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Executive Summary

Neutron detection is an essential aspect of interdiction of radiological threats for homeland security purposes since plutonium, a material used for nuclear weapons, is a significant source of fission neutrons.  Because of the imminent shortage of 3He, which is used in the most commonly deployed neutron detectors, a replacement technology for neutron detection is required in the very near future.  This report focuses on potential alternative neutron detection technologies for application in large systems, specifically radiation portal monitoring systems, of which there are thousands currently deployed for homeland security purposes. 

For homeland security applications, there is a strict requirement for limiting neutron false alarms from a detector.  This puts a strong requirement on any neutron detection technology not to generate false neutron counts in the presence of a large gamma ray-only source.
Of the currently available neutron detection technologies, BF3-filled proportional detectors, boron-lined proportional detectors, 6Li-loaded scintillating glass fiber, or non-scintillating coated plastic fiber detectors are the possible replacements for 3He detector technology—if they are proven to have appropriate capabilities.  Testing of each of the currently available technologies, and modeling to optimize the moderator geometry, is required.
Acronyms and Abbreviations

	BF3
	boron trifluoride

	IAT
	Innovative American Technologies

	PMT
	photomultiplier tube

	PNNL
	Pacific Northwest National Laboratory

	PVT
	polyvinyl toluene (a.k.a., “plastic”) photon scintillator

	RPM
	radiation portal monitor

	RPMP
	Radiation Portal Monitor Project

	RSP
	radiation sensor panel

	SAIC
	Science Applications International Corporation

	SF
	spontaneous fission 
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1 Introduction

Neutron detection is an essential aspect of interdiction of radiological threats for homeland security purposes since plutonium, a material used for nuclear weapons, is a significant source of fission neutrons (Kouzes 2005).  Due to the imminent shortage of 3He, which is used in the most commonly deployed neutron detectors, a replacement technology for neutron detection is required in the very near future (Kouzes 2009).  This report focuses on potential alternative neutron detection technologies for application in large systems, specifically radiation portal monitor (RPM) systems, of which there are thousands currently deployed for homeland security purposes.  Figure 1.1 shows an example of an RPM in use at a border crossing.
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Figure 1.1.  Example of a RPM Scanning a Vehicle for Radiological Material

For large fixed or mobile systems, such as RPMs, used for screening of vehicles and cargo, the capability for detection of both fast and slow neutrons is required with equal efficiency, since a potential threat source may or may not be moderated by intervening materials.  Thus, these systems are designed to use large thermal neutron detectors surrounded by moderating material, which allows for detection of neutrons from thermal to several MeV with almost equal response (Kouzes et al. 2008a). 
For homeland security applications, there is a strict requirement for limiting neutron false alarms produced by a detector (Kouzes 2005).  Since a neutron alarm is an indicator of a possible plutonium threat, such alarms automatically produce a significant operational response.  The neutron signal being sought may only be a few counts per second over the comparably low natural background rate.  The gamma-ray background count rate, though, is several orders of magnitude larger, and large gamma ray sources are routinely seen in commerce.  This puts a strong requirement on any neutron detection technology not to generate false neutron counts in the presence of a large gamma ray-only source.
Proportional counters filled with 3He are the “gold standard” thermal neutron detector since 3He has a large capture cross-section for thermal neutrons, excellent gamma-neutron separation, and the detectors are robust and long-lived.  It is the RPM application that consumes the major quantities of 3He within the U.S. Departments of Homeland Security and Energy.  This homeland security application is thus one of the major driving factors in the shortage of 3He (Kouzes 2009).

Figure 1.2 shows a typical pair of 1.8-m-long 3He tubes inside part of a moderating polyethylene box in an RPM.  This example sets the size scale of the required replacement technology for neutron detection.  It is necessary to have a large neutron moderation box to capture a reasonable solid angle for neutrons emitted from a threat object and then large thermal neutron detectors to detect the thermalized neutrons before they are lost from the system.  The overall efficiency of this assembly is quite high.  The actual physical size of current deployed neutron detection assemblies in RPMs sets a requirement on the maximum physical dimensions of any replacement technology. 

Figure 1.3 shows a schematic of a generic 3He-based neutron detector that can hold one or two tubes.  There is a surrounding polyethylene moderator box and a steel shield around the back and sides, which also contributes to the detection efficiency.  Through modeling, it can be shown that the dimensions of the polyethylene in front (moderator) and in back (reflector) can be optimized (Kouzes et al. 2008a).  Such modeling are also part of optimization effort of any alternative detection technology.
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Figure 1.2.  Example of 3He Tubes in a Moderating Box in an RPM
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Figure 1.3.  Cross-Sectional View of Generic Neutron Detector Geometry
(This detector is used for Monte Carlo N-Particle calculations with a neutron source at 2 m from a 3He neutron detector inside a polyethylene box.  The inset shows a vertical and horizontal cross section of the detector assembly with two tubes.)

2 System Requirements for Neutron Detection Options

This document focuses on alternative neutron detectors to 3He for RPM applications.  The ideal alternative technology would be readily available in the appropriate size, rugged, reliable, accurate, unresponsive to gamma rays, safe, and inexpensive.  For the current application, replacement of 3He tubes in RPMs, the interest is in detectors for thermal neutrons, where incident neutrons are moderated by a suitable material, in this case polyethylene or an equivalent material.  Replacement technology should meet performance requirements as described in the following sections, and physically fit in the volume currently occupied by the neutron detection assembly in existing RPM systems.  System dimensions and other parameters are provided in Table 2.1.  
Detectors that are currently commercially available and may be immediate candidates for a replacement for 3He-based detectors are discussed in Section 3.  Detectors in the development stage that ultimately may be options are listed in Section 4.  These are technologies that should be targeted for more focused development activity.  Additional detectors, such as those suitable primarily for fast neutron detection or small systems, are discussed briefly in Section 5.

