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COMPACT RADIATION GENERATOR
CROSS-REFERENCE TO OTHER APPLICATIONS

[0001] This application claims priority to and the benefit of U.S. Provisional Application
No. 61/261398, filed provisionally on November 16, 2009 (Attorney Docket 49.0415).
This application also claims priority to and the benefit of U.S. Provisional Application
No. 61/261394 (Attorney Docket 49.0434), filed provisionally on November 16, 2009.

TECHNICAL FIELD
[0002] The invention relates generally to electronic radiation generators used in oil
well logging.
BACKGROUND
[0003] Tonizing radiation has been used in the oilfield for well over half a century to

enable measurements not possible with other formation probing techniques (such as
electrical resistivity, acoustic, electro-magnetic, NMR, etc.). The broad types or kinds of

ionizing radiation include charged particles, X-rays, gamma-rays, and ncutrons.

[0004] Historically, the first method employed to produce ionizing radiation for
oilfield applications involved radioactive sources. These radioactive sources (e.g. BCs,
1 Am, 22Cf, *Pu, etc.), were chosen, based on the application, for their emitted
radiation type and in quantities sufficient for the desired intensity. Few naturally
occurring radioactive sources emit neutrons during their decay, generally as a
consequence of spontaneous fission. One example of a radioactive material with a
significant probability for spontaneous fission is 2°>Cf. While 2**Cf is used in some
applications, its short half-life of only 2.6 y is generally considered a drawback. Many
neufron sources rely on the generation of neutrons through a nuclear reaction, typically

the *Be(alpha, n)'2C reaction. Such sources consist of an alpha emitter, such as 1 Am or



WO 2011/060343 PCT/US2010/056658

238py, mixed with Be-powder. The small nuclear reaction probability necessitates the use

of a large amount of radioactive alpha emitter to generate a sufficient neutron cutput.

[0005] Most pulsed neutron generators generate neutron radiation through the
reaction of energetic deuterium with tritium (d-T) reaction. However, other reactions

“such as d-D and t-T can be used as well.

{0006] To overcome disadvantages involved in using radioactive sources, and to
expand the range of possible measurement techniques, electronic radiation generators
have been developed over the last several decades. Electronic radiation generators offer
numerous benefits, including safety and high yield, over chemical naturally radioactive
sources. The radiation generated is directly coupled to the energy imparted to the
charged particles employed in the radiation producing reactions. As a result, electrostatic
electronic radiation generators employ high voltage power supplies and high voltage

insulation.

{0007] To fit the borehole geometry of the oilfield environment, electronic radiation
generators are typically of a substantial length on the order of a few feet. This minimum
length can become a disadvantage, constraining possible tool configurations, both in

terms of fit as well as formation measurement capabilities.

[0008] Electronic generators function by accelerating and colliding charge particles
in sealed “vacuum” tubes to produce the required neutrons or x-rays. At present, most of
the accelerators used to produce radiation in the oilfield use direct current (DC) electric
fields, operating by creating a sufficiently large voltage (potential) difference between a
source of charged particles and a target. Once the source is turned ON, charge particles
entering the region of high voltage (HV) are accelerated to the desired energy and caused
to collide with a target to produce radiation. When either the source and/or the voltage
is/are turned OFF, the radiation stops. The charged particles to be accelerated can be
electrons (to produce X-rays), protons and other ions (to produce gamma rays, neutrons

and other charged particles).



WO 2011/060343 PCT/US2010/056658

[0009] X-rays are generated by directing energetic electrons onto a target. The
scattering of the energetic electrons on the target leads to the emission of Bremsstrahlung

x-rays and characteristic x-rays of the target material.

[0010] Gamma-rays can be created through a nuclear reaction of an energetic
charged particle with a suitable target material. One example is the reaction r. (p,ow)wO.
This reaction produces high energy gamma rays (e.g. 6.13 MeV) and already takes place

at proton energies below 400 keV.

[0011] The intensity and energy of the radiation produced depends on the high
voltage used to accelerate the charged particles. Typically, the higher the “high voltage”,
the higher the intensity and/or energy of the resulting radiation. This requires use of high
voltage power supplies (HVPS) capable of producing from tens to hundreds of kilovolts.
The most common power supply design employed is based on the Cockcroft-Walton
voltage multiplier, also known as the Greinacher multiplier. It includes an array of stages
in series, shaped like a ladder, with each stage comprising a pair of capacitors and a pair
of diodes (see Fig. 1).

