is known in the art.

[0026] As used herein, the term “radiation generator” is intended to mean any electrically
operated device that uses electrical power to controllably generate ionizing and/or nuclear
radiation. A neutron generator, such as those identified in the Background section herein
are examples of one type of radiation generator. Another type of radiation generator is an
x-ray tube or generator. Used as such, the term “radiation generator” is intended to be
distinguished from chemical isotope radiation sources, which produce ionizing and/or
nuclear radiation by decay of atomic nuclei and which are not controllable by electrical
means. In the examples shown herein the radiation generator may be a neutron generator,
however it is to be clearly understood that the invention is applicable to other types of

electrically operated radiation generators.

[0027] A high voltage power supply 52 is disposed at one end of the housing 40A and
may be functionally coupled to the neutron generator 44 using a high voltage connection
54. The purpose of the high voltage power supply 52, among others, is to provide
acceleration voltage to a target anode in the radiation generator 44 to facilitate the nuclear
reaction that produces neutrons in a neutron generator, or to produce x-rays in an x-ray
generator. As used herein, therefore, the term “high voltage” as applied to an electrical

power supply is intended to mean that the output voltage of such power supply is within a
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range used to operate a radiation generator target anode. The length of the connection 54
and the corresponding longitudinal distance between the neutron generator 44 and the
power supply 52 should be enough to enable placement of one or more radiation

detectors between the generator 44 and the power supply 52.

[0028] By separating the high voltage power supply 52 longitudinally from the neutron
generator 44, i.e., by using the high voltage connection 54, a smaller overall tool diameter
and/or length is made possible, along with possible improved detector placement and
improved shielding for the detectors 45, 46, 47 in cases where the detectors are best
positioned proximate to the neutron generator 44. A well logging instrument according
to the invention can be implemented using any one of a number of different devices for
making the connection 54. For example, the connection 54 can include a small diameter
tube made of a suitable material, for example, steel. The tube can be routed within the
instrument housing 40A in a number of different ways. In one example, the tube is
disposed within the housing 40A surrounded by a high voltage insulating gas (e.g., sulfur
hexafluoride). Another example may be implemented with a high voltage electrical cable
with suitable electrical connectors at the ends thereof. Quick-connect type couplings may
be used to implement the connectors as known in the art. Another example can be
implemented with an integrated connection between the generator 44 and the power
supply 52 using materials known in the art, for example copper wire disposed in an
insulating material such as ceramic, teflon, fluorinert, sulfur hexafluoride or
combinations of the foregoing. Still other examples may be implemented with
connections having an inherent resistance. For example, a connection can be formed
with a suitable high voltage cable having a predetermined electrical resistance. Such
cable may be similar in configuration to an automotive spark plug cable. The resistance
characteristics of such cable can be selected to provide an overall resistance sufficient to
serve as a surge resistor and could combine the features of electrical conductivity and the
need for a surge resistor in the high voltage circuit to the neutron generator. Yet another
example may include a high voltage connector made by Spellman High Voltage
Electronics Corporation, Valhalla, NY. Those skilled in the art will appreciate that other

configurations of a high voltage connection allowing for placement of devices such as
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detectors between the power supply 52 and the neutron generator 44 may be used other

examples.

[0029] FIGS. 3A through 3D show cross sections of the instrument of FIG. 3 at various
longitudinal positions along the instrument. FIG. 3A shows a cross section at the position
of the neutron generator 44 and the monitor detector 43. FIG. 3B shows a cross section
at the position of one of the neutron detectors 45. Part or all of the volume within the
cross section of the housing 40A not occupied by the detector 45 and the connection 54
may be filled with one or more types of radiation shielding 45A. FIG. 3C shows a cross
section at a position of other neutron detectors 46a, 46b. The detectors 46a, 46b in FIG.
3C correspond to the detector shown at 46 in FIG. 3 and are intended to exemplify an
array of neutron detectors at a same longitudinal spacing from the neutron generator (44
in FIG. 3). Such arrays are known in the art. As in the cross section shown in FIG. 3B,
the section shown in FIG. 3C may have all or part of the volume inside the housing 40A
not occupied by the detectors 46a, 46b and the connection 54 include radiation shielding
45A. FIG. 3D shows a cross section of the instrument at the position of a neutron

detector 47 that is farthest spaced from the pulsed neutron generator (44 in FIG. 3).