2.1 Requirements for Replacement Detectors

Table 2.1 lists functional specifications for the neutron detection capability found in currently deployed Ludlum 4500 and Science Applications International Corporation (SAIC) RMP8 polyvinyl toluene (PVT)-based RPM systems.  In many cases, the original specifications are exceeded by the currently deployed systems.  To preserve the same detection and operational capability as the deployed systems, the specifications of currently deployed neutron detectors should be matched or exceeded by any alternative neutron detector technology. 

Table 2.1.  Functional Specifications for Current RPM Neutron Detection Capability1
	Parameter
	Specification

	Detector type
	3He proportional counter with polyethylene moderator1

	Absolute efficiency 
	єabs = 1.2 x 10-3 (or 2.5 cps/ng of 252Cf in specified test configuration) 1,2

	Minimum γ discrimination ratio
	Spec. 0.001 2,3,4: as deployed 0.00013,4

	Spectral capability or just gross counts?
	Gross counts.  Neutron energy spectral information is not measured with 3He systems

	Neutron moderator 
	CH2 or equivalent in quantities as specified

	Available size (volume limit for a replacement)
	11.4 cm x 30.5 cm x 218.4 cm total size for SAIC RPM8 (including moderator) 5

	Mechanical ruggedness
	Must meet or exceed ANSI N42.35 and N42.38

	Environmental ruggedness
	Must meet or exceed ANSI N42.35 and N42.38

	HAZMAT issues if any
	DOT dangerous goods shipping (PVT systems) due to pressurized detectors (3 atm > 2.7 atm) 6

	Detector count rate limit
	50 kHz with less than 5% dead time

	Complexity of associated circuitry
	Input: ~1000 VDC, max ~ 100 mA 7

	
	Output: preamplified 3He signal 7

	
	Count rate limit.  ~ 65 kHz

	Cost
	~$30,000 per system 8

	Availability
	Supply limited to production of 3He


Footnotes for Table 2.1

1. See PNNL 2003.  This table is documented in a PNNL report:  PIET-43741-QR-007, DL Stephens.  2009.  “Functional Specification of the PVT RPM Neutron Detection Capability.”
2. Excerpt from PNNL 2003, Section 3.2.2.3.1 - Neutron Detector Sensor Sensitivity:  A 252Cf neutron source will be used for testing neutron sensor sensitivity:

· To reduce the gamma-ray flux, the source shall be surrounded by at least 0.5 cm of lead.  To moderate the neutron spectrum, 2.5 cm of polyethylene shall be placed around the source.   

· The absolute detection efficiency for such a 252Cf source, located 2 m perpendicular to the geometric midpoint of the neutron sensor, shall be greater than 2.5 cps/ng of 252Cf.  The neutron detector center shall be 1.5 m above grade for this test.  (Note:  10 nanograms of 252Cf is equivalent to 5.4 micro-Ci or 2.1 x 104 n/s, since 252Cf has a 3.092% spontaneous fission [SF] branch and 3.757 neutrons/SF.) 

· The neutron detector shall not generate alarms due to the presence of strong gamma-ray sources.  The ratio of neutron sensor’s gamma-ray detection efficiency to neutron detection shall be less than 0.001.

Currently deployed 3He systems exceed this limit, and range from 2.8 – 3.5 cps/ng 252Cf.  Note that this specification means the intrinsic efficiency of this detector assembly is ~15%.
3. The gamma rejection ratio is assumed to be intrinsic to the neutron detector, that is, dependent on the detector design and materials.  Variation in this parameter is expected between potential alternative solutions.  The gamma rejection ratio is defined as the absolute gamma-ray detection efficiency divided by the absolute neutron detection efficiency of the neutron detector: 

r = єabs γ / єabs n 

where єabs is the number of pulses recorded divided by the number of radiation quanta emitted by source from (Knoll 1999, p. 116).  For well-designed 3He proportional counter tubes the rejection ratio r ≈ 1x10-5 for γ exposure rates up to 100 mR/hr (PANDA 1991, pp. 380-391).

The gamma discrimination ratio of the neutron detection system is the more relevant operational parameter and is defined as the intrinsic efficiency for gamma-ray events counted as neutrons divided by the intrinsic efficiency for neutrons:  

R = єint γ→n / єint n→n  

where єint γ→n  is the number of gamma rays that produce neutron counts divided by the number of gamma rays incident on the detector from (Knoll 1999, p. 116). 

4. Currently deployed 3He-based systems meet or exceed a gamma discrimination ratio of 0.0001 up to an exposure rate of 100 mR/h from 60Co, tested as defined in ANSI 42.35. 

5. Excerpt from PNNL 2003, Section 3.2.2.3, “Neutron Detection Module”:

Each RSP enclosure shall have a Neutron Detection Module.  The Neutron Detection Module shall consist of one or two 3He neutron detectors, or an alternative detector equivalent in performance for neutron detection, with an appropriate polyethylene moderator.  

