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(57) Abstract

In the illustrative embodiments of the invention, a neutron porosi-
ty well logging tool includes a D-T neutron accelerator (12),
tron monitor for monitoring accelerator output (14), near and far epith- /
ermal neutron detectors (16, 18) for deriving a primary porosity measure- /
ment, a neutron detector array (17) intermediate to the near and far / T- ;
epithermal detectors for providing enhanced spatial resolution, and a /2
far-spaced thermal neutron detector (20). The epithermal neutron detec- ,’
tors are shielded and spaced relative to the accelerator to optimize tool I
response to formation porosity, whereby the tool affords accurate poros- ;'
ity sensitivity over the entire range of porosities of interest. The source !
monitor (14) may additionally be employed to measure capture gamma I
ray intensity vs. time between neutron bursts for deriving formation sig- :
ma. Also, the detector array may include both epithermal and thermal !
neutron detectors to afford an epithermal/thermal comparison measure- \‘
ment. The specially shielded near-epithermal is also independently use- {
ful as a monitor of the output of high energy neutron sources. \
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Description

A Well Logging Tool With An Accelerator Neutron Source

Cross Reference to Related Applications
The present application is a continuation-in-part

5 of U.S. patent applications Serial No. 508,622, Serial
No. 508,623, and Serial No. 508,627, all filed on
June 28, 1983.

Field of the Invention

The invention relates to a well logging tool for
10 investigating an earth formation surrounding a bore-
hole and determining the characteristics of the earth
formation. More particularly, the invention permits a
more accurate determination of formation porosity and
other characteristics, such as the macroscopic capture
15 cross section, by using an accelerator-neutron source.
It also relates to improved apparatus for monitoring
the output of an accelerator neutron source.

. Description of the Prior Art

. Knowledge of the porosity of an earth formation

20 surrounding a borehole is important in the petroleum
industry to identify possible oil and gas producing
regions and to calculate the maximum producible oil
index of a formation, as well as other important
parameters. Generally, known well logging tools for

25 measuring porosity use a chemical neutron source,
€.9., Cf252, AmBe, or PuBe, and two or more neutron
detectors spaced at different distances from the
source. Tools of this type are described in detail
in U.Ss. patent number 3,483,376 issued to S. Locke

30 on December 9, 1969, and U.S. patent number 3,566,117
issued to M. Tixier on February 23, 1971.

Chemical neutron sources, however, are subject to

problems of handling, shipment and storage which
seriously hinder their use. Indeed, because of the



WO 87/07733 PCT/US86/01227

10

15

20

25

30

35

-2-

concern about radiation safety, regulations applying
to chemical sources are becoming more restrictive and
may, in ‘the future, prohibit their use altogether.
Furthermore, chemical sources have limitations with
respect to output intensity, typically being on the
order of 4 x lO7 neutrons per second or less. The
use of larger chemical sources, even if possible
within the constraints of well tool design, would
merely exacerbate the aforementioned radiation safety
problems.

Various types of accelerator neutron sources are
also available for possible use in well logging tools,
e.g. an accelerator based on the deuterium-tritium
(D-T) reaction that produces 1l4-MeV neutrons, an acce-
lerator based on the deuterium-deuterium (D-D) reac-
tion that produces 2.5-MeV neutrons, and an accele-
rator based on the tritium-tritium (T-T) reaction that
produces a spectrum of 1- to 1.0-MeV neutrons, with the
average energy of the neutrons near 5 MeV. ‘An example
of a D-T accelerator neutron source is shown in U.S.
patent number 3,775,216, issued to A. Frentrop on
November 27, 1973, and assigned to the assignee of
this application. ,

As an accelerator neutron source may be switched
on and off as desired, the radiation problems arising
from the use of a chemical source do not exist with
accelerator sources. A further advantage of accele-
rator sources is the increased neutron source strength
possible. Thus neutron outputs of 5 x lO8 neutrons
per second or greater are readily available, which
is an order of magnitude greater than of chemical
sources. Because of the greater neutron output inten-
sity, accelerator sources also afford increased sta-
tistical accuracy and permit logging operations to be
performed more rapidly. Additionally, the higher
source strength increases design flexibility regard-
ing shielding and spacing between different detectors
and spacing between a particular detector and the

L
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source, so that the performance of the sonde may be
improved. For example, larger detector spacings lead
to smaller borehole effects.

It has been found, however, that the direct sub-
stitution of an accelerator source for a chemical
source in a known porosity sonde does not provide a
viable well logging tool. This results because the
response of known porosity tools is governed mainly by
the high energy neutron transport to the vicinity of
the detector(s) and by the slowing down through energy
degrading collisions to lower energies locally where
detection takes place. Source neutron energy affects
porosity response through the total cross sections
seen by the neutrons in their transport to the detec-
tor vicinity. For a D-T source, which produces 14 MeV
neutrons, the formation cross sections seen by the
neutrons are quite different than those for the typi=-
cal chemical source, e.g. 4-MeV average neutrons for
AmBe source neutrons. Consequently, Fhe effects of a
variation in porosity on the neutron detectors, and
therefore the output signals of the detectors, are
different for the D-T accelerator source than for a
chemical source. For instance, one substantial dis-
advantage of a direct substitution of a D-T accele-
rator source for a chemical source is a lack of poro-
sity sensitivity above approximately 25% porosity.

Theoretically, logging devices using a single
detector with a D,T accelerator would afford good
sensitivity to change in porosity over the full range
of -.porosities of interest. However, careful control
or measurement of the accelerator neutron output is
essential in order to derive an accurate determination
of porosity where only a single detector is used.
Prior attempts at developing single-detector porosity
tools have suffered from inaccuracies because the
accelerator neutron output has not been successfully
controlled. Further, it has heretofore been difficult
in practice to make direct measurements of 14 Mev
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neutrons which are sufficiently unaffected by the
contents of the borehole environment, or with suffi-
cient precision and reproducibility, to be useful for
porosity-determination purposes.

Accordingly, a need exists for a porosity tool
that uses an accelerator neutron source, thereby eli-
minating the radiation problems associated with the
use of a chemical neutron source, and that, at the
same time, affords accurate porosity sensitivity over
the full range of interest in well logging applica-
tions. Also, a need exists for a porosity logging
tool that uses a high-strength accelerator neutron
source which provides better statistical accuracy,
permits faster logging, increases design flexibility,
and makes a better porosity determination that is less
affected by borehole effects.

A need correspondingly exists for a monitor
capable of measurements of the neutron output of a
high energy neutron accelerator, but which is
substantially'insensitive to the borehole environment.

Knowledge of the intensity of a neutron source
used in a well logging tool is important for a number
of additional reasons as well. With chemical sources,
which are inherently stable, the intensity of the
source is known and output calibration may be readily
accomplished prior to a logging operation. Obviously,
however, calibration of the logging measurements
relative to source strength is also required. In the
case of accelerator-type sources, which are inherently
unstable, accurate knowledge of source intensity is
even more important. In order to obtain useful log-
ging measurements with an accelerator source, it is
essential that source intensity be accurately moni-
tored concurrently with the logging measurements, or
steps must otherwise be taken, such as using plural
detectors and forming ratio measurements, to compen-
sate for variations in source strength. Ideally the
source monitor should be responsive only to source

PCT/US86/01227

-



WO 87/07733 PCT/US86/01227
- S -

strength and should be insensitive to other variables,
e.g. formation matrix and fluid, borehole fluid,
borehole size, tool offset, etc., which influence
borehole measurements. ‘

5 Various devices for monitoring the output of
neutron generators have been suggested. Typically,
such devices include means for distinguishing source
neutrons, i.e., neutrons emitted directly by the
source that have not interacted with any nuclei,

10 from other radiation, e.g., lower-energy, scattered
neutrons and naturally occuring and induced gamma
rays. An example of such a neutron source intensity
monitor is disclosed in U.S. patent number 4,268,749
to Mills. 1In that monitor, a fast neutron detector,

15 preferably of the helium-3 type with high helium-3 gas
pressure, is used to detect neutrons, and signals from
the detector are transmitted to a discriminator that
is biased to count helium-3 recoils from source
neutrons and discriminate against nonsource neutrons

20 from the formation.

Another example of a neutron source intensity
monitor is disclosed in U.S. patent number 4,271,361
to Jacobs. In the '361 monitor, an arsenic layer
is employed to emit gamma rays of approximately 17

25 milliseconds half life when excited by incident fast
neutrons. A gamma ray detector adjacent to the
arsenic layer detects the gamma rays and applies sig-
nals representative thereof to an energy-selective
counting circuit, which counts the arsenic-originating

30 gamma ray events as an indication of source intensity.

Still another example of a neutron source inten-
sity monitor is a device having a scintillator, a
photomultiplier, and a pulse shape discriminator for
distinguishing scurce neutrons from other radiation.

35 Several problems exist with the known devices for
monitoring neutron source output, especially in a
borehole environment., Firstly, the prior devices tend
not to be borehole compatible, i.e., they are affected
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by scattered-back neutrons, naturally occurring radia-
tion, and other borehole effects resulting from the
borehole contents, size, formation matrix, and the
like. Secondly, the high temperatures and other
harsh conditions typically encountered in a borehole
often necessitate complex gain compensation circuitry
or other measures, such as cryogenic flasks, to sta-
bilize the monitor. Thirdly, pulse shape discrimina-
tors, in addition to having very complex electronics,
work well only with liquid scintillators, which makes
high-temperature operations difficult, and are compa-
ratively slow, which prevents their use in applica-
tions where counting rates are high. '

Summary of the Invention

The foregoing and other requirements of the prior
art are met, in accordance with one aspect of the
invention, by the provision of a well logging tool
that includes an acceierator neutron source, a neutron
source monitor, a near epithermal neutron detector, a
far epithermal neutron detector, a special neutron
shield for the near epithermal detector, and,
optionally, an array of neutron detectors located
intermediately of the near and far epithermal
detectors and/or a far thermal neutron detector.