[0012] During each ON cycle, an A/C current supplied by step up transformer 100
charges each respective capacitor 102, according to the rectification provided by the
diodes 104. The maximum admissible voltage for each stage depends on the capacitor
and diode component ratings as well as on the AC voltage provided by the secondary of
the transformer 100. To achieve a given high voltage, a ladder is constructed such that,

neglecting losses, etc., enough stages are used to sum up to the desired voltage.

[0013] One electrical design constraint for high voltage power supplies is that
electrical hold off between the high voltage and ground must be sufficient over the whole
length of the power supply. Given the limited diameter available in downhole tools, the
stage component size must be small enough to accommodate the necessary surrounding
high voltage insulation over a limited radial distance. Typically, the size of high voltage

components increases with their high voltage rating. A tradeoff is made between the
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stage (and component) size and the necessary high voltage insulation based upon the
absolute voltage to neighboring ground potential. For borehole-size radiation generafors,
high voltage capacitor ratings are typically around a few (e.g., five) kilovolts. Typically
multi-layer capacitors are used to achieve the required capacitance, and are generally
rectangular or box-shaped with radial leads. Thus, to produce from tens to hundreds of
kilovolt requires a power supply with several dozens of stages. When the stages are
placed end to end, the “ladder” configuration adds up to a significant overall length for
the power supply.

{0014] Currently, the most frequently employed electronic radiation generator in
the oilfield is the pulsed neutron generator (PNG). Aside from the supporting low
voltage electronics {current and pulsing supplies), a PNG comprises a high voltage power
supply 202 consisting of a step-up transformer 100 and a high voltage multiplier 216, a
sealed neutron generator tube 204 and a high voltage insulation system 206. The sealed
neutron generator tube 204 includes an ion source 208 which is at or near ground
potential, and separated from a target 210 by an HV acceleration colummn. The
configuration of PNG is generally cylindrical, as dictated by the borehole geometry, with
the target 210 of the neutron generator tube 204 in contact with the high voltage end of
the high voltage power supply 202. The necessary high voltage insulation (solid, liquid
and/or gascous or any combination thereof) surrounds the neutron generator tube 204 and
high voltage power supply 202, with the entirety being contained in a hermetically-sealed
pressure housing 212. Preferably, the pressure housing is cylindrical in shape. The
conventional arrangement of these components is in a rectilinear configuration, where the
high voltage power supply is connected in line (on one axis or close to on one axis) to the
high voltage end of the neutron generator tube 204 (see Figure 2.) The typical length of

such a generator is often in the range from about 36 to 48 inches, or more.

[0015] The considerable length of the PNG can impose significant limitations on

the tool design and consequently the feasibility of various measurements. Specifically,
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tools with limited length may not be able to make use of an electronic radiation source.
Such tools include those that use pads (e.g., pad tools to measure formation density or
tools in which the generator should be placed in the stabilizer blade of an LWD tool).
The measurement limitations pertain to the placement of specialized radiation detectors
used to measure the formation response. Many classic nuclear logging tool
configurations require placing radiation shielding material (tungsten, boron and many
others) as close as possible to the radiation source (i.e., PNG) with a specialized (near)
detector adjacent to the shield. The detector configuration (i.e., type, size, shielding,
position, etc.) is chosen based on the kind of formation measurement desired. Because of
the length of the PNG including the high voltage power supply, only the neutron tube end
affords close proximity to the radiation source (tube target). For most practical purposes,
this limits the detector placement to a single axial direction relative to the target. If a tool
is intended to perform multiple different measurements with the radiation provided by the
electronic source, it is likely that not all the required detectors can be placed at the
optimal axial and/or radial position. A short radiation source would allow detector
placements axially on both sides of the radiation source, and thus a better independent
optimization of multiple measurements through optimal placement of multiple detectors.