The 3He detectors shall have an active length of at least 122 cm.  The moderator around the detector shall have a thickness of at least 1.27 cm on the front (source direction), at least 5 cm on the back and sides, and be at least 30 cm in total width.  The scintillator may function as part of a moderating system, which allows for a narrowing the RPM configuration.  The neutron sensor shall produce a pulse for each neutron detected.  Provision shall exist to process detected events from the two detectors individually.

Neutron detection modules designated for use as privately owned vehicle monitors shall have at least two neutron detectors in each module.  Neutron detector modules designated for use as cargo monitors shall have at least one neutron detector in each of the two radiation sensor panels (RSPs) that will be deployed on each side of the road.

6. For example, toxicity of Boron trifluoride (BF3) neutron detectors. 

7. These values are estimates of the relevant parameters.  

8. This price (in 2008) is based on four 3He detectors required in a standard RPM deployment.  Both privately owned vehicle and cargo RPM systems contain a total of four 3He detectors.  Systems designed for unique situations, for example, wide lanes, may require additional 3He tubes.  

3 Currently Available Neutron Detector Products

There are only a few existing alternative neutron detector technologies that are commercially available and meet the requirements for use in an RPM system.  These are 10B-based gas proportional detectors (either 10BF3 or 10B coated walls), 6Li-loaded glass fiber detectors, or non-scintillating plastic fibers thinly coated with neutron absorber and scintillator.  For the purpose of comparison with existing systems, the dimensions of the 3He tube to be replaced are taken to be a right cylinder of height 183 cm and diameter 5 cm, filled with three atmospheres of 3He gas.
None of these potential alternatives meet all of the capabilities of 3He and, thus, none of them is a one-for-one replacement of the neutron detectors in the SAIC RPM8 system.  Testing of these commercially available detectors will be required and then modification of the detector and/or the SAIC RPM8 will be required to implement an alternative for deployment by the Department of Homeland Security Radiation Portal Monitor Project (RPMP).  Similar problems arise for the Department of Energy Second Line of Defense/Megaports Program, and the Department of Defense Guardian Program.

The existing commercial detectors are described in the following sections.
3.1 Gas Proportional Detectors

The first viable, commercially available alternative is gas proportional counters not based on 3He.  The commercially available alternative neutron proportional counters are based on the 10B-neutron interaction, producing 7Li and alpha nuclei.  Boron is either in the gas, as BF3, or coated on the interior tube surface, as either pure boron in a matrix, or a compound mixture such as boron carbide.  The isotopic abundance of 10B in natural materials is about 18% (Bently and Hamer 1958), so the boron in detectors is isotopically enriched to over 90% in 10B to enhance the neutron capture probability.  The cost increases with the enrichment. 
3.1.1 BF3 Gas-Filled Tubes
Boron trifluoride detectors are gas proportional counters that contain a tube (aluminum or stainless steel) filled with gaseous BF3.  Neutrons are captured by the 10B and the BF3 acts as the proportional gas fill.  Gas pressure must be low, at 0.5 to 1.0 atmospheres in order to operate at reasonable voltages.  This low pressure, combined with a smaller neutron cross-section, leads to a lower efficiency as compared to 3He detectors of comparable size.  Moderated BF3 detectors are among the first neutron detectors ever used (Hanson and McKibben 1947).  Tubes are available with either BF3 gas alone or a mixture of BF3 and argon.  The boron is commonly enriched to >90% 10B, with several enrichments or custom arrangements available.  The sensitivity of a standard BF3-filled tube to thermal neutrons is about 1/5 that of a similarly sized 3He-filled tube.  This comes from the smaller neutron cross-section at low energies and the limitation to pressures below one atmosphere.  However, when placed in a moderator box such as that used for 3He detectors, the total system efficiency may be only somewhat more than a factor of two less than a comparable 3He-based detector.  It may be possible to fit sufficient standard BF3 tubes into the available space in an SAIC RPM8 to meet performance specifications, but due to space restrictions and interference of each tube with its neighbors, experimental validation of what is possible is required.  More detailed Monte Carlo calculations are being pursued.

Advantages:  Boron trifluoride tubes are a well-known, mature technology (Segre and Weigand 1947, Hanson and McKibben 1947; Stokes et al. 1966) that are available with different coating options (see, e.g., LND or Reuter Stokes).  These detectors are best used for moderated (thermal) neutrons (Yamashita et al. 1966).  Boron trifluoride tubes are readily available from multiple sources in different sizes and shapes, including matching the size of the current SAIC RPM8 box.  This would allow direct plug-in replacement of 3He tubes if the efficiency were large enough, since the system electronics would work with such tubes.  These detectors are relatively insensitive to gamma radiation, more so than 3He-based detectors, and can be used effectively even in a high gamma flux environment (Brown 1974).  The energy released per reaction is higher for 10B than 3He, which enables BF3 counters to more easily discriminate against gamma pulses (Bolewski 2008).
Disadvantages:  Boron-based counters are less sensitive to neutrons, and have a lower resolution (important for background rejection) than 3He tubes.  They also require a larger diameter tube, because of the lower gas pressure, for small detectors; some manufacturers can match the 2-in. diameter used for 3He tubes in the RPM8.  Since the efficiency of BF3 tubes is about 1/5 that of 3He tubes, the required efficiency of the neutron detection system may or may not be obtained with the direct replacement of tubes; testing is required.  The optimal temperature range is narrower than for 3He, but should not be a problem for normal environmental conditions.  The gas is toxic (CAS 7637-07-2), difficult to purify, degrades over time, and is corrosive to the gas enclosure.  Each 10BF3 molecule that is converted by neutron capture releases 3 fluorine atoms (plus an alpha and a triton).  Fluorine is highly corrosive, and tubes must be designed with this in mind.  Transportation of BF3 is subject to strict U.S. Department of Transportation regulations, and may be prohibited in some locations (Title 49 Transportation Regulations: 49 CFR 171-180).  In recent years, companies have marketed 3He tubes to replace BF3 tubes because of these safety regulations and transportation difficulties.  For example, Ludlum Measurements, Inc. has a BF3 replacement service for previously purchased hand-held detectors. (see http://www.ludlums.com/index.php?option=com_content&view=article&id=37:bf-3-tube-replacement&catid=2:general&Itemid=16.)
Cost:  $725/tube (LND, Inc.)
3.1.2 Boron-Lined Proportional Counters