The neutron source monitor is located so that it
is responsive primarily to unmoderated neutrons that
are emitted from the source, i.e., neutrons that have
not interacted with the formation or the borehole.

The monitor preferably comprises an organic
scintillator having a characteristic dimension that is
small relative to the average range of gamma ray-
induced (Compton scattering) electrons that would
produce light pulses of magnitudes comparable to those
resulting from recoil protons produced by source
neutrons, while it is large relative to the average
range of such recoil protons. The scintillator is
coupled via a photomultiplier to a pulse height
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discriminator circuit that passes pulses in the
higher-energy portion of the flat portion of the
scintillator pulse height spectrum where the spectrum
is dominated by source neutrons. Consequently, the
neutron source monitor produces a signal that is
proportional to the output strength, or intensity, of
the neutron source. The source monitor has good'
inherent gain stability, but if needed active gain
compensation can be provided through, for example, the
use of another pulse height differential discriminator
to pass a second range of pulses and by comparing a
ratio of the count rates from the two pulse ranges to
a reference value.

Also, the source monitor may be used to measure
the decay of the thermal neutron population in the
earth formation surrounding the borehole for purposes
of deriving formaton sigma. To that end, capture
gamma rays detected by the monitor during periods
between neutron bursts are detected and sorted in a
timing multiscaler.

The near epithermal neutron detector is placed
close to the neutron source. The shield for the near
epithermal detector preferably raises its low ehergy
neutron detection threshold to approximately 10 eV to
100 eV, while maintaining sensitivity to higher
neutron energies, and suitably comprises an annulus of
neutron moderating-neutron absorbing materials
surrounding the near detector. This arrangement
affords increased ratio porosity sensitivity over the
entire range (0%-40%) of interest. Preferably, no
high density shielding is located between the neutron
source and the near epithermal neutron detector, which
permits very close spacing of the near detector to the
source. Such close source-detector spacing
contributes to enhanced ratio porosity sensitivity.

Because of the increased average detection energy
of the near epithermal neutron detector, it has a

severely decreased sensitivity to the formation poro-
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sity but remains sensitive to borehole environmental
effects and tool standoff. Consequently, it is useful
for correcting for borehole environmental effects and
tool standoff when porosity is determined by either
5 the ratio technique or the crossplot technigue, each 7

of which is discussed in more detail below. In
accordance with still a further feature of the
invention, the novel shielded near-spaced neutron
detector structure may be employed independently as a

10 monitor of high energy neutron flux. 1In this mode of
operation, it is particularly useful to monitor-the
source strength of D,T-type neutron accelerators.

The far epithermal detector is positioned with

respect to the neutron source so that the detector

15 remains fully sensitive to the formation porosity,
and preferably is eccentered in the sonde and rear-
shielded to further enhance its sensitivity to the -
formation and decrease its sensitivity to borehole
neutrons. In another embodiment,‘the far épithermal

20 detector is neither eccentered nor shielded and
retains its normal porosity sensitivity.

The porosity of the formation can be
determined by taking a-ratio of the output signal from
the near epithermal detector to the output signal from

25 the far epithermal detector, i.e., by the ratio
technique, or by using a plot of the signal from the
near epithermal detector normalized by the signal from
the neutron source monitor versus the signal from the
far epithermal neutron detector normalized by the

30 signal from the neutron source monitor, i.e., by the
crossplot technique. With either technique, a
porosity determination comparable to or better than
that afforded by prior art chemical source tools is
obtained, while at the same time avoiding the safety

35 and intensity limitations associated with the prior
art tools.

The intermediately-spaced neutron detector array
preferably includes a pair of axially-spaced neutron
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detectors of like energy sensitivity (epithermal or
thermal) to provide greater spatial resolution in the
porosity measurement. This is particularly useful for
thin bed definition. To enhance sensitivity to the

5 formation, the detector pair is preferably eccentered
in the sonde and back-shielded to reduce borehole
effects. A third neutron detector in the array may
have a substantially different neutron energy
sensitivity, i.e., thermal if the axially-spaced pair

10 1is epithermal sensitive and epithermal if the pair is
thermal sensitive, and is preferably located at the
same source-detector spacing as the more closely
spaced of the detector pair of the array. The third
detector is preferably transversely offset from the

15 detector pair and backshielded to reduce borehole
effects. The epithermal/thermal count rate ratio of
the two like-spaced detectors can be used to provide a
local, derived fofmatioh sigma and for comparison of
the epithermal and &hermal-neutron fluxes.

20 The optional far thermal detector is located
farther from the neutron source than the far
epithermal neutron detector, but close to it to
enhance the statistical accuracy of the measurements.
The thermal neutron detector is preferably eccentered

25 1in the sonde and shielded on the side facing the
borehole so that borehole environmental effects are
reduced. The provision of a thermal neutron detector
in the tool permits determination of formation
characteristics dependent upon thermal absorption,

30 such as the formation capture cross section I, but
also has good porosity sensitivity and statistical
precision.

'Preferably, the accelerator neutron source is a
D-T source, although other types of accelerators may

35 be used if desired. Suitable neutron detectors are

helium-three (He-3) proportional counters, with the
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two detectors closest to the neutron source, i.e., the
near epithermal neutron detector and the far epither-

mal neutron detector, being covered by a thin cadmium

layer in order to render the detectors insensitive to

neutrons with energies below approximately 0.5 eV.

Brief Description of the Drawings

The objects and advantages of the present inven-
tion may be better understood by reference to the
following detailed description of exemplary embodi-
ments thereof, taken in conjunction with the accom-
panying drawings, in which:

FIGURE 1 is a cross-sectional view of one embodi-
ment of a well logging tool in accordance with the
invention;

FIGURE 2 is a cross-sectional view of the well
logging tool embodiment shown in Figure 1 taken along

* line 2-2 and illustrates the thermal neutron detector

and the shielding therefor;

FIGURE 3 is a cross-sectional view of the well
logging tool embodiment shown in Figure 1 taken along
line 3-3 and illustrates the far epithermal neutron
detector and the shielding therefor;

FIGURE 4 is a cross-sectional view of the embodi-
ment shown in Figure 1 taken along the line 4-4 and
illustrates the He-3 detector array and the shielding
therefor;

FIGURE 5 is a schematic diagram of the detector
signal processing circuitry of the well tool embodi-
ment of Figure 1;

FIGURE 6 is a plot of the near epithermal-far
epithermal detector count rate ratio versus porosity;

FIGURE 7 is a crossplot of the far epithermal
detector count rate versus the near epithermal
detector count rate for various formation matrices;

FIGURE 8 is a schematic cross-sectional view of
another embodiment of a well logging tool for deter-
mining the porosity of a subterranean formation in
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accordance with a further aspect of the present inven-
tion, showing one embodiment of a novel shielded
detector system and source monitor of the invention;
FIGURE 9 is a pictorial view of another embodi-
5 ment of the detector shielding structure of the
present invention;
FIGURE 10 illustrates another embodiment of the
detector shielding structure of the preéent invention;
FIGURE 11 is still another embodiment of the
10 detector shielding structure of the present invention;
FIGURE 12 is a graphical representation of the
comparative effectiveness of the present invention as
a porosity indicator relative to the two-detector,
unshielded neutron porosity technique;

15 FIGURE 13 is a schematic diagram of a neutron
source intensity monitor in accordance with the
invention being used with a system for investigating
an earth formation surrounding a mud-filled borehole;

FIGURE 14 is a graph showing curves of count

20 rates for neutron-induced events and for gamma ray-
induced events versus energy for a neutron source
intensity monitor in accordance with the invention;
and '

FIGURE 15 is a linear plot of the pulse height

25 spectrum (counts/channel v. channel) and shoys a
linear approximation to the spectrum shape in the
region of the discriminator window for monitoring
source strength.

Detailed Description of the Preferred Embodiments

30 Illustrative embodiments of an apparatus based on
the principles of the invention are shown in the
figures, in which like reference numerals designate
like components. In Figure 1, a well logging tool,
or sonde, 10 for investigating the porosity, thermal

35 neutron capture cross section and other parameters of
an earth formation surrounding a borehole is shown.
The sonde 10 includes an accelerator neutron source
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12, a neutron source monitor 14, a near epithermal
neutron detector 16, a thermal/epithermal detector
array 17, a far epithermal neutron detector 18, and a
thermal neutron detector 20. Shields 22, 24, and 26
are provided to shield the detectogs 16, 18, and 20,
respectively. A shield 28 is located between the near
epithermal neutron detector 16 and the far epithermal
neutron detector 18 and also serves to shield the
thermal/epithermal detector array 17.

The tool 10 is intended to be a sidewall tool,
and a bow spring, indicated schematically at 11, or
other conventional device may be provided on the tool
to urge it against the borehole wall. Although the
tool is primarily intended for open hole logging, it
may be used in cased holes and, if desired, may be
sized for through-tubing use.

The neutron accelerator 12 may-be of any suitable
type, but preferably is a D-T type (14 MeV) source
having an output on the order of 5 x lO8 n/sec or
greater for enhanced detector statistics and logging
speed. Although not shown in Figure 1, it will be
understood that the accelerator package includes the
nécessary high-voltage power supply and firing cir-
cuits incident to accelerator operation, and these
circuits may also be conventional. For purposes of
the present invention, the accelerator may be operated
in either the continuous (d.c.) mode or the pulsed
mode. If the latter mode is used, the accelerator
package would of course also include the necessary
pulsing circuits, as is known. It will also be
understood that suitable power supplies (not shown)
are likewise provided in the tool 10 to drive the
detectors 16, 17, 18 and 20 and other downhole
electronics. '

In a preferred embodiment, the neutron source
monitor 14 includes a scintillator 30, preferably
plastic, although other types may be used, which
detects the fast neutrons emitted by the source, and
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a photomultiplier 32, which amplifies the signals
produced by the scintillator 30. As described more
fully hereinafter in connection with Figures 13-15,
the monitor 14 may typically comprise a 0.5 inch (1.3
cm) diameter by 0.5 inch (1.3 cm) long plastic
scintillator (NE102A, BC-438, etc.) and should be
located so that its response during and immediately
following a neutron burst is dominated by unmoderated,
high-energy neutrons coming directly from the source
and the effects of scattered neutrons and gamma rays
during such time period are minimized. Preferably,
the monitor 14 is located closely adjacent to, or on,
the radius of the accelerator neutron source 12, with
the scintillator 30 at the position of the target 34
of the accelerator 12. However, because of design
constraints (space limitations), the monitor may have
to be located coaxially with the source; for instance,
in some cased-hole tools. 1In the absence of heavy .
shieiding between the source 12 and the monitor 14,
the scintillator 30 may be spaced as far as 30 cm from
the source 12, as is described more fully hereinbelow.