A different approach to achieving a similar result is proposed in US 7,148,471.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Fig. 1 is a schematic for a prior art power supply design based on the

Cockeroft-Walton voltage multiplier, also known as the Greinacher multiplier.
[0017] Fig. 2 is a side-view of a prior art pulsed neutron generator

[0018] Fig. 3A-C illustrates a wrap-around power supply in accordance with

embodiments of the present disclosure.



WO 2011/060343 PCT/US2010/056658

[0019] Fig. 4 shows an embodiment of a high voltage ladder power supply in a
“belt” configuration that can be used to circumferentially wrap around the radiation

generating tube in accordance with embodiments of the present disclosure.

[0020] Fig. 5 shows still another embodiment wherein the belt configuration shown

in Fig. 4 may be wound helically around the radiation generating tube.

[0021] Fig. 6 shows a side-by-side comparison of a linear arrangement of capacitors
on the left and a double-layer staggered arrangement of capacitors on the right in

accordance with embodiments of the present disclosure.

[0022] Fig. 7 shows a rectilinear high voltage power supply substantiaily co-located
with the radiation generator tube in an eccentered configuration in accordance with

embodiments of the present disclosure.

[0023] Fig. 8 shows a centered design (in comparison with the eccentered
configuration of Fig. 7) in which the radiation generator tube is located on the main
housing axis and is nearly fully circumferentially surrounded by the high voltage power
supply employing curved capacitors in accordance with embodiments of the present

disclosure.

[0024]} Fig. 9 shows a schematic for a high voltage measurement inferred from a
voltage tap tied in to a low stage in accordance with embodiments of the present

disclosure.

[0023] Fig. 10 is an illustrative shorter capacitor design involving custom-shaped
capacitors optimized the cross-sectional space available in accordance with embodiments

of the present disclosure.

[0026] Fig. 11 is an illustrative design of a compact generator involving a high

voltage supply mounted alongside the neutron generator tube,



WO 2011/060343 PCT/US2010/056658

[0027] Fig. 12 is an illustrative design of a compact generator employing an

intermediate electrode neutron generator tube.

DETAILED DESCRIPTION

[0028] In the following description, numerous details are set forth to provide an
understanding of the present disclosure. However, it will be understood by those skilled
in the art that the present invention may be practiced without these details and that

numerous variations or modifications from the described embodiments are possible.

[0029] In light of the above background discussion, it is desirable to use radiation
generators, including a PNG, as short and compact as possible. This disclosure identifies

approaches, methods and techniques to achieve this objective.

[0030] As described, the three main components of radiation generators are the high
voltage power supply (HVPS), the radiation tube and the insulation system. Achieving
any significant reduction in the HV insulation is not presently feasible as it is assumed
that for a given operating high voltage, the best insulators are employed in the best

possible manner (quantities, thicknesses, arrangements, etc).

[0031] A reduction in the length of the radiation tube is also not presently feasible for
similar reasons, that is, that the length and diameter reductions are tube design and
manufacturing-specific. Thus, in order to produce a more compact radiation generator,
the focus of the present disclosure is on reducing the length/size of radiation generators
by modifying the design and configuration/layout of the HVPS and/or the design and

configuration/layout of the radiation generator.

[0032] According to embodiments of the present disclosure, the linear layout of the
HVPS can be segmented and wrapped circumferentially, in annular fashion, around the
radiation generating tube. In a first embodiment, the HVPS can be segmented and

wrapped circumferentially around the radiation generating tube. This results in a wrap-
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around power supply (WASP), In a most preferred embodiment of the present
disclosure, a multi-stage high voltage power supply, such as a Cockcroft-Walton
styled voltage multiplier, would be employed, however parallel work on single-
staged voltage multipliers indicates that single-staged voltage multiplicrs are also
contemplated in the present disclosure, as any other axially collocated supplies

could be used.

[0033} As shown in Figures 3A- 3C, the stages are mounted on an annular backbone (an
illustrative embodiment of which is shown in the photo of Fig. 3C) which, itself, is
mounted annularly around the radiation generating tube (as shown in Fig. 3A mounted
about an X-ray tube). The design and number of each ring power supplies depends on
the desired output voltage, the component size and rating, the physical dimensions of the
tube, and the like. Each ring is connected to the next with high voltage wires. Fig. 3B
shows an embodiment for a single stage ring, showing the configuration of the capacitors

and diodes in a circumferential arrangement.