Rather than filling a tube with a gaseous boron compound like BF3, boron-lined proportional counters incorporate the boron as a solid thin film coating on the interior tube surface.  The chamber is then filled with an appropriate gas mixture that can be optimized for timing characteristics.  These detectors are typically used where circumstances prevent the use of BF3 as the neutron-detecting medium.  On a side-by side comparison basis, boron-lined tubes produced to date may be expected to have about 1/7 the sensitivity of a 3He tube.  

Since the overall sensitivity of the B-lined tubes is dependent on the tube surface area, configurations that increase surface area are a possible solution for increasing their efficiency.  For example, it may be possible to achieve the desired sensitivity with multiple tubes.  An initial calculation shows that it is theoretically possible to fit several tubes of a readily available size into the available space and provide enough tube surface area to approach the detection capability of the current 3He system.  However, this assumes ideal interaction, no loss of charged particles through absorption in the boron coating, a pure 10B coating and neglects self-shielding effects due to multiple layers of tubes.  Actual sensitivity is certainly lower than simply multiplying the sensitivity of one tube by the number of tubes.  New designs may become available within a year with greatly increased boron-coated surface areas, leading to greater counting efficiency for a single tube. 

One approach to increasing surface area is to construct tubes with interior baffles (Dighe et al. 2003).  There are several different prototype designs under development.  The effect of irregular or complicated tube geometry on the signal processing requirements is unknown.  Another approach is to pack multiple coated cathodes into a larger outer tube.  Experiments with this type of multiple-tube geometry range from the enclosure of 3 to 7 cathode tubes per outer enclosure, to a neutron “straw” detector (Athanasiades et al. 2005a; Lacy 2006), through the use of a close-packed array of small tubes filling a large area.  The straw detector is designed to provide directional information in a hand-held detector, but could possibly be adapted to the larger RPM application.  All of the multiple-tube designs suffer from the same self-shielding problems as the use of stacks of standard tubes.  Figure 3.1 provides diagrams of some of the tube configuration possibilities.

Advantages:  There is no toxic BF3 gas and, thus, no associated purification and degradation problems.  The gas fill in the tube can be chosen to optimize desired counting characteristics.  Boron-lined tubes are available commercially in sizes matching the size of the current SAIC RPM8 box.  This would allow direct plug-in replacement of 3He tubes if the efficiency is large enough, since the system electronics would work with such tubes.

Disadvantages:  Boron-lined tubes have inferior gamma ray discrimination as compared to BF3 tubes, and decreased counting stability.  The counting efficiency is lower than that of either 3He or BF3 and depends on the pulse-height threshold used, since event tracks originate from a wall and are thus not monoenergetic.  The decreased sensitivity would require the use of multiple tubes and/or tubes with complex interior geometry to increase the active surface area in order to meet detection requirements. 
Cost:  ~$1500-$6000/tube
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Figure 3.1.  Figure from (Dighe et al. 2003)

3.2 Neutron-Sensitive Scintillating Fiber Detectors

In a scintillating neutron detector, neutrons are detected through their interaction with the nuclei of a suitable isotope, which releases charged particles that in turn produces scintillation light that can be detected.  One disadvantage to the use of the existing scintillating technologies in place of the current neutron tube is that there would be the additional requirement of a photomultiplier tube (PMT) arrangement and associated electronics for signal processing.  Separation of the signal from neutrons and gamma rays is a problem in any scintillator based neutron detector.  This is due to the tradeoff of increasing scintillator material thickness to improve neutron detection, but limiting it to minimize gamma ray detection.  The interference of gamma rays with neutrons occurs only for large gamma ray sources where pulse pileup in the detection system drives the summed signal into the signal space of a neutron interaction.  Various methods are used for separating the neutron and gamma signals observed in this detector, since these signals are not inherently well separated as they are in the proportional counter approach.  Methods include pulse timing, pulse shape, coincidence, and dual-detector subtraction algorithms.  The latter approach uses sandwiched detectors, one of which is insensitive to neutrons, and thus the difference in signal can determine neutrons counts, limited by the statistics of subtracting large numbers. 

3.2.1 Glass Neutron-Sensitive Scintillating Fiber Detectors

The second viable, commercially available alternative neutron detector is based on 6Li-loaded glass fibers.  This technology, originally developed at Pacific Northwest National Laboratory (PNNL), is sold commercially by NucSafe.