With the neutron source monitor 14 appropriately
sized and located, it is responsive during and imme-
diately following the burst primarily to unmoderated
neutrons that are incident on it directly from the
neutron source, thereby reliably detecting changes in
the output intensity of the source 12, and is rela-
tively unaffected during such period by changes in.
borehole or formation characteristics. Consequently,
the output signal of the neutron source monitor 14 is
useful, as described hereinafter, in normalizing the
output signals of the epithermal and thermal neutron
detectors for source strength fluctuation. The moni-
tor 14 has good inherent gain stability, but, as
illustrated schematically herein in Figures 5 and 13,
where still greater gain stability is need, it can be
used in a circuit for feedback control of the

PCT/US86/01227
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photomultiplier high-voltage power supply for the
monitor.

According to another feature of the invention,
the monitor 14 may also be used to detect capture
gamma rays as a function of time after the burst for
the purpose of determining the formation sigma. The
data detection and processing steps for obtaining for-
mation sigma are described in more detail in con-
nection with Figure 5. .

The near epithermal neutron detector 16 and the
far epithermal neutron detector 18 shown in Figure 1
are preferably helium-three (He-3) proportional
counters covered by a thin, e.g., 0.020 inch (0.05
cm), cadmium shield to make the detectors insensitive
to neutrons having energies below the epithermal
range, i.e., below about 0.5 eV. Other types of
neutron detectors, such as boron triflouride (BF3)
detectors, may of course be used. Detectors 16 and 18
provide the primary porosity measurement. ) )

The sensitive, or active, volume of the near
detector 16 should be located in close proximity to
the source 12, preferably, although not necessarily,
without intervening high density shielding. For
example, for a 1 inch (2.5 cm) diameter by 3 inch
(7.6 cm) long cylindrical detector, a typical detector
size, a suitable spacing would be on the order of 8 to
10 inches (20 cm to 25 cm) between the center of the

-sensitive volume to the target of a D-T accelerator.

Such close source-detector spacing enhances the ratio
porosity sensitivity as compared to a longer-spaced
detector with intervening shielding. As will be
understood, the optimum source-detector spacing will
vary with a number of factors, e.g. detector size,
pressure, source intensity, accelerator type, and the
like.

The shield 22 for the near detector 16 is
preferably annular in shape and encircles the sen;
sitive volume of the near detector and, as described
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more fully hereinbelow, is designed to raise the low
energy neutron detection threshold of the near detec-
tor to a level at which the detector efficiency is
nominally maximum for higher energy ranges. To that
end, the detector threshold is raisedyto at least
approximately 10 eV and preferably to on the order of
100 eV. With the shield 22 designed thusly and a near
detector located in close proximity to the source
without intervening high density shielding, the near
detector is relatively insensitive to changes in the
porosity of the formation since neutrons that have
interacted with the formation will generally have
energies below the low energy neutron detection
threshold of the detector. However, the near detector
will remain sensitive to borehole environmental and
tool standoff effects since neutrons that have inter-
acted only with the contents of the borehole will
generally have energies above 10 eV. Consequently,
the output signal from the near detector may be used
to compensate other detector signals for borehole
environmental and tool standoff effects. Apparatus
and techniques useful for that purpose are described
in the commonly-owned U.S. Patents No. 4,423,323
issued December 27, 1983 to Ellis et al. and No.
4,524,274 issued June 18, 1985 to Scott, the pertinent
portions of which are hereby incorporated herein.
Further details regarding the configuration and
spacing and function of the near detector 16 and the
construction of the shield 22 are described herein-
below in connection with Figures 8-12.

The spacing of the far detector 18 from the
source 12 is preferably selected to maximize statis-
tical precision, i.e., counting sensitivity, while
minimizing the effects of such environmental factors
as tool standoff and the like. Generally, the stand-
off effect is reduced at greater spacings, but only at
the cost of reduced counting rates. For a 1.5 inch
(3.8 cm) diameter by 6 inch (15.2 cm) long cylindrical

PCT/US86/01227
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detector, another typical detector size, a suitable
spacing from the accelerator target 34 to the center
of the sensitive volume of the far detector 18,
shielded as described hereinafter, would be on the
order of 23-27 inches (58 cm-68 cm). As with the near
detector, the optimum spacing will vary depending upon
the size of the active volume, the pressure of the
detector, etc.

For greater formation sensitivity, the far epi-
thermal detector 18 is preferably eccentered to one
side-of the sonde 10 and oriented towards the forma-
tion by shielding. As shown in Figure 3, the shield
24 for the far epithermal detector is cylindrical in
shape with a slot 36 therein, with the far detector 18
being located in the slot. The shield 24 thereby
shields the sensitive volume of the far detector from
neutrons incident on it from the side of the sonde
towards the borehole, i.e., the side of the sonde away
from the formation. As will be understood, the effect
of such eccentering and rear-shielding of the far
detector is to decrease the sensitivity of the far
detector to borehole environmental effects and thereby
increase its sensitivity to changes in the porosity of
the formation.

The comparatively long spacing between the source
12 and the far detector 18 makes the far detector 18
relatively insensitive to source neutrons. However,
an additional shield 28 may be provided between the
near detector 16 and the far detector 18 to further
reduce the sensitivity of the far detector to source
neutrons.

According to another feature of the invention,
the shield 28 also surrounds and shields the
thermal/epithermal detector array 17 located between
the near and far epithermal detectors 16 and 18. The
array 17 includes a plurality, e.g. three, relatively
small He-3 detectors 17a, 17b and 17c. The detectors
17a and 17b are preferably aligned axially of the tool
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10 in end-to-end relation. Where space limitations do
not permit such axial alignment, the detectors 17a and
17b may be cicumferentially offset, but preferably so
as to be symmetrically positioned on either side of

5 the line of contact of the tool 10 with the borehole
(or casing) wall., 1In either case, the detectors 1l7a
and 17b provide measurements of the neutron flux at
the two detector locations. The difference between
the counting rates at the two detectors (or other

10 suitable count rate comparison) affords enhanced
spatial resolution of porosity and other formation
parameters. This is particularly useful for thin bed
definition.

The detectors 17a and 17b may be sensitive to

15 either epithermal neutrons or thermal neutrons, to
provide either an epithermal porosity measurement or a
thermal porosity measurement. As shown in Figure 4,
they are preferably located in an axial slot 31 in the
shield 28 so as to enhance sensitivity to the

20 formation and to reduce sensitivity to the borehole.

The third detector 17c is preferably located at

the same spacing from the source 12 as the detector
17a. It also is a He-3 neutron detector, but with a
different energy sensitivity than the detectors 17a

25 and 17b. Thus if the detectors 1l7a and 17b are
epithermal detectors, the detector 17c¢ should be a
thermal detector, and vice versa. The epithermal/
thermal flux ratio from the two like-spaced detectors
17a and 1l7c can be used to provide a local, derived

30 formation sigma measurement and for comparison between
epithermal and thermal porosity measurements. The
epithermal/thermal count rate ratio can be expected to
increase as formation sigma increases and to decrease
as sigma decreases.

35 As illustrated in Figure 4, the detector 1l7c is
advantageously circumferentially and transversely
offset from detector 17a, and may conveniently be
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located within the same slot 31 as the detectors 17a
and 17b.

The arrangement and configuration of the He-3
detector array 17 are shown in Figures 1 and 4 in an
idealized, i.e., illustrative, manner, and other
arrangements and configurations may of course be
employed. The principal purposes of the array are to
provide enhanced spatial resolution in the porosity
measurement, a local sigma measurement, and an
epithermal/thermal £lux comparison. The particular
detector sizes, pressures, and source spacings

- employed may be selected ‘as desired to optimize

detection performance.

The sensitive volume of the optional thermal
neutron detector 20 is located farther from the source
than that of the far epithermal detector 18, but
preferably is located as close as practical to the far
detector to maximize counting rates. As with the
detectors 16, 17 and-l8, the location of the thermal
detector can be changed depending upon such factors as
the size of the active volume and the pressure of the
detector. The sensitive volume may be of any
appropriate size commensurate with achieving desired
count rate statistics, e.g., 2.25 inch (5.7 cm)
diameter by 4 inch (10.2 cm) long. Preferably, the
thermal neutron detector is also eccentered in the
sonde towards the formation side of the sonde.

As depicted in Figure 2, a shield 26 shields the
sensitive volume of the thermal neutron detector 20
from neutrons incident on it from the side of the
sonde towards the borehole, in the same manner that
the shields 24 and 28 shield the far epithermal
detector 18 and the detector array 17, respectively,
as indicated above. As a result of being eccentered
and because of the shielding 26, the thermal neutron
detector is comparatively less sensitive to borehole
environmental effects and, thereby, comparatively more
sensitive to changes in formation characteristics,
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e.g., the formation macroscopic capture cross section
£. The shield 26 is preferably a thin, e.g., 0.020
inch (0.05 cm), cadmium shield that has an arcuate
shape with an approximately 180° arc, but other

5 neutron absorbing materials and other shapes may be
used if desired.