{0034] The wrap-around power supply results in a high voltage gradient at opposing ends
of the same ring, and a relatively large radial space required by the wrap-around power
supply design. According to embodiments of the present disclosure, the components can
optionally be laid flat, stringing the HV ladder power supply in a “belt” configuration that
can be used to circumferentially wrap around the radiation generating tube (see Fig. 4).
The interconnecting diodes can be relocated along the sides of the capacitors to reduce

the required outer diameter.

[0035] To mitigate the high voltage potential difference at opposing ends of the annulus
with a WASP design, the belt configuration may optionally be wound helically around
the radiation generating tube as shown in Fig. 5. The configuration of Fig. 5 also
illustrates how the capacitor bodies can be turned side-ways to minimize the cumulative

length of all stages.
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[0036] Each of these approaches offers, to varying degrees, the benefit of gradually
evolving the high voltage axially alongside the radiation generating tube — avoiding,
among other things, significant electric gradients between the tube and the collocated

power supply.

[0037] To achieve additional compactness, capacitors can be double layered in a
staggered fashion. With the double-layer staggered capacitor approach, care must be
taken to avoid excessive overlap of the double layered capacitors (as shown on the right
in Fig. 6 compared with a linear arrangement of capacitors on the left) to avoid electrical

arcing that can occur with the close proximity of opposing voltages.

[0038] With the market entry of higher voltage rating capacitors (10 kV instead of 5 kV),
shorter power supplies (i.e., with fewer stages), which can approximate a similar length
to the radiation tube, becomes possible. Such higher voltage rating capacitors can be

obtained, for example, from Novacap, Inc.

[0039] By using any of the approaches described herein or combining them, HVPS
designs can include rectilinear configurations that are simpler and easier to manufacture,
To minimize the maximum outside diameter of the assembly, a rectilinear HVPS
collocated with the tube may be configured in an eccentered configuration (as shown in
Fig. 7) in an embodiment of the present disclosure, wherein the tube is located off the

main axis of the housing.

[0040] Other considerations with compact radiation generators include the tailoring of
the axial distribution of the electric ficld between the sealed generator tube and the
HVPS. It is preferable that the linear evolution of the electric field on the HV ladder axis
is optimized with respect to the voltage evolution on the radiation tube axis located

underneath to prevent destructive voltage gradients.

[0041] The development of curved capacitors enables various embodiments of the

present disclosure to include a further reduction in the radial dimensions of the generator
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with a collocated power supply. Curved capacitors allow a more efficient use of the

available radial clearance by minimizing the diameter of the supply.

[0042] One embodiment may be referred to as a centered design, in which the generator
tube is located on the main housing axis and is nearly fully circumferentially surrounded
by the HVPS (specifically the capacitors) as shown in Fig. 8. This approach is analogous
to the above discussed WASP configuration, but employing curved capacitors. For
symmetry and design-for-manufacture, the interconnecting diodes can be located on both
diametrically opposed locations (top/bottom), provided extra radial leads are provided on
the capacitors. However, unlike the eccentered embodiment shown in Fig. 7, the
centered design does not permit the neutron tube to be radially positioned any closer to

the formation.

[0043] Additional length reductions can be achieved by locating the HV step-up
transformer outside of the radiation generator, at a less critical location in the tool.
Locating the step-up transformer outside of the radiation generator requires that the
radiation gencrator bulkhead be fitted with two space consuming high voltage
feedthroughs for providing the AC input to the multi-stage high voltage power supply.
Relatively high voltage lines carrying the AC signal can induce EM noise on nearby

electronics if not properly shielded, and incur significant parasitic losses.

[0044] On another topic, coupling a high voltage supply to a radiation generator requires
the use of protective resistors; also called surge resistors (see 214 in Fig.2). The surge
resistors serve to protect the high voltage power supply electronics from damaging arc
events occurring in the radiation generator tube. Surge resistors are placed in series
between the high voltage output of the high voltage power supply and the radiation
generator tube. Surge resistors are designed to momentarily withstand the fuil high
voltage drop across their total length. As such, space needed for surge resistors can
account for a significant portion of the overall length of the device. In embodiments of

the present disclosure, the series of individual surge resistors (typically 0.25-inch

10
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diameter x 0.5 inch long) can be laid out in a zigzag pattern, spaced so as to avoid HV
arcing and/or creep. Alternately, the use of custom more robust carbon-doped ceramic
resistors instead of carbon composition resistors means fewer resistors (and therefore,

less length) are necessary to achieve the same level of protection.