[0030] FIG. 4 shows another example of an instrument according to the invention. The
instrument 60 may implemented with a large spectral gamma ray detector 62 disposed in
the instrument housing 60A proximate to the high voltage connection 64. A plurality of
neutron detectors 65, 66, 67, 68 may also be disposed within the instrument housing 60A
at various longitudinal distances from a pulsed neutron generator 70. A neutron monitor
detector 71 may also be disposed in the instrument in a manner similar to the previous
example. Appropriate shielding 72 may also disposed within the instrument housing 60A
to reduce detection of directly propagated neutrons and/or gamma-radiation as known in
the art. Various examples may also be implemented with additional detectors, such as a
gamma-ray detector 73 disposed at one longitudinal end of the instrument 60. For clarity
of the illustration, the high voltage power supply is not shown in FIG. 4. It will be
understood that the voltage connection 64 extends into the lower portion of the tool to

couple with the voltage supply. Though not to be limited to any particular conveyance
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techniques, the instrument configurations shown in FIGS. 3 and 4 are suitable for

housings designed for wireline conveyance.

[0031] FIG. 4E shows a cross section of the instrument of FIG. 4 at a longitudinal
position of two of the neutron detectors 66, 67. FIG. 4F shows a cross section of the
instrument of FIG. 4 at the longitudinal position of the neutron generator 70 and monitor

detector 71.

[0032] FIG. 5 shows another example of an instrument according to the invention. This
example may more suitable for while-drilling conveyance than the previous examples,
although the example of FIG. 5 is not limited to such conveyance. A drill collar 80 is
disposed in a borehole 82 drilled through subsurface rock formations. The borehole 82
contains drilling fluid 84 (“mud”). The drill collar 80 includes a high voltage power
supply 85 functionally coupled to a pulsed neutron generator 86 using a high voltage
connection 88. A gamma ray spectroscopy detector 90 may be disposed proximate the
high voltage connection 88 and proximate the high voltage power supply 85. The drill
collar 80 may include wear bands having boron shielding 91 to provide shielding and
added protection as known in the art. In one example, neutron detectors 92 may be
disposed within the collar 80 and positioned substantially in alignment with radiation
transparent windows 95 formed in a stabilizer blade 97. The stabilizer may be affixed to
or mounted on the collar 80. Appropriate radiation shielding 93 is also disposed within
the collar 80. The neutron detectors 92 may be disposed and surrounded by a boron
loaded, rubber/epoxy layer 96. One example of the instrument can be implemented with
a deep-reading density detector 99 and a corresponding radiation transparent window 95
formed in the stabilizer blade 97. A neutron monitor detector 100 can also be disposed
within the collar 80 proximate the neutron generator 86 and used as explained with
reference to the previous examples. The space reduction provided by longitudinally
separating the voltage supply 85 from the neutron generator 86 using the high voltage
connection 88 enables the collar 80 to have a larger internal flow channei 105 than was
possible using configurations known in the art prior to the present invention. As known

in the art, the flow channel 105 is provided within the collar 80 and implemented with
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pressure barrier means (e.g., via a stand-alone hole formed in the collar, a separate pipe

or conduit disposed in the collar).

[0033] Cross sections of the foregoing instrument are shown in FIGS. 5A and 5B to
illustrate the relative lateral positioning of certain components, including the monitor

detector 100 and the shielding 93.

[0034] FIG. 6 shows another aspect of the invention. This aspect is also more suitable
for while-drilling applications. A drill collar 200 is disposed in a borehole 82 containing
drilling fluid 84. The drill collar 200 is equipped with a voltage supply 202 linked to the
neutron generator 204 via a voltage connection 205. A spectroscopy detector 207 is
disposed by the voltage connection 205 and near the voltage supply 202. The collar 200
is also fitted with a wear band/boron shield 208 to provide shielding and added protection
as known in the art. In one aspect, neutron detectors 210 may be disposed within the
collar 200 and positioned in alignment with radiation transparent windows 212 formed in
a stabilizer blade 214 on the collar. Appropriate shielding 93 is also disposed within the
tool. The neutron detectors 210 may be supported and sealed within a rubber/epoxy layer
96. One aspect can be implemented with a deep density detector 216 and an optional
corresponding radiation transparent window 215 formed in the stabilizer blade 214. A
neutron monitor 220 can also be disposed within the collar 200. Again, the space
reduction provided by separating the voltage supply 202 from the neutron generator 204
with a reduced diameter voltage connection 205 allows the collar 200 to have an adequate
internal flow channel 225. The configuration of FIG. 6 provides a smaller overall

diameter tool compared to the tool configuration of FIG. 5.

[0035] Cross sections of the foregoing instrument are shown in FIGS. 6A and 6B to

illustrate the relative lateral positioning of certain components.