The shields 22, 24, and 28 may be made from any
suitable material, or combination of materials, that
has both neutron moderating and neutron absorbing

10 properties. A neutron moderator is necessary in order
to slow down faster neutrons, i.e., those which have
undergone few, if any, formation interactions, and a
neutron absorber is necessary in order to absorb
thermal neutrons, i.e., those that have been

15 thermalized by the moderating material or by the
borehole contents or formation.,

The neutron absorber is preferably a 1/v type
such as boron or the like, where v is neutron
velocity. A suitable shielding material is boron

20 carbide (B4C) distributed in an epoxy binder or some
other hydrogenous binding medium, e.g. 65% B4C by
weight in epoxy. The shields 22, 24, and 28 should
each be thick enough to accomplish its intended
purpose with the shielding material selected. For

25 example, if the shield 22 is made from the
aforementioned 65% B,C-epoxy material, a thickness of
roughly 1 inch (2.5 cm) has been found satisfactory in
order to raise the low energy neutron detection
threshold of the near detector from 0.5 eV to

30 approximately 10 eV and higher.

The function of the shielding material is
discussed more fully hereinbelow with reference to the
embodiment of Figures 8-12. The same shielding
material is preferably, though not necessarily, used

35 for all three shields 22, 24 and 28.

With the neutron source monitor 14 and the

neutron detectors 16, 17, 18, and 20 appropriately

spaced and shielded, improved determinations of
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formation porosity can be made. Since, as explained
previously, the near detector 16 is relatively less
sensitive to changes in porosity but relatively more
sensitive to borehole environmental and tool standoff
effects and the far detector 18 is relatively more
sensitive to changes in porosity, an improved porosity
determination can be made using either the ratio
technique or, following normalization of the
individual detector count rates by use of the neutron
monitor intensity measurement, by a cross plot of the
near detector 16 and far detector 18 count rates. As
mentioned, the outputs of the array detectors 17a, 17b
and 17c may be employed to obtain porosity
measurements having enhanced vertical resolution, and
also to provide a comparison between epithermal and
thermal porosity measurements. i
Furthermore, since the porosity response of the
thermal neutron detector 20 is relatively less
sensitive to borehole size and tool standoff effects
than the porosity response of the epithermal detectors
16 and 18, its output may be used to derive an
additional porosity measurement. Such a thermal
neutron porosity measurement may be of particular

.value where the thermal detector response is free of

significant influence by neutron absorbers in the
formation and borehole environment. Also, the thermal
detector output allows the macroscopic capture cross
section I and other formation capture characteristics
to be determined in the same tool with the epithermal
porosity measurement. Where, as described
hereinafter, the neutron monitor 14 is used to detect
capture gamma rays following the neutron bursts, the
far-spaced thermal detector 20 may be omitted and the
capture cross section and other thermal neutron-
related parameters of the formation may be obtained
from the monitor gamma ray data.

The output signals from the He-3 epithermal
detectors 16 and 18 may be amplified and counted in
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any suitable way to derive a count rate (N) for the
near detector 16 and a count rate (F) for the far
detector 18. For example, as shown in Figure 5, the
detector signals from the detectors 16 and 18 may be
5 fed to charge sensitive preamplifiers 35 and 37 and
thence to pulse amplifiers 38 and 40, with the
spectrum of amplified pulses from each detector then
being sent to a leading edge discriminator 42 and 44
whose output drives a scaler 46 and 48. The scaler
10 outputs are applied to signal processing circuitry 50,
which may comprise a suitably programmed digital
computer, microprocessor or ‘other data processing
device, for generation of the ratio N/F of the near
detector scaler counts (N) to the far detector scaler
15 counts (F) as an indicator of porosity. This
indicator has been found to be subject to relatively
small environmental (mudcake, borehole size, etc.)
effects and tool standoff effects, and thus to provide
an accurate, reliable pérosity measﬁrement. The N/F
20 ratio signal may be applied in conventional fashion to
a recorder/plotter 52 for recording as a function of
tool depth.
Figure 6 shows the near/far (N/F) ratio response
as measured in limestone formations of porosities of
25 0, 13.2, ,29.3 and 40.6 % with an 8-inch, uncased
borehole. As will be appreciated, the porosity
sensitivity of the N/F ratio is good over the entire 0
to 41% range.
If desired, a porosity determination may also be
30 made by means of a crossplot of the near and far
detector count rates. As will be understocod, the
crossplot technique allows for correction for
environmental effects.
Figure 7 is a near-far (N-F) crossplot for 0 to
35 41% porosities in sandstone, limestone and dolomite
formations, and illustrates the effect of matrix
change on the crossplot. The data plotted are for an
8-inch, uncased borehole.



WO 87/07733 PCT/US86/01227

10

15

20

25

30

35

-22=-

When the crossplot technique is used to determine
porosity, the N and F count rates are first normalized
by the output of the neutron flux monitor 14. For
that purpose, the detector scaler 46 and 48 output
signals are each divided into the count rate
(intensity) output signal (Window A) from the monitor
14, as indicated in Figure 5 by the outputs A/N and

A/F from the signal processing circuitry 50. The

manner in which the intensity output signal A is

generated by the monitor 14 and its associated
circuitry (54-60 in Figure 5) is described hereinbelow
in connection with Figures 13-15. ,

The normalized far detector count rate F is also
highly porosity sensitive and may be used if desired
to derive porosity information. It 1is, however,
somewhat more susceptible to environmental effects
than the N/F ratio, but this susceptibility can be
decreased by use of higher strength accelerators

-together with greater source-to-detector spacings.

The far thermal detector output signals may
likewise be similarly amplified, discriminated and
scaled (components 62-68 in Figure 5) to provide a
scaler output count rate T for the thermal detector
20. This signal, too, is preferably normalized by the
monitor output signal A, and may be used to derive a
measurement of the formation macroscopic capture cross
section & . It may also be used, either alone or in
conjunction with one or more of the normalized
epithermal detector count rate signals A/N and A/F, to
derive porosity information or to evaluate the
influence of neutron absorbers on the porosity
measurement. Any or all of these functions may be
readily implemented in the signal processing circuits
50 in any suitable manner.

The output from each of the detectors in the
array 17 is also suitably amplified, discriminated and
scaled (components 70-76 ;n Figure 5), and the count
rates therefrom Ar 1, Ar 2 and Ar 3, respectively, are
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transmitted to the surface signal processing circuits
50. For ease of illustration, the circuitry for the
detectors 17a, 17b and 17c is shown collectively in
Fig. 5, but it will be understood that each detector
5 will have the appropriate individual components. At

the surface, the count rates Ar 1, Ar 2 and Ar 3 are
recorded as a function of tool depth. The difference
in count rates between detectors 17a and 17b (Ar 1-
Ar 2) may also be formed and recorded vs. depth to

10 provide the aforementioned enhanced spatial
information for greater vertical resolution of the
porosity measurement. These count rates may first be
normalized by reference to the output signal A from
the monitor 14 to minimize the effect of source

15 strength fluctuation on the individual count rates
Ar 1 and Ar 2. The epithermal/thermal ratio, e.g.
Ar 1/Ar 3, may also be developed and recorded vs.
depth as a further porosity indicator. In addition, a
local formation sigma may be derived and recorded, as

20 indicated in Figure 5.

Where, in accordance with the invention, the
neutron monitor 14 is to be used to detect‘capture
gamma rays following the neutron bursts, a second
channel 78 (see Fig. 5) is provided in the monitor

25 output circuitry to couple the detector output pulses
via a leading edge discriminator 80 to a timing
multiscaler 82. The threshold level of the
discriminator 80 is set at a relatively low level,
e.g., in the range of 50 KeV (equivalent gamma ray

30 energy), to enhance count rate statistics. The
multiscaler 82 sorts the pulses into time bins and
transmits the count per bin data G,, where i is the
bin number, to the surface in digital format.
Preferably a sufficient number of time bins, e.g. 256,

35 1is employed to record the entire count vs. time curve
both during and after each neutron burst, but at least
during substantially the full period between bursts.
The count data Gi are processed at the surface to
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derive formation sigma in any suitable manner. For
example, formation sigma may be determined in
accordance with the technique disclosed in U. S.
Patent No. 4,292,518 issued September 29, 1981 to

C. W. Johnstone. Because of the close proximity of
the monitor 14 to the source 12, a diffusion
correction is preferably made to the sigma value
determined therefrom. The capture gamma ray data G,
are preferably both deadtime and background corrected.
Background measurements are preferably made during
periodically repeated intervals during which the
neutron bursts are suppressed, in accordance with the
techniques disclosed in U.S. Patent No. Re. 28,477
issued July 8, 1975 to W. B. Nelligan.

In the embodiment of Figure 8, the sonde 10 is
shown as suspended in a borehole 84 by a cable 86 for
investigating the porosity of-a subterranean formation
88. The borehole is illustrated as an open hole and
as containing a well £luid 89. 1In the case of a
completed, producing well, the sonde 10 may be sized
for through-tubing use, as aforementioned. The
conventional hoist and depth-recording devices (not
shown) would also be employed, as will be evident to
those skilled in the art. The sonde will also be
understood to include a bow spring or other
conventional device (see 11 in Figure 1) for urging
the sonde against the borehole wall as shown.

As in the embodiment of Fiqure 1, the sonde 10
includes a neutron accelerator 12, a near-spaced
neutron detector 16 and a far-spaced neutron detector
18. The accelerator and detectors may be of the types
described in connection with Figure 1 The embodiment
of Figure 8 is otherwise generally similar to that of
Figure 1, except that the detector array 17 and the
thermal detector 20 have been omitted.