[0045] Turning now to the details of the design of the stages of the high voltage ladder
(Fig,1), a component other than the capacitor that impacts the overall length is the bleed
resistor/voltage divider. A bleed resistor string (106) is used to provide a measurement of
the high voltage at the input to the generator tube by “bleeding” a small amount of
current into a resistor connected to ground. A HV divider formed by the bleed resistors in
this fashion provides an input (110) for the HV measurement. The bleed resistor(s) are
typically strung in series from the HVPS output (last stage) to ground, where a divider
sense resistor (112) is located (refer back to Fig. 1 for an illustration of the bleed
resistors). In addition to providing a precise measurement of the output voltage (for
regulation purposes), the HV divider serves to safely discharge the HVPS when it is
turned off.

[0046] When employing techniques in accordance with various embodiments of this
disclosure, the overall HV ladder length is reduced, and the bleed resistors (which are
typically thick-film ink on a ceramic substrate) see greater axial electrical stress over
their body length, which can detrimentally affect the accuracy of the resistance (voltage
coefficient effect, i.e. the resistance becomes dependent on the voltage across it) and thus
the accuracy of the measurement of HV. To make the resistor(s) less susceptible to such
electrical stresses due to the length reduction, the path length of the thick-film resistor
serpentine needs to be maintained. This can be achieved by increasing (maximizing) the

width available on the body to accommodate a broader serpentine thick-film trace.

[0047] In an alternative embodiment, a stage tap measurement 116 can be made (see Fig.
9) by connecting a high voltage wire to one of the lowest stages of the HVPS. Using
similar voltage divider circuitry 114 and 112, the HV output 110 can be inferentially

11
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related to the ratio of the total number of stages and the stage position tapped. Thus, the
burden of precision can be lified from the bleed resistor(s), allowing such resistor(s) to be

shortened substantially or even eliminated all together.

[0048] As the overall length of the HV ladder is reduced, consideration should be given
to the other component which significantly limits any length reduction, i.e., the capacitor.
In the rectilinear configuration, the capacitors are generally oriented such that the ladder
length is the sum of each capacitor’s radial lead-to-radial lead body length. Thus, any
reduction in a capacitor’s lead-to-lead design length will greatly reduce the overall length
of the HV ladder given the multitude of capacitors used. The main factors influencing
the lead-to-lead separation for a capacitor are the capacitance required and the voltage
rating. The capacitance required is dictated by the design load of the radiation tube (the
higher the tube current requirement, the greater the capacitance needed). The voltage
rating factor includes both the spacing between the layers of a multilayer capacitor
(which will also impact capacitance) and the HV creep along the capacitor body between
the radial leads (at high potential). Thus, for a given capacitance value, as the lead-to-
lead spacing is reduced, the other dimensions of the capacitor must grow to keep the
overall volume constant. Custom-shaped capacitors can be designed to optimize the
cross-sectional space available. The change in the capacitor aspect ratio must be guided
by the lead-to-lead HV creep hold off as well as capacitor manufacturing constraints

(binder curing). An example of a shorter capacitor design is shown in Fig. 10.

[0049] The shorter HV ladder resulting from the considerations above allows the
construction of a much shorter PNG that allows the placement of nuclear sensors at
optimal axial spacings on both sides of the generator. Fig. 11 depicts a possible
embodiment in which the high voltage ladder 216 is mounted parallel to the neutron
generator tube 204. The high voltage end of the ladder and generator tube being
supported at the high voltage end by an insulator 1100, which may contain the surge
resistor(s) 214.

12
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[0050] A variant of the generator shown in Fig. 11 is shown in Fig. 12. In this
embodiment the neutron generator tube has an intermediate electrode 1200, which may
be connected to an intermediate voltage of the high voltage ladder 216 (as described in
commonly owned U.S. Patent Application Serial No. Reference PCT/US10/56566
(Atty. Docket 49.0388) filed November 16, 2009).