One of the more successful inventions for scintillating neutron detection is Ce(III)-doped 6Li-silicate glass fiber (Bliss et al. 1995; Seymour et al. 1998; Seymour et al. 2000).  In this technology, 6Li-enriched lithium silicate glass fibers are doped with Ce(III).  Neutrons interact with the 6Li to produce charged particles; the charged particles deposit energy into the glass matrix, and it is transferred to the Ce centers.  The Ce ions luminesce, and bright light is emitted at each end of the fiber.
Advantages:  Glass-fiber detectors can be formed into different shapes.  They can be made either very large or very small, depending on the desired application.  They have comparable or better performance than 3He tubes for total-neutron-count applications.  These detectors can be used to detect both neutrons and gamma rays, which must be distinguished through pulse-height discrimination and other techniques.  The additional active area and greater density of active centers in the solid glass, compared to high-pressure gaseous 3He, provide the potential for greater sensitivity for a given volume.  
Disadvantages:  The loaded glass fibers have much higher sensitivity to gamma rays than a 3He tube.  High gamma-ray fields give rise to false neutron counts through pile-up.  The effectiveness of the signal processing differentiating gamma rays and neutrons (and thus eliminating neutron false alarms) is very important, but has historically produced problems.  Testing will be necessary to confirm an effective replacement geometry and to validate a solution to the gamma ray pile-up problem. 

Cost:  ~$20k
3.2.2 Plastic Neutron-Sensitive Scintillating Fiber Detectors

Boron-loaded plastic scintillating fibers are commercially available, but are considered unsuitable for the homeland security application, and are included here only for completeness.  In principle, lithium-loaded fibers would also be effective neutron detectors (Ryan et al. 1999).
Advantages:  As with the glass fibers, plastic fibers can be shaped to desired geometries.  The fiber geometry is exploited to distinguish neutron and gamma signals.  Boron-loaded fibers are currently available with different boron concentrations, optimized for the end-use application.  Such fibers are relatively durable. 
Disadvantages:  The detectors are combined gamma/neutron detectors.  Their ability to separate the neutron and gamma ray signal is inadequate for the homeland security application.  As with any of the scintillating detectors, PMTs are required.

3.3 Non-scintillating Neutron-Sensitive Scintillating Fiber Detectors

The third viable, commercially available alternative neutron detector is based on coated, non-scintillating fibers. 

In this technology, non-scintillating fibers are coated with a scintillator material, such as ZnS, and a coating of 10B or 6Li for neutron capture.  One variant on this technology originated at Saint Gobain and is sold commercially by Innovative American Technologies (IAT; Coconut Creek, Florida).  It consists of plastic fibers coated with a scintillating material and 6Li.  It has good sensitivity and good neutron-gamma separation since the scintillator is very thin, giving very little gamma ray response.  This technology has been tested as part of the Bromma Spreader Bar tests performed for U.S. Department of Homeland Security by PNNL
.  This detector has not been produced in large sizes such as are needed in an RPM, and its current cost is very high.  This technology is a potential candidate for further evaluation.  This is a proprietary technology and details of signal processing are not available.  

Similar technology has been the subject of a number of recently issued patents for hand-held and large surface detector panels (Polichar and Baltgavis 2007; Katagiri and Matsubayashi 2007), and for imaging applications (Nagarkar et al. 2008).  The patent assignee companies have not made products commercially available as of this date.

Cost:  $20k-40k per system (IAT) 
3.4 Summary of Available Detector Alternatives for RPM Applications

Table 3.2 summarizes the properties of the existing viable commercial alternative neutron detector technologies that are potentially appropriate for use in RPM systems.  This comparison is based on the experience of the authors and is extracted from various experimental and modeling results plus vendor information.  Testing followed by system engineering is necessary to integrate a successful alternative into the current RPM system.
Table 3.1.  Comparison of Available Neutron Detection Options

	Detector
	Sensitivity
	-n Separation
	COTS
	Cost

	3He tubes
	1
	1
	LND, Reuter Stokes
	Increasing

	BF3 tubes
	~0.2-0.5
	>1
	LND
	Low

	B lined tubes
	~0.14
	1
	LND, Reuter Stokes
	Low

	Li Glass Fiber
	1
	~0.1
	NucSafe
	Medium

	Non-Scintillating Plastic Fiber
	~1
	1
	Innovative American Technologies (IAT)
	High


4 Technology in Development or Not Deemed Usable for RPM Applications

Neutron detection is an active area of research.  A number of different novel technologies and devices are currently in the pipeline.  Some of these are likely to be useful for future deployment for detection of thermal neutrons.  The timescale for availability is months to years.  A selection of materials/instruments is discussed below. 
4.1 Bulk Detectors Currently Available

Bulk detectors in general are inappropriate for the large neutron detector requirements of RPMs for homeland security applications, because of their small size and/or inability to adequately separate the gamma ray and neutron signals.  Bulk (solid state) detectors can be divided into two categories:  scintillating materials and semi-conductors.

4.1.1 Scintillators
4.1.1.1 Crystalline Neutron Scintillators

There are several crystalline neutron detector materials available.  One well-known example is europium-doped lithium iodide [LiI(Eu)], which is capable of simultaneous gamma-ray spectroscopy and thermal-neutron detection.  Another available formulation is LiF(W), lithium fluoride doped with tungsten.  This material provides a high number density of neutron absorbers, but is currently limited to small sizes (Nowotny 2004; Pritychenko et al. 1997).  Another solid state neutron detector is based on lithium lanthanide borate scintillators (Czirr 1998).
Disadvantages:  The detector size is limited by the size of the crystals that can be grown.  Neutron-gamma ray signal separation is a problem.  The decay time in LiI(Eu) is very slow.  These materials are not listed in the more widely advertised product lines of most vendors for the purpose of slow neutron detection. 