Electrical power for the sonde 10 is supplied
over the cable 86 from a power supply (not shown) at
the surface. It will be understood that suitable
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power supplies (not shown) are likewise provided in
the sonde 10 to drive the detectors 16 and 18 and
other downhole electronics.
The detectors 16 and 18 may be conventional and
5 preferably are of the He-3 gas-filled type. A
suitable gas pressure for purposes of the invention is
ten atmospheres for the near detector 16 and fifteen
atmospheres for the far detector 18, but these may be
varied as desired to optimize the energy response of
10 the detector. According to one feature of the
invention, described more fully hereinafter, the
near-detector 16 is surrounded by a novel shielding
structure to modify the energy response of the near-
detector system as a whole (detector 16 plus shield
15 structure) so as to render it predominantly sensitive
to neutrons having energies greater than 10-100 eV and
above incident thereon directly from the accelerator
12 or its immediate vicinity.
) Signals denerated by the detectors 16 and 18, and
20 representative of the number of neutrons detected, are
applied in the conventional way over the conductors 90
to preamplifier and discriminator circuits 92, which,
illustratively, may include multi-channel amplifiers,
scaling circuits and pulse height discriminator
25 circuits as shown in Figure 5, preparatory to being
applied to cable driver circuits 94 for transmission
to the surface over the cable 86.
At the surface, the signals are received by the
signal-conditioning circuits 96, where they are shaped
30 or otherwise converted or restored for further
processing as required and are applied to a multi-
channel counter or rate meter, including a first
channel 98 for the far detector 18 counts and a second
channel 100 for the near detector 16 counts. The
35 counts from the two detectors are accumulated for a
desired time interval, e.g. one or two seconds or
more, whiéh may convenientlg be related to the logging
speed so as to provide an output for each incremental
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interval of depth along the borehole. The counter
channels are then read out to a porosity circuit 102
where a suitable ratio function of the two total
counts or count rates is formed as an indicator of
formation porosity. For the reasons given
hereinafter, this porosity determination is sensitive
to formation porosity over the entire porosity range
from 0 to 100 p.u. (porosity units) of interest in oil
explorations, of which the range is typically from 0
to about 40 p.u. or higher.

As shown in Figure 8, the near detector 16 is
located close to the accelerator 12. For example,
with a detector having an active (sensitive) volume of
approximately 1 inch x 3 inch (2.5 cm x 7.6 cm), a
centerline spacing from the target of the accelerator
in the range of 6-10 inches (15-26 cm) has been found
suitable. The far detector, which is larger for
better statistics, e.g. 1 inch x 6 inch (2.5 cm x 15
cm), is suitably spaced with its center within the
range of 20-26 inches (50 cm-66 cm) from the
accelerator target. Both detectors may be clad in
cadmium to raise the detection system detection
thresholds to epithermal or higher energy levels, or
only one or neither may be so clad. The cadmium
cladding 104 is illustrated in Figure 8 on the near
detector only and is shown exaggerated in thickness
for clarity. An approximate thickness is on the order
of 0.05 cm. Where sensitivity to thermal neutrons is
desired, either or both detectors may be unclad.

In accordance with the invention, the near detec-
tor 16 is additionally surrounded by an annular shield
106 composed of boron carbide (B4C) in an epoxy binder
or some other hydrogenous binding medium. The shield
106 is annular in cross section and is formed with
a central bore 108 for receipt of the cadmium-clad
detector 16. The shield 106 thus performs a dual
function, acting both as a neutron moderator, by
virtue of the hydrogenous binder, and as a neutron

7
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absorber, by virtue of the boron carbide. To that
end, suitable proportions for the shield may be
approximately 47% by volume of B,C and 53% by volume
of binder.

5 The result of this combined shielding of the near
detector is markedly to reduce the sensitivity of the
near detector system to formation porosity. That is
to say, the number of neutrons detected by the near
detector changes much less with porosity than does the

10 number detected by the far detector, and the effect of
this alteration of the near detector porosity sensi-
tivity is to enhance the porosity resolution of the
sonde. The far detector, of course, remains fully
sensitive to porosity, as before.

15 The reasons for the change of near detector
system porosity sensitivity are thought to be two-
fold. First, the combined B4C-epoxy shield structure
moderates the energies of those neutrons directly
incident on the detector 16 from the source 12 to

20 levels more readily detected by the He-3 detector 16,
and second, it shifts the relative sensitivity of the
near detector system towards higher energy neutrons
and away from lower energy neutrons. What this means
in practical terms is that the signal produced by

25 detector 16 has a relatively smaller component
indicative of the characteristics of the formation and
a relatively larger component indicative of the ini-
tial neutron flux intensity from the source. This may
be better understood by reference to the following

30 description of a theoretical, somewhat simplified
model of the principal neutron interactions which
occur in the region of the sonde 10, as indicated
diagrammatically by neutron paths a - e in Figure 8.

The accelerator may be regarded for present pur-

35 poses as an essentially isotropic neutron source, with

neutrons emanating in all directions. The neutrons

tive of those which travel through the sonde 10, the

following paths a and b may be considered representa-
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well f£luid 89, and enter the formation 88, undergoing
scattering reactions along their path lengths, and
which are then scattered back to the sonde in the
region of the near detector system. Such neutrons are
hereinafter referred to as "far field" (formation)
neutrons. Due to the energy loss resulting from the
scattering reactions, the far field neutrons are
statistically less likely to successfully traverse
the B,C-epoxy shield 106 and are more likely to be
absorbed therein. Neutrons scattered back from the
borehole contents are more likely to have higher
energy than those illustrated by paths a and b and
therefore might traverse the outer B,C-epoxy shield
106. These neutrons are likely to be so moderated
in energy in the process as to have a high probability
of being absorbed in the cadmium cladding 104. This
is illustrated by the path ¢ in Fig. 1. These neu-
trons are referred to hereinafter as "near field"
neutrons. It will be appreciated that neutrons
impinging directly on the outer shield 106, such as
those represented by path d, as well as other neutrons
having undergone relatively less energy loss through
either few major scatterings or many slight scatter-
ings, are statistically most likely to pass through
both shields 106 and 104 and reach the sensitive
volume of the detector. At least some, however, will
be sufficiently moderated in energy by the B4C—epoxy
shield to be within the sensitive range of the He-3
detector 16. These neutrons are referred to herein-
after as "source" neutrons.

Hence the combined effect of the shields 106 and
104 is to render the near detector 16 largely respon-
sive to neutrons which carry little information from
the formation and borehole environment. Since the
scattering and absorption processes involved are sta-
tistical in nature, there will of course be some
overlap between the categories of neutrons in this
model that are detected, i.e., most, but not all, far

PCT/US86/01227
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field neutrons reaching the near detector will be
stopped by the shielding and not counted. So the near
detector will retain a slight porosity sensitivity. A
larger, but still not predominant, proportion of the

5 total neutrons counted will be near field neutrons,
and the remaining predominant category of the neutrons
counted will be source neutrons,

On the other hand, neutrons reaching the forma-

tion 88 along the path e and scattered back to the

10 sonde in the region of the far detector 18 will be
unimpeded by any moderating shield such as 106 and
will thus reach the sensitive volume of the detector
and be counted. The far detector, therefore, remains
fully sensitive to formation porosity.

15 As mentioned, the cadmium cladding raises the
detection threshold of the detectors to epithermal
energy or higher, e.g. to 0.5 ev and above. The
_thickness of the B4C-epoxy shield 106 can be selected
to provide the desired threshold level for the detec-

20 tor. Generally, the level should be selected at or
about the point where the detector is at the maximum
nominal efficiency for detection of the higher energy
source neutrons, i.e., at about the energy level at
which the source neutrons will begin to be filtered

25 out, e.g., at least approximately 10 eV and preferably
on the order of 100 eV.

Although uniform mixing of the moderating mate-
rial (epoxy resin) and the absorbing material (B4C)
is depicted in the embodiment of Figure 8, it may be

30 advantageous in certain circumstances to provide
separate annuli of different materials. Thus in the
embodiment of Figure 9, the outer shield 106 is shown
as composed of two annuli, the outer one 110 of a
hydrogenous material such as polyethylene and the

35 inner one 112 of B,C. The shielding materials may
also be arranged in other ways. For instance, in the
embodiment of Figure 10, the absorber material, e.g.
B4C, is shown arranged in circumferentially-spaced
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sectors 114A, 114B, 114C and 114D interleaved by
alternate sectors 116A, 116B, 116C and 116D of mod-
erator material, e.g., epoxy resin. This particular
construction is useful in reducing the sensitivity of
the detector-shield system to the spatial distribution
of neutron energies. The energy response of the
detector system could also be altered by removing

the cadmium cladding or by using another material
having a different energy absorption cross section for
the cladding, such as indium, gadolinium or silver.

In a like vein, the embodiment of Figure 11,
wherein the moderating material or materials are
arranged in layers 118A, 118B, etc., between alternate
axially-spaced layers 120A, 120B, etc. of absorbing
material or materials, is useful for applications
where it is desired to take advantage of or compensate
for the axial distribution of neutrons along the
length of the detector. The same moderating material
and absorbing material may be used throughout, or, as
indicated in Figure 11, different types of moderating
materials Mi M,, etc., and different types of absorb-
ing materials A, A2, etc., may be employed.

Figure 12 illustrates the comparative porosity
sensitivity of the embodiment of Figure 8 relative to
the prior art 14 Mev two-detector porosity technique.
The solid-line graph 122 represents the plot of the
N/F ratio as a function of porosity in the prior art
tool. As previously mentioned, this graph shows
little, if any, porosity response above about 20 p.u.
By comparison, the porosity response of the N/F ratio
formed using the shielded-detector technique of the
present invention, represented by the dotted-line
graph 124, shows significant change with porosity over
the full range up to and above 40 p.u.

Where reference is made to B,C as an element of

4
the detector shielding, it will be understood that
either B'? or B0 enriched natural boron may be used.

BlO has the greater absorption cross section, but a

4
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lower material concentration. Thus a possible
shielding composition might be B,C enriched in Blo.
Similarly, other high-cross section 1l/v-like
absorbers could be used, such as lithium carbonate
5 in an epoxy resin binder. 1In this case, the Li2C03

could advantageously be enriched in Lis. Similarly,
binder materials other than epoxy resin or hydrogenous
materials other than polyethylene may be used as
moderators in accordance with the invention.

10 In the embodiment of Figure 13, the neutron
source intensity monitor 14 of the invention is shown
in use in a more generalized borehole logging tool 10.
The disposition of the tool within the borehole 84 is
essentially the same as in Figure 8, except that the

15 sonde is not eccentered and a mudcake 126 is shown as
formed on the borehole wall.