[0051] Additionally, thermal considerations are another concern in the design of
compact radiation generators in accordance with embodiments of the present disclosure,
particularly with neutron generators that are known to consume a significant amount of
power and generate waste heat. Because of the thermal sensitivity of the electric
components which make up the HVPS, care is taken to shield them from excessive
temperature. This can be accomplished by, depending on the available clearance, either
by making use of thermal insulators, or thermal conductors to shunt the heat flux to other

cooler regions of the generator.

[0052] While the invention has been disclosed with respect to a limited number of
embodiments, those skilled in the art, having the benefit of this disclosure, will appreciate
numerous modifications and variations therefrom. It is intended that the appended claims
cover such modifications and variations as fall within the true spirit and scope of the

invention.

13
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What is claimed is:

1. A device that produces radiation through the reaction of energetic charged particles
accelerated in a DC electrostatic field with a target on which the charged particles
impinge, comprising:

a. asealed generator tube comprising:
1. asource generating charged particles; and
2. atarget onto which the charged particles are directed,;
b. a high voltage supply collocated at least partially with the sealed generator
tube that is configured to apply a high voltage between the source and the
target to accelerate the charged particles to a predetermined energy level

before the charged particles impinge on the target.

2. The compact device according to claim 1, wherein the high voltage supply
comprises a step-up transformer operatively coupled to a series of multiplying
stages, each stage comprising a pair of rectifying diodes and a pair of capacitors.

3. The compact device according to claim 1, wherein the high voltage supply is
collocated entirely with the sealed generator tube.

4. The device of claim 1, wherein the radiation produced by the device comprises
neutron radiation.

5. The device of claim 1, wherein the radiation produced by the device comprises x-
rays.

6. The device of claim 1, wherein the radiation produced by the device comprises
gamma-rays.

7. The device of claim 1, wherein the length of the device is overall less than or
equal to twenty inches (20 in.).

8. The device of claim 1, the high voltage supply further comprising:

14
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10.

11.

12.

13.

14.

15.

a plurality of rings disposed circumferentially in annular fashion around the
generator tube, each ring comprising a plurality of multiplying stages, and each
ring being operatively coupled to the adjacent ring such that the multiplying
stages of the plurality ring result in a summed high voltage at an output of the
high voltage supply.

The device of claim 1, wherein the high voltage supply is wrapped around the
generator tube in substantially helical form.

The device of claim 2, wherein the capacitors of the high voltage supply overlap
at least partially.

The device of claim 2, wherein the high voltage supply comprises a rectilinear
configuration located along one or more sides of the sealed generator tube.

The device of claim 11, further comprising one pair of capacitors located at a first
azimuth of the generator tube and a second pair of capacitors located at a second
azimuth of the generator tube, wherein the diodes connect the capacitors located
on the two sides.

The device of claim 2, the capacitors comprise a geometry that is substantially
curved with an inner radius of curvature equal or greater to the radius of curvature
of the outside of the generator tube and the outer curvature increased
proportionally with the distance from the center of the vacuum tube.

The device of claim 1, further comprising a protective resistor coupling between
the output of the high voltage supply and the target of the sealed generator tube.
The device of claim 1, further comprising a high voltage divider coupling the
output of the high voltage supply and ground operable to measure a target high

voltage.

15
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15. The device of claim 1, further comprising a voltage divider configured to measure
the voltage at an intermediate point in the high voltage supply from which the high

voltage is inferred.

16. The device of claim 15, wherein the voltage divider is configured to measure the

voltage at a second stage with respect to ground of the high voltage supply.

17. A radiation logging tool, comprising

a) A tool housing;

b) acompact generator that produces radiation through a reaction of energetic
charged particles accelerated in a DC electrostatic field with a target on which the
charged particles impinge;

c) apower supply operatively coupled to the compact generator,

d) control circuitry operatively coupled to the compact generator,

wherein the compact generator comprises:
a. asealed generator tube comprising:
1. asource generating charged particles; and
2. atarget onto which the charged particles are directed; and
b. ahigh voltage supply collocated at least partially with the sealed generator
tube that is configured to apply a high voltage between the source and the
target to accelerate the charged particles to a predetermined energy level

before the charged particles impinge on the target.
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