4.1.1.2 Composite Phosphor Neutron Scintillators

There is a wide array of composite material-type neutron-sensitive scintillating materials available.  See, for example, the list of materials in (Koroleva et al. 2005).  One that is commercially available and appropriate for use in total neutron counting is ZnS:Ag/6LiF.  
Advantages:  The scintillation is bright.  The product line is tailored for specific environments.  The material can be formed so as to produce a phosphor screen for imaging.  Materials can be chosen with different relative gamma and neutron sensitivity, depending on the intended application. 
Disadvantages:  These detectors are currently produced in relatively small sizes.  The largest standard size found is a 5-inch-diameter disk.  Neutron-gamma ray signal separation is a problem, and probably inadequate for this application.  As with the glass fibers, a PMT is required.
4.1.1.3 Boron-Loaded Plastic Scintillators

There are detectors available that consist of a plastic scintillator material embedded with particles of boron-containing compounds.  These detectors can be used for both gamma rays and neutrons, with the particle types distinguished by pulse shape or timing characteristics.  These materials are generally recommended for use in detecting fast neutrons, but some formulations are suitable for thermal neutrons as well (Britvich et al. 2005).
Advantages:  Several formulations of this type of detector are readily available. 
Disadvantages:  The effective neutron detecting area is limited by the need to preserve optical clarity in the scintillating wavelength region.  The detectors are combined gamma/neutron detectors so the discrimination of the different signals can be difficult.
4.1.1.4 Liquid Scintillators

Liquid scintillator (solutions containing lithium, for example) has been used for many years as a neutron detector.  Rise time separation of neutrons and gamma rays is typically used, and adequate separation is problematic as it is for other bulk scintillators. 
Advantages:  Several formulations of liquid scintillator are available. 
Disadvantages:  Like other bulk scintillators, the detectors are combined gamma/neutron detectors, and the discrimination of the different signals can be difficult. It is potentially subject to environmental effects such as freezing.
4.1.2 Semiconductor Neutron Detectors

There are multiple options for semiconductor-based neutron detectors and there is continuing work by several research groups to develop improved materials and instruments (Dearnaley and Northrup 1966; Peurrung 2000).
Advantages:  The materials are generally rugged.  Thermal-neutron intrinsic detection efficiencies of greater than 25% are possible.  The required design inherently discriminates gamma radiation from neutrons.
Disadvantages:  Devices are often described as “miniature.”

4.2 Semiconductor Neutron Detectors in Development

Research on semiconductor-based neutron detectors is ongoing.  Rather than provide an exhaustive list, a few recent examples are given in two general areas:  conversion layer devices and an intrinsic interaction materials.  A number of reviews appear in the literature, for example, Nikolic et al. 2006.
· Coated Gallium Arsenide (Klann and McGregor 2000):  Scientists at Argonne National Laboratory and the University of Michigan have developed a coated gallium arsenide detector for use in high radiation environments.  The devices are coated with 10B and polyethylene.  The coating absorbs neutrons and emits charged particles into a coated gallium arsenide wafer that acts as an intrinsic semiconductor detector.  
· Perforated Semiconductor Neutron Detectors (Shultis and McGregor 2006; McGregor et al. 2007a; McGregor et al. 2007b; Schieber et al. 2006; Schelten et al. 1997a; Schelten et al. 1997b):  PiN-type perforated semiconductor surfaces with a conversion layer are shown to have increased neutron counting efficiency.  There are many designs, with ongoing work on optimization.  These may become useful for hand-held detectors.  Two possible activators are LiF and BN.
· Boron Carbide Diode (Osberg et al. 2006):  Prototype hand-held devices have been constructed that are capable of real-time sampling of neutron energy spectra.  This shows promise for spectroscopy, but less utility for total thermal neutron counting.
· Composite Boron Carbide Embedded in Polymer Matrix (Uher et al. 2007):  Increases in detector are achieved by distributing boron carbide particles in a solid matrix.  The overall material construct is still a semiconductor.  The design is experimental.
· Boron Nitride Detector (Doty 2004):  The functionality of this detector is similar to the boron carbide detector.
· Pillar-Structured Detectors (Nikolic et al. 2006; Nikolic et al. 2007):  These are similar in basic concept to perforated structures.  Attempts to work around boron thickness, a short particle range problem, by having alphas interact with adjacent nanometer-sized pillar structures.
4.3 Other Promising Technologies

· Other Scintillating Materials:  There are numerous scintillating materials being investigated (Milbrath et al. 2008), among them Ce-doped glasses with both Li and B, and Ce-doped lithium borate crystals (Matsumoto et al. 2005).
· Li-Foil Ion Chamber (Ianakiev et al. 2004):  In this detector, a thin foil of lithium is deposited on a metal substrate, which is then enclosed in high-density polyethylene.  A cavity around the foil is filled with a working gas, such as argon, and the whole assembly is used as a pulse-mode ionization chamber.  This device is designed to be as rugged and inexpensive as possible.  According to promotional literature, preliminary results indicate that after refinements in manufacturing, it is expected to be similar to conventional 3He tubes, at one-tenth the cost.  The initial instruments are small, and ultimately may be suitable only for portable detector applications.  Use as a replacement for the RPM neutron detector would require the construction of an array of smaller units.  This invention is past the prototype stage, and a patent application was made in 2006. 