As in the embodiment of Figure 1, the sonde 10 is
depicted as containing a neutron source 12, the moni-
tor 14, a.near-spaced detector 16, and a far-spaced

20 detector 18. The two detectors shown are intended to
be illustrative of a typical detector arrangement in a
sonde, and the sonde might contain only one or several
such detectors. The detectors themselves may be of
any suitable type. The sonde might also contain

25 shielding, as shown in Figures 1 and 8 for example,
for the neutron source and/or for the detectors.

The neutron source 12 could be either a chemical
source or an accelerator source. In accordance with
the invention, however, the neutron source intensity

30 monitor is preferably used with an accelerator source,
and is particularly advantageous in connection with
high-energy monoenergetic sources of the D-T type (14
Mev neutrons) or the D-D type (2.5 MeV neutrons). For
convenience, the invention is described hereinafter as

35 being used with a 14 MeV D-T accelerator source.

The scintillator 30 of the monitor 14 is shown as
being adjacent to the source 12, but it could be co-

axial with the source depending upon design con-
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straints. What is significant, however, is that the
scintillator 30 be located relative to the source so
that the response of the scintillator is dominated, at
least during and immediately following a neutron burst
in the case of pulsed operation, by high energy
neutrons coming directly from the source, rather than .
lower energy, scattered neutrons or gamma rays. In
the absence of heavy shielding between the source and
the scintillator, it has been found that the scintil-
lator 30 may be spaced as far as 30 cm from the source
and still function as a detector of source neutrons.

The scintillator 30 is also shown as being in
contact with the photomultiplier 32, As will be
understood, however, the scintillator may be optically
coupled to the photomultiplier in any suitable way,
e.g., a light pipe, fiber optics, or a system of
lenses and mirrors, that will conduct the flashes of
light in the scintillator to the photomultiplier, and
need not be physically connected thereto.

Generally, the scintillator 30 may comprise any
type of hydrogen-containing scintillator, e.g.,
liquid, plastic, or crystal, that detects scintilla-
tions resulting from proton-recoil events. Such
scintillators are generally known in the art as
"organic" scintillators, and will be referred to
herein in that sense. Suitable organic scintillators
include, for example, NE-213 (liquid), NE-102 & NE-162
(plastic), and stilbene (crystal). Plastic scintilla-
tors have been found to be particularly advantageous.
Organic scintillators have very short decay times and,
consequently, the maximum counting rate can be very.
large, which permits them to be located relatively
close to .the neutron source. The close proximity of
the scintillator to the source maximizes the neutron
flux from the source intercepted by the scintillator,
thereby affording a high signal-to-noise ratio in the
detector output, and also reduces the susceptibility
of the monitor to scattered-back neutrons. As will be
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discussed more fully below, the latter feature
contributes to the inherent gain stability of the
monitor. Further, organic scintillators are
proportional in their response to both electrons and

5 protons, e.g. approximately twice as great for
electrons as for protons in the 5-10 MeV energy range,
which allows many low energy gamma ray-induced (Comp-
ton scattering) scintillations to be distinguished
from the neutron-induced (proton recoil) scintilla-

10 tions of interest on the basis of pulse height.

If high temperatures are anticipated during bore-
hole logging operations, the scintillator may be
located in a dewar flask or may be otherwise thermally
insulated. It is an advantage of the invention,

15 however, that such thermal insulation may be omitted
by use of an appropriate hightemperature plastic
scintillator.

The signals from the detectors 16 and 18 and the
photomultiplier 32 are transmitted in a known manner

20 with known equipment to a surface data processing
system 128 by insulated electrical conductors, not
shown, located in the armored cable 86. At the
surface, following any necessary preliminary decoding,
pulse shaping, amplification or the like, the 'signals

25 are applied to signal processing circuits 50 that
carry out the desired computations, etc., and provide
outputs to a plotter-recorder 52. The number of out-
puts shown is exemplary, and the actual number and
types of outputs provided will depend upon the number

30 and type of detectors in the sonde and the type of
information being obtained. Two examples of such
signal processing circuits, in conjunction with which
the source intensity monitor of the invention has
application, are described in the aforementioned U.S.

35 Patents No. 4,423,323 to Ellis et al. and No.
4,524,274 to Scott.

While the sonde 10 is being moved through the
borehole 84, an indication of the depth of the sonde
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in the borehole is provided by a depth determining
apparatus, generally indicated by reference numeral
130, which is responsive to the movement of the cable
86 as it is let out and reeled in by a winch, not '
shown. The depth determining apparatus 130 is con-
nected to the plotter-recorder 52 by a conventional
cable-following mechanical linkage 132.

In Figure 13, the box 134 depicts in more detail
the components 54-60 of Figure 5 for processing the
output of the monitor 14 for purposes of monitoring
source intensity. The signal pulse train from the
photomultiplier 32 is supplied, after being conven-
tionally amplified and otherwise processed (amplifier
54 in Figure 5), to a first pulse height differential
discriminator circuit 136 and, where active gain
stabilization is desired as discussed below, to a
second pulse height differential discrimination
circuit 138. Jointly these two discriminator circuits
comprise the contents of component 56 in Figure 5.,
The discriminator circuits are shown in Figure 13 as
being located in the downhole electronics 134, but
they could if desired be included in the surface
electronics 128. Each pulse height differential dis-
criminator circuit 136 and 138 passes signals having
magnitudes, i.e., pulse heights, within a selected
range and attenuates all other signals. The location
of these selected ranges with respect to the pulse
height spectrum of the scintillator is discussed below
in conjunction with Figure 14. The signals passed by
the pulse height differential discriminator circuits
136 and 138 are supplied to first and second scaler
circuits 140 and 142, respectively, that generate

outputs N, and N2 indicative of the numbers of neutron

interactiins detected by the scintillator 30 (over a
time period of specified duration) within the energy
ranges associated with the respective discriminator

circuits. The scalers 140 and 142 comprise component

58 in Figure 5.

(o
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As explained hereinafter, the output signal
from the scaler circuit 140 is proportional to the
number of 14 MeV neutrons emitted by the neutron
source 12 or, in other words, to the neutron source
intensity. This signal is preferably sent over the
cable 86 to the surface signal processing circuits 50
and is recorded by the plotter-recorder 52 as a
measurement of neutron source intensity.

The outputs from the first scaler circuit 140 and
the second scaler circuit 142 are also supplied to a
gain stabilizer circuit 60 (Figures 5 and 13). The
gain stabilizer circuit forms the ratio of the output
Nl from scaler circuit 140 to the output N2 from
scaler circuit 142, i.e., Nl/Nz’ and in conventional
fashion derives a control signal for the high voltage
supply 144 of the photomultiplier 32 based on a
comparison of this ratio with a constant reference
value. The gain stabilizer circuit then controls the
high voltage supply, again in a manner known in the
art, to increase or decrease photomultiplier gain, as
the case may be, to maintain the ratio at the
reference value.

Due to the inherent gain stability of the monitor
of the invention, as described in detail below, active
gain compensation is unnecessary in many applications.
In such a situation, only the first pulse height
differential discriminator circuit 136 and the first
scaler circuit 140 are needed to monitor the neutron
source intensity, and the entire active gain stabi-
lizer circuit, including the discriminator circuit
138, the second scaler circuit 142, and the gain
stabilizer circuit 60 are unnecessary and can be
eliminated. .

In Figure 14, count rate is plotted on the
vertical axis and pulse height (recoil proton energy
for curve 146 and Compton electron energy for curve
148) is plotted on the horizontal axis. The curve
designated by reference numeral 146 is a curve of an

PCT/US86/01227
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observed scintillator pulse height spectrum for
neutron-induced recoil proton events in a neutron-
gated 3/4 inch x 3/4 inch (1.9 cm x 1.9 cm) NE-213
liquid scintillator. The source was a 14 MeV D-T
accelerator.

The curve designated by reference numeral 148 is N
a curve of an observed scintillator pulse height spec-
trum for gamma ray-induced Compton electron events in 2
the same scintillator, but gated for gammas. The
total scintillator pulse height spectrum is obtained
by adding the curves 146 and 148. The curves 146 and
148 were obtained by placing the scintillator about
1.8 inches (4.6 cm) from the target of a D-T
accelerator neutron source. A pulse shape
discriminator was used in order to separate the
neutron induced events from the gamma ray-induced
events. As the composition of NE-213 is similar to
that of plastic, the curves of Figure 14 may be taken -
as representative of plastic scintillator spectra as
well.

As noted, the curve 146 is essentially a pulse
height spectrum for recoil protons, with the corres-
ponding recoil proton energy shown along the hori- .
zontal axis. Because neutron-proton scattering is
basically isotropic in the center-of-mass system at
the energies involved in Figure 14, the undistorted
recoil proton pulse height spectrum is rectangular in
shape. However, the observed pulse height spectrum is
nonrectangular due to the influence of several
factors, including multiple neutron scattering, escape
of recoil protons from the scintillator volume, non-
linear light response of the scintillator-photo-
multiplier, and the resolution function of the equip-
ment. The curve 146 has essentially two portions: a
first portion that remains substantially flat or
decreases slightly at higher energies, i.e., energies
from the discriminator threshold level at about 3-4
MeV up to 12-13 MeV, as energy increases, and a second
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portion that decreases rather rapidly at still higher
energies, i.e., energies above 13-14 MeV, as energy
increases.

As is apparent from Figure 14, the neutron-
induced spectrum 146 is much higher, usually by at
least two orders of magnitude, than the gamma ray-
induced spectrum 148. Therefore, the total scintil-
lator pulse height spectrum, which is obtained by
adding these curves, has essentially the same shape as
the curve 146 in the region of interest: 10 MeV or
greater recoil proton energy.

Reference numeral 150 designates the range, i.e.,
the pulse height interval or window, of the signals
that are passed by the first pulse height differential
discriminator circuit 136, and reference numeral 152
designates the range of signals that are passed by the
second pulse height differential discriminator circuit
138. The pulse height interval 150 is selected so
that it is in the higher-energy section of the flat
portion of the curve 146, where the effects of 14-MeV
neutrons dominate and where, as is dicussed in more
detail below, the effects of lower-energy, scattered
neutrons and gamma rays are insignificant. The window
150 should be wide enough to provide sufficiently high
counting rates for satisfactory statistical precision.