[0036] It will be appreciated by those skilled in the art that various logging instrument
configurations can be implemented using the longitudinally separated voltage connection
techniques disclosed herein. Optimum instrument configuration in any particular
example will depend on the detector types to be used. It will aiso be appreciated that the

disclosed instrument configurations can be implemented with various additional types of
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sources and sensors to perform a variety of subsurface measurements other than nuclear-
type measurements as is known in the art. Though not shown for clarity of illustration,
the disclosed examples can be implemented with conventional electronics, sources,
sensors, hardware, circuitry, housings and materials as known in the art. Certain
examples can be implemented using shielding materials comprising tungsten or any other
elements or compounds as known in the art. Radiation transparent windows can be
implemented using materials comprising titanium, zirconium and other materials known
in the art for such purposes. The neutron detectors may also comprise conventional
thermal and/or epithermal neutron detectors as are known in the art. The disclosed
examples also work independently of the conveyance method. Systems implemented
with the disclosed configurations may be conveyed along a borehole by without
limitation, armored electrical cable (“wireline™), smooth surface wire {“slickline”), using
threadedly coupled pipe or tubing (“logging while drilling”, “logging while tripping”), or
by coiled tubing. Various examples may be permanently emplaced in a wellbore for

reservoir monitoring.

[0037] While the invention has been described with respect to a limited number of
embodiments, those skilled in the art, having benefit of this disclosure, will appreciate
that other embodiments can be devised which do not depart from the scope of the
invention as disclosed herein. Accordingly, the scope of the invention should be limited

only by the attached claims.
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Claims

What is claimed is:

A well logging instrument, comprising:

at least one of an ionizing and nuclear radiation generator,

a high voltage power supply functionally coupled to the radiation generator, the generator
and the power supply longitudinally separated by a distance sufficient for
emplacement of a radiation detector between the radiation generator and the
power supply;

at least a first radiation detector disposed between the generator and the supply; and

an electrical connection between the supply and the generator.

The instrument of claim 1 further comprising at least a second radiation detector disposed

at a selected longitudinal position along the instrument.

The instrument of claim 1 further comprising a source monitor detector associated with
the generator, the monitor detector configured to generate a signal corresponding to a

radiation output of the generator.

The instrument of claim 1 further comprising a spectral gamma ray detector
longitudinaily spaced apart from the generator and a radiation shield disposed between

the generator and the spectral gamma ray detector.

The instrument of claim 1 wherein the at least a first radiation detector comprises a

neutron detector.

The instrument of claim 5 wherein the neutron detector comprises at least one of a

lithium-6 scintillator and a helium-3 proportional counter.
The instrument of claim 1 wherein the connection comprises insulated electrical cable.

The instrument of claim 1 wherein the connection comprises an internal resistance.
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The instrument of claim 1 wherein the connection comprises quick connects.

The instrument of claim 1 wherein the at least a first radiation detector comprises a

spectral gamma ray detector.

The instrument of claim 1 wherein the generator, at least a first detector and the
connection are disposed in a housing configured to move along a borehole drilled through

subsurface formations.

The instrument of claim 11 wherein the housing is configured to be conveyed along the
borehole by at least one of wireline, slickline, threadedly coupled tubing and coiled

tubing,
The instrument of claim 1 wherein the radiation generator comprises a neutron generator.

A method for evaluating formations traversed by a borehole, comprising;

generating electrical power to operate at least one of a nuclear and an ionizing radiation
generator at a position longitudinally separated from a position of the radiation
generator along the borehole, the longitudinal separation sufficient to emplace a
radiation detector;

conducting the electrical power to the radiation generator;

operating the generator to emit high ionizing radiation into the formations; and

detecting radiation at a longitudinal position between the position of the generating

electrical power and the position of the radiation generator.
The method of claim 14 wherein the detecting radiation comprises detecting neutrons.

The method of claim 15 wherein the neutrons comprise at least one of high energy

neutrons, thermal neutrons and epithermal neutrons.
The method of claim 14 wherein the detecting radiation comprises detecting gamma rays.

The method of claim 17 further comprising spectrally analyzing the detected gamma

rays.
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The method of claim 14 further comprising detecting radiation at at least one position not

between the position of the generating power and the radiation generator.

The method of claim 19 wherein the detecting radiation at at least one position comprises

detecting gamma rays.

The method of claim 19 wherein the detecting radiation at at least one position comprises

detecting neutrons.

The method of claim 14 wherein the radiation comprises neutrons.
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