· Lithium Phosphate Nanoparticles (Ianakiev et al. 2006; Wallace and Allison 2006):  Technology development is proceeding for the manufacture of large panels of fluorine-doped plastic containing nanoparticles of 6Li phosphate.  In order to detect neutrons, the nanoparticles must be sufficiently small that the plastic remains transparent.  In this way, the triton and alpha particles generated by the capture of the neutron results in a photon burst.  If this technology proves feasible, the detector can be formed into any shape.  This technology is in the investigative stage.  As with other scintillating materials, there is interference from gamma rays.  The ability to discriminate radiation types needs to be demonstrated.

5 Additional Neutron Detectors

There is a staggering array of different neutron detectors available and in development that are for the most part currently unsuitable for use in RPMs.  The detector types listed in this section are included for completeness.
In many cases, neutron detectors are designed for use in environments where gamma radiation is either screened, known, or irrelevant in the intended measurement environment.  Such instruments are not constrained by the need to differentiate between gamma and neutron radiation, and may therefore take advantage of physics and materials either currently inaccessible or wholly inappropriate to the RPMP application.  An example of this last category is fission chambers, which make use of fissionable isotopes, and are thus fundamentally unsuited for use in an RPM.

There are a number of detectors that make use of the emission spectra of non-fissionable neutron-activated isotopes.  The neutron flux is detected through analysis of the emitted electrons or gamma ray spectra associated with neutron capture on the target isotope.  A number of isotopes have proved to be useful for detecting slow neutrons, bursts of fast neutrons, and determining neutron energy spectra through the use of mixtures of nuclei requiring different threshold energies for reaction (Knoll 2000).  The response time of activation detectors is limited by the half-life of the activated isotope.  Detectors that utilize hydrogen capture also fall into the category of activation-based detectors, but have lower detection efficiency.

In recent experiments, composite materials containing 157Gd, and combinations of Gd, Li, and B have been used successfully for a number of applications, including medical dosimetry (Abbrescia et al. 2004; Lewis et al. 2007; Williams et al. 2004).  The extremely large cross section of Gd is useful for sensitivity.  The neutron capture reaction results in several prompt emissions, including conversion electrons and gamma rays of several energies.  The generated gamma ray spectrum will almost certainly be problematic in a combined neutron/gamma detection system, and even with clever and complex signal processing, such detectors almost certainly are ultimately impractical for an RPM. 

Detectors for fast neutrons have different requirements than thermal neutron detection.  Many fast neutron detectors make use of the same materials as thermal neutron detection, with appropriate modifications in the electronics and signal processing.  Such devices often involve moderation of the neutrons, so that any information about the original incident energy spectrum is lost.  However, there also are specialized instruments for use in high neutron flux environments, such as those designed for use with the spallation neutron source (Cooper 2004; Engels et al. 2002; Watanabe et al. 2008), and monitoring reactor component dose or fuel performance in fission reactors. 

Fast neutrons may be detected based on scattering rather than absorption reactions.  For example, fusion neutrons may be detected by proton recoil in natural diamond crystals (Maqueta et al. 1997).  Scattering from hydrogen is the most frequently used interaction.  The recoil energy is often detected through scintillation and there are a large number of hydrogenous scintillating materials that are appropriate.  Some gamma pulse interference can be differentiated by pulse shape; however, the need to avoid count pile-up from gamma rays limits the useful size of proton recoil scintillators.  Also in this category are bubble chambers (Jordan et al. 2005).  Bubble growth in superheated hydrocarbon liquid is initiated by scattering from carbon nuclei.  The critical bubble growth threshold is achieved by the short-range energy deposition within a critical volume.  This detector has a large proportion of dead time and is insensitive to gamma rays.  In general, such recoil methods are insensitive to thermal neutrons.

Neutrons may be detected, and objects imaged, with various types of photographic emulsions or newer phosphor screens, either consisting of large (plastic) scintillating panels embedded with neutron-sensitive particles or arrangements of smaller scintiblock type detectors as individual pixels.  Again, these applications do not need to discriminate gamma radiation in the same way as an RPM and thus can make use of such materials.

Many of the detectors in development are variants on existing technology.  For example, sol-gel matrix (Hiller et al. 1999; Wallace et al. 2007) neutron detectors are an attempt to modify the properties of solid scintillator materials by embedding the active particles in a sol-gel matrix, which is generally amorphous and can have optical and mechanical properties that differ from either standard glass formulations or crystals of the same material.
Also available are neutron thermopiles (Allen 1960), in which the neutron dose is determined by measuring the heating from the cascade damage within the thermopile.  These are useful for some dosimetry applications.  Related to this are cryogenic thermal neutron detectors, in which neutrons are detected from the heat pulse generated by the neutron reaction.  These require careful temperature control at very low temperatures.  In some designs, the heat pulse is detected by the temperature-dependent change in resistance of materials near the superconducting region (Bell et al. 2005).  There are several such formulations that are insensitive to gamma radiation.

6 Preliminary Findings

Of the currently available neutron detection technologies, BF3-filled proportional detectors, boron-lined proportional detectors, 6Li-loaded scintillating glass fiber, or non-scintillating coated plastic fiber detectors are the possible replacements for 3He detector technology if they are proven to have appropriate capabilities.  

Testing of each of the currently available technologies and modeling to optimize the moderator geometry, is required.

Boron-based gas proportional counters can be an effective alternative to 3He if their efficiency is improved over that currently available. 