As illustrated in Figure 14, the pulse height
window 150 is preferably chosen so that signals due to
recoil proton energies greater than about 10 MeV are
passed. In this region, the effects of lower-energy,
scattered neutrons and gamma rays do not appreciably
affect the counting rate due to 14-MeV neutrons when
the total scintillator pulse height spectrum is
measured, which of course is what is measured by the
monitor during normal operations. Lower-energy,
scattered neutrons do not appreciably affect the
counting rate because the scintillator 30 is located
sufficiently close to the source so that most of the

neutrons reaching the scintillator are source
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neutrons, i.e., directly incident thereon from the
source and not back-scattered, and because the dis-
criminator 136 blocks pulses due to lower-energy,
scattered neutrons. Similarly, gamma rays do not
appreciably affect the counting rate during the period
of recoil neutron production because the discriminator
136 blocks pulses due to lower-energy gamma rays and
because the small scintillator size substantially
eliminates the effects of higherenergy gamma rays.
Thus, the window 150 effectively passes signals
induced substantially only by higher-energy, source
neutrons. Consequently, the signal passed by the
window 150, and counted by the scaler circuit 140, is
proportional to and primarily representative of the
14-MeV neutron source intensity.

In addition to placing the energy window 150 high
enough in the pulse height spectrum to eliminate low-
energy recoil protons and gamma rays, as described -
above, the foflowing procedurg is preferably followed
in setting the window 150. First, the pulse height
spectrum is accumulated. Second, with reference to
Figure 15, the limits X and X, of the energy window
150 are preferably set so as to substantially satisfy
the following relationship:

AN = 1 + 1 = 0
NAg TX3/% 1 0q

where:

N is the total number of counts in the window
152;

Ag is the change from g=1 in gain g of the
spectrum;

AN is the change in N with Ag;

Xq is the X-axis intercept of the linear approxi-
mation 154 to the shape of the spectrum 156 in the
region of the window 150; and

Xavg is (Xl + Xz)/2 f
Third, Xl

the spectrcm 156. If necessary or desirable, the

and X2 should stay in the linear region of
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scintillator size may be modified to give the desired
spectrum shape.

Inasmuch as the effects of both higher-energy and
lower-energy gamma rays are substantially eliminated
in a neutron source intensity monitor in accordance'
with the invention, a pulse shape discriminator, which
is complex and comparatively slow, is unnecessary.

The pulse height interval 152 for the second
pulse height differential discriminator circuit 138 is
preferably selected so that it is at or higher than
the knee of the curve 146, where the curve decreases
markedly as energy increases. With the window 152
selected thusly, if the monitor system gain changes,
the curve 146 will shift significantly and the count-
ing rate in the window 152 will change accordingly.

If the high voltage increases, the curve will shift to
the right, and the counting rate in the window will
increase. If the high voltage decreases, the curve
will shift to the left, and the counting rate in the
window will decrease. Consequently, the counting rate
N2 in the window 152 is sensitive to fluctuations in
gain and may be used, preferably in conjunction with

the counting rate N, as described above, for gain

1
control.

As indicated previously, active gain stabiliza-
tion will be unnecessary in many applications, in
which case the second pulse height differential dis-
criminator circuit 138, the second scaler circuit 142,
and the gain stabilizer circuit 60 can be eliminated.
Active gain stabilization will be unnecessary, for
instance, where the inherent gain stability of the
monitor system, e.g., first order gain changes, i.e.,
10-20%, cause only second order changes, i.e., 1-2%,
in the measured source intensity, affords acceptable
precision.

In order to achieve this inherent stability, the
scintillator must be sized, on the one hand, to mini-

mize gamma ray-induced (Compton scattering) events

PCT/US86/01227
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and, on the other hand, to maximize recoil proton-
induced events in the energy range of interest. 1In
the case of a 14 MeV D-T accelerator, where the pulse
height window 150 is set at 10 MeV and above, the
scintillator size should therefore be selected to
minimize the number of Compton electron events within
the scintillator which would produce light pulse mag-
nitudes comparable to those produced by 10 MeV and
above recoil protons. Electron energy loss in a scin-
tillator is approximately 2 MeV/gm/cmz. A typical
plastic scintillator might have a density of approxi-
mately 1 gm/cm3, so that, in a plastic scintillator,
the electron energy loss would be about 2 MeV/cm. At
the energies of interest here, however, the light
output produced in the scintillator by an electron
enerqgy loss event is approximately twice that produced
by a recoil proton energy loss event. Hence, a 5 MeV
electron would result in approximately the same scin-
tillator output as a 10 MeV proton.

Accordingly, for an energy window 150 begiﬁning
at 10 MeV, the number of 5 MeV and above electron
energy loss events in the scintillator must be kept
small. And as electron energy loss is approximately 2
MeV/cm in a plastic scintillator, the upper limit for
the size of the scintillator in any dimension,
referred to herein aé the "characteristic dimension,”
is approximately 2.5 cm or about 1 inch, for a
volumetric upper limit of approximately 16 cm3 or 1
in3. A suitable characteristic dimension for the
organic scintillators mentioned herein, when used to
detect 14 MeV source neutrons, has been found to be on
the order of 1/2" (1.3 cm) or 3/4" (1.9cm). This
choice of scintillator size is consistent both with
providing for inherent gain stabilization and with
providing for sufficiently high count rates for good
statistical precision.

If lower energy windows are used, which would be
the case for a 2.5 MeV D-D accelerator, for example,
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the scintillator must be smaller because many more
lower energy electrons would lose all of their ener-
gies in a 1 inch (2.5 cm) crystal. Moreover, the
relationship of light output per'energy loss is less
5 favorable at lower energies, so that electron events
at a given energy appear as recoil proton (neutron-
induced) events at more than twice the electron
energy.
With the scintillator appropriately sized,

10 higher-energy gamma ray-induced signals will be sub-
stantially eliminated since the Compton electrons
produced in the scintillator will escape from the
scintillator and not produce signals, whereas recoil
protons produced in the scintillator by the source

15 neutrons will produce signals that are picked up by
the photomultiplier. The resulting scintillator pulse
height spectrum will be similar to the curve 146 in
Figure 14. Also, the scintillator should be located .
with respect to the neutron source so that most of the

20 neutrons reaching the scintillator come directly from
the neutron source and are not lower-energy, scattered
neutrons. If these conditions obtain (scintillator
size and placement relative to the source) and if the
pulse height window 150 is chosen as indicated above,

25 1i.e., so that the effects of lower-energy, scattered
neutrons and lower-energy gamma rays are insigni-
ficant, a simple neutron source intensity monitor that
has inherent gain stability results.

Although the neutron source monitor of the inven-

30 tion has been described herein in connection with a
borehole logging tool, it will be understood that it
can be used as well in other applications where high
energy neutrons sources are utilized.

Although the invention has been described herein

35 with respect to specific embodiments thereof, it will
be understood that various modifications and varia-
tions may be made thereto without departing from the
inventive concepts disclosed. All such modifications
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and variations, therefore, are intended to be in-
cluded within the spirit and scope of the appended
claims.
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Claims

1. A well logging tool for investigating an earth

formation surrounding a borehole comprising:

an accelerator neutron source comprising a

5 substantially monoenergetic D-T source of 14-MeV

neutrons;

neutron source monitoring means responsive
primarily to unmoderated neutrons incident
thereon directly from said neutron source for

10 monitoring the output thereof, the sensitive
volume of said monitoring means being located
externally of but closely adjacent to the neutron
source;

first neutron detection means for detecting

15 epithermal neutrons, said first neutron detection
means including a sensitive volume spaced from
sald accelerator neutron source and being sub-
stantially insensitive to neutrons below approxi-
mately 0.5 eV in energy, the sensitive volume of

20 said first neutron detection means being located
close to said neutron source without substantial
intervening high density shielding;

first shielding means, having both neutron
moderating and neutron absorbing properties, for

25 shielding the sensitive volume of said first
neutron detection means so as to increase the low
energy neutron detection threshold of said first
neutron detection means to at least approximately
10 eV;

30 second neutron detection means for detecting
epithermal neutrons, said second neutron detec-
tion means including a sensitive volume located
farther from said accelerator neutron source than
the sensitive volume of said first neutron detec-

35 tion means and eccentered towards one side of the
well logging tool, said second neutron detection
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means being substantially insensitive to neutrons
below approximately 0.5 eV in energy; and
second shielding means, having both neutron

moderating and neutron absorbing properties, for
5 shielding the sensitive volume of said second

neutron detection means from neutrons incident

thereon from a side thereof away from said one

side of the well logging tool.

2. The well logging tool of claim 1 wherein said
10 first shielding means has a substantially annular
shape and is located around said first neutron
detection means and comprises an hydrogenous
material that moderates neutrons having a neutron
absorbing material dispersed therein.

15 3. The well logging tool of claim 2 wherein the
neutron absorbing material is boron carbide. -

4. The well logging tool of claim 1 wherein said
second shielding means comprises an hydrogenous
material that moderates neutrons having neutron

20 absorbing boron carbide materiél dispersed

therein.

5. The well logging tool of claim 1 additionally
comprising third shielding means located between
said first neutron detection means and said

25 second neutron detection means and comprises an
hydrogenous material that moderates neutrons
having a neutron absorbing material dispersed
therein.

6. The well logging tool of claim 5 wherein the
30 neutron absorbing material is boron carbide.

7. The well logging tool of claim 1 wherein said
neutron source monitoring means includes an
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organic scintillator, comprising said sensitive
volume, and a photomultiplier, said scintillator
and said photomultiplier being optically coupled.

8. The well logging tool of claim 7 wherein said
5 scintillator is a plastic scintillator.

9. The well logging tool of claim 1 wherein said
first and second neutron detection means each
comprises an 3He proportional counter covered by
a thin cadmium layer.

10 10. The well logging tool of claim 1 additionally
comprising: means for deriving a single indi-
cative of the ratio of the output signal of said
first neutron detection means to the output sig-
nal of said second neutron detection means as an

15 indication of formation porosity.

’
11. The well logging tool of claim 1 additionally
comprising:
means for deriving a first ratio signal
indicative of the ratio of the output signal

20 of said neutron source monitoring means to the
output signal of said first neutron detection
means; and

means for deriving a second ratio signal
indicative of the ratio of the output signal

25 of said neutron source monitoring means to the

output signal of said neutron detection means.

12. The well logging tool of claim 11 additionally
comprising: means for combining said first and
second ratio signals to derive a signal indi-

30 cative of the porosity of the formation.

13. A well logging tool for investigating an earth
formation surrounding a borehole comprising:
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a substantially monoenergetic D-T
accelerator source of 14-MeV neutrons;

neutron source monitoring means responsive
primarily to unmoderated neutrons incident
thereon directly from said neutron source for
monitoring the output thereof, the sensitive
volume of 'said monitoring means being located
externally of but closely adjacent to the neutron
source;

a first 3He proportional counter spaced from
but close to said neutron source, without sub-
stantial intervening high density shielding, and
being substantially insensitive to neutrons below
approximately 0.5 eV in energy;

first shielding means, having both neutron
moderating and neutron absorbing properties, for
shielding said first 3He proportional counter so
as to increase the low energy neutron detection
threshold of said first 3
to at least approximately 10 eV;

He proportional counter

a second 3He proportional counter located
farther from said neutron source than said first
3He proportional counter being eccentered towards
one side of the well logging tool and being sub-
stantiaily insensitive to neutrons below approxi-
mately 0.5 eV in energy; second shielding means,
having both neutron moderating and neutron ab-
sorbing properties, for shielding said second

He proportional counter from neutrons incident
thereon from a side thereof away from said one
side of the well logging tool; and

third 3He proportional counter located
farther from said neutron source than said
second 3He proportional counter and being
eccentered towards said one side of the well
logging tool and shielded on the side thereof
away from said one side of the well logging
tool by a neutron absorbing material.
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14. The well logging tool of claim 13 additionally
comprising:
means for deriving a first ratio signal
indicative of the ratio of the output signal
5 of said neutron source monitoring means to the
output signal of said third 3He proportional
counter; and
means for deriving a second ratio signal
indicative of the ratio of the output signal
10 of said neutron source monitoring means to the

3

output signal of said second “He proportional

counter. )
15. The well logging tool of claim 14 additionally
comprising: means for combining said first and
15 second ratio signals to derive a signal indi-
cative of the macroscopic capture cross section
of the formation.

16. The well logging tool of claim 7 wherein said

photomultiplier produces signals representative

20 of the energies of the recoil protons produced by
detected neutrons and further comprises first
pulse height discriminator means coupled to said
photomultiplier for passing photomultiplier out-
put signals having magnitudes corresponding to a

25 range of the scintillator pulse height spectrum
located on the flat region of the spectrum and
sufficiently high therein comparatively to elimi-
nate scintillator outputs produced by scattered- -
back neutrons and by gamma rays; and means for

30 counting the signals passed by said first pulse
height discriminator means as an indication of
neutron source intensity.

17. The well logging tool of claim 16 further
comprising:
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-second pulse height discriminator means
coupled to said photomultiplier for passing
photomultiplier output signals having magni-
tudes corresponding to a range of the pulse

5 height spectrum located on a comparatively
rapidly varying region of the spectrum above
said flat region thereof;

. means for counting the signals passed by
said second pulse height discriminator means;.and

10 gain stabilizer means coupled to said first
and second counting means for taking a ratio of
the counting rates from said respective spectrum
ranges and for deriving a gain-compensation sig-
nal so as to maintain said ratio at a substan-
15 tially constant value.

18. The well logging tool of claim 9 wherein:

. said neutron source-is a substantially
monoenergetic D-T source of 14-MeV neutrons;
' the range of signals passed by said first

20 pulse height discriminator corresponds to a range
of the pulse height spectrum located above about
10-MeV;

said scintillator comprises a plastic

organic scintillator; and said characteristic

25 dimension is such that the scintillator volume
is on the order of 1 in 3(16.4 cm3) or less.

19. The well logging tool of claim 7 wherein
said neutron source monitoring means further
comprises:

30 means coupled to said photomultiplier for
measuring, as a function of time during periods
when said neutron is not operating, the intensity
of capture gamma rays in the formation surround-
ing the tool; and

35 means for processing said intensity
measurements to derive a measurement of the
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thermal neutron capture cross section of the
earth formation.

The well logging tool of claim 19 wherein said
capture gamma ray intensity measuring means com-
prising means for measuring at least substan-
tially the entire intensity vs. time decay curve
during said periods when said neutron source is
not operating.

The well logging tool of claim 1 further com-
prising means defining an array of neutron
detectors, located between the sensitive volumes
of said dirst and second neutron detector means,
for detecting the neutron flux in the formation
surrounding the borehole at at least two dif-
ferent axially-spaced points from said neutron

source..

The well logging tool of claim 21 wherein:
said detector array means for detecting the

neutron flux at said at least two points com-
prises two detectors of substantially the same
neutron energy sensitivity, and said detector
array defining means further comprises a third
neutron detector of a neutron sensitivity sub-
stantially different from that of said two
detectors.

The well logging tool of claim 22 wherein said
two detectors are sensitive to one of thermal
neutron energies and epithermal neutron energies
and said third detector is sensitive to the other
of said energies.

The well logging tool of claim 21 wherein the
sensitive volumes of said two detectors are (1)
eccentered towards one side of the tool and (2)
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axially-spaced from one another lengthwise of

the tool, and the sensitive volume of said third
detector is (1) located at substantially the same
distance from the neutron source as the more
closely spaced of said two detector sensitive
volumes and (2) transversely spaced from said
more closely spaced sensitive volume.

A neutron source monitor for monitoring the out-
put of a high-energy neutron source, comprising:

an organic scintillator for detecting high-
energy neutrons incident thereon substantially
directly from the neutron source and for pro-
ducing outputs related to the incident energies
thereof, said scintillator having a character-
istic detector dimension that is large relative
to the average range of recoil protons produced
in said scintillator by substantially source-
strength neutrons and small relative to the
average range of those &ompton-scattering elec-
trons produced in said scintillator which wbuld
appear to the scintillator to have energies
within the energy range of said recoil protons;

a photomultiplier optically coupled to
said scintillator and responsive to the outputs
thereof for producing signals representative of
the energies of the recoil protons produced by
detected neutrons;

first pulse height discriminator means
coupled to said photomultiplier for passing
photomultiplier output signals having magni-
tudes corresponding to a range of the pulse
height spectrum located on the flat region of
the scintillator spectrum and sufficiently high
thereon comparatively to eliminate scintillator
outputs produced by scattered-back neutrons and
by gamma rays; and

3
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means for counting the signals passed by
said first pulse height discriminator means as
an indication of neutron source intensity.

26. The neutron source monitor of claim 25 wherein:
5 said neutron source is a substantially monoener-
getic D-T source of 14-MeV neutrons, and the
range of signals passed by said first pulse
height discriminator corresponds to a range of
the pulse height spectrum located above about
10 10-MeV.

27. The neutron source monitor of claim 26 wherein
said characteristic dimension is such that the
scintillator volume is on the order of 1 in

3(16.4 cm3) or less.

15 .28. The neutron source monitor -of claim 27 wherein
the limits of the ranée of signals passed by said
first pulse height discriminator means are
selected such that the relationship AN/NAg = O
is substantially satisfied; where N is the number

20 of counts within said range, Ag is the change in
gain of the pulse height spectrum, and AN is the
change in N with Ag.

29. The neutron source monitor of claim 25 wherein
said scintillator comprises a plastic organic
25 scintillator.

30. The neutron source monitor of claim 25 further
comprising:
second pulse height discriminator means
coupled to said photomultiplier for passing
30 photomultiplier output signals having magni-
tudes corresponding to a range of the pulse
height spectrum located on a comparatively
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rapidly varying region of the spectrum above
said flat region thereof;
means for counting the signals passed by

said second pulse height discriminator means; and
5 gain stabilizer means coupled to said first

and second counting means for taking a ratio of

the counting rates from said respective spectrum

ranges and for deriving a gain-compensation sig-

nal so as to maintain said ratio at a substan-

10 tially constant value.

31. The neutron source monitor of claim 30 wherein
the range of signals passed by said second pulse
height discriminator means corresponds to a range
of the pulse height spectrum located in the

15 region of the knee of the spectrum.

32. The-neutron source monitor of claim 31 where-
" in said gain-compensation signal is applied
to the high voltage power supply for said

photomultiplier.

20 33. A neutron detector system for selectively moni-
toring the output of a high energy neutron source
in a borehole logging tool, comprising:

a neutron detector for detecting neutrons
emitted by said neutron source and for generating

25 a signal representative thereof, said detector
normally being comparatively sensitive to low
energy neutrons and comparatively insensitive to
high energy neutrons; and

neutron shielding means surrounding said
30 detector for (1) moderating high energy neutrons
 incident thereon to intermediate energy levels
within the sensitive range of said detector and
for moderating intermediate energy neutrons inci-
dent thereon to compafative low energy levels and
35 (2) absorbing comparatively low energy neutrons
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incident thereon or moderated therein, whereby

- said detector output signal is predominately
indicative of high energy neutrons emanating sub-
stantially directly from said neutron source, as

5 distinct from intermediate energy and low energy

neutrons scattered back to the detector from the
borehole environment or earth formations sur-
rounding the borehole.

34. The detector system of claim 33 wherein said
10 neutron shielding means comprises a member
encircling the sensitive volume of said detector,
said member being composed of a substantially
uniformly distributed mixture of neutron
moderating hydrogenous material and neutron

15 absorbing boron carbide material.

35. The detector system of claim 34 further com-
pP3ising a cladding of material on said detector
for absorbing lowenergy neutrons, said cladding
being located inside of said neutron shielding

20 means.
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