Scintillating-fiber-based neutron detectors may prove to be a feasible solution if the signal processing for the discrimination of the neutron signal from the gamma ray signal can be shown to be sufficient.  Fibers can be shaped as desired and should be relatively robust.  Both the glass and the non-scintillating coated plastic fiber options should be considered in further detail.  

Developing cost estimates and performance comparisons of each technology is recommended.  Practical aspects of detector engineering and installation and use in the field, in the SAIC RPM systems currently being deployed should be explored for each option.

7 List of Representative Vendors

Table 7.1.  Vendors of Non-3He Neutron Detectors

	Company
	Non-3He Thermal N Detection Products

	Centronic Limited

Centronic House, King Henry’s Drive, Croydon, Surrey, CR9 0BG, England

Manufacturing and sales facility, Centronic LLC, based in Houston, TX
http://www.centronic.co.uk 
	Boron Trifluoride (BF3) neutron proportional counters

Boron-lined proportional counters

Boron ion chambers

	General Electric Company

GE-Reuter-Stokes

3135 Easton Turnpike

Fairfield, CT 06828-0001

http://www.ge-energy.com 
	10B-lined proportional counters have been produced in the past and improved versions are under development.

	Innovative American Technology (IAT)

4800 Lyons Technology Park Drive
Suite 3 

Coconut Creek, FL 33073 

Phone: (954) 418-6623

Fax: (954) 418-6627

E-Mail: contact@ia-tec.com

http://www.ia-tec.com/
	6Li-coated non-scintillating fibers with proprietary electronic/signal processing package.

	LND, Inc.

3230 Lawson Boulevard

Oceanside, NY 11572

http://www.lndinc.com 
	BF3 gas detectors

Boron-lined gas detectors

Fission chambers

Proton recoil counters

	NucSafe, Inc

601 Oak Ridge Turnpike

Oak Ridge, TN 37830

http://www.nucsafe.com  
	6Li and Ce3+ -doped neutron-sensitive glass fiber scintillator

	Saint-Gobain Crystals

17900 Great Lakes Parkway
Hiram, OH 44234

http://www.detectors.saint-gobain.com 
	Cerium-activated lithium silicate scintillators

Li dispersion in ZnS(Ag) phosphor powder scintillator

Scintillating plastic fibers

Additional products available

	Thermo Fisher Scientific Inc.

81 Wyman Street
Waltham, MA 02454

http://www.thermo.com 
	NRD 9" Neutron Ball with BF3 Tube (handheld instrument)

Many other products available


Information about products was requested from a number of scientists and vendors of commercially available neutron-detection units.  Selected companies indicating availability of non 3He-based thermal neutron detection products are listed in Table 4.1 above.  This table is not intended to be a comprehensive list and should not be taken as a recommendation of any particular company or vendor.  Companies producing or distributing only hand-held instruments, only 3He tubes, or not providing information as of the date of this document were not included in this listing.  Further work should include follow-up contact with these and other appropriate vendors to determine product availability compared to project needs and pricing information.
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Appendix:  Material Science of Neutron Detection
A.1 Neutron Detection

Radiation detectors generally work by measuring the signal produced by charged particles and photons. Interaction with material in the detector results in either an electrical current that can be measured through circuitry or visible light that can be measured with a light sensitive detector.  Neutrons are not detected directly.  Neutrons can interact with nuclei, and either undergo scattering (with associated backscatter of the impacted nucleus) or they can be captured.  When a neutron is captured, the reaction in the nucleus can result in the emission of secondary radiation and charged particles.  These reaction products can then be detected as any other charged particle or photon through ionization and excitation of surrounding media.

A good neutron detector must contain a material that has a high probability for capturing neutrons (that is, a large neutron cross section), and emissions or reaction products that are easily measured.  There are several isotopes that have high capture cross-section.  The three of greatest significance for the detection of thermal (slow) neutrons, such as those associated with SNM, are 3He, 6Li and 10B.

In the case of 3He the neutron is converted through the nuclear reaction:
n + 3He → 3H + 1H + 0.764 MeV

into charged particles, a triton (t or 3H) and a proton (p or 1H), that are then detected by creating a charge cloud in the stopping gas of a proportional counter.
The 10B reaction yields a 7Li atom and an alpha particle (() that are detected:
n + 10B → 7Li + 4He + 2.792 MeV

Reactions with 6Li produce an alpha particle and a triton:

n + 6Li → 3H + 4He + 4.78 MeV.

The most widely used material for neutron detection in homeland security is 3He.  It has a high neutron-capture cross-section, is non-toxic and inert, and has desirable detection properties.  The technology behind the standard 3He neutron-detector tubes is mature and well established.  However, because the supply of 3He is limited, it is desirable to investigate available neutron detector technologies that do not use 3He.

A.2 3He Source

Helium-3 occurs naturally only at the part-per-million level in terrestrial helium supplies.
  Because it is so rare, it is thus manufactured rather than recovered from natural deposits.  The primary source of 3He is tritium decay, so that the 3He supply is dependent on the tritium stockpile and production.  The steady state production rate of 3He from the tritium stockpile is inadequate to meet the current demand. Tritium can be produced through neutron bombardment of lithium, boron, or nitrogen targets. The current supply of 3He is almost exclusively the byproduct of the production of nuclear weapons and maintenance of the weapons stockpiles (Wittenberg et al. 1991). 












� James Ely, PNNL, private communication.


� The 3He would need to be isotopically separated from the 4He. The U.S. uses about 14,000 metric tons of He each year, thus containing about 14 kg of 3He, which is not significant on the scale of 3He usage.
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