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ABSTRACT

Three areas where nuclear based techniques have significant impact are briefly described. These

are: Nuclear material control and non-proliferation, on-line elemental analysis of coal and minerals,

and non-intrusive detection of explosives and other contraband. The nuclear physics principles and

the role of reactor physics methods are highlighted.

1. INTRODUCTION

Major applications of nuclear techniques to the industry started more than three decades ago.2

One can identify three overlapping periods of development of techniques for various applications:

the sixties and seventies - oil well logging and detection of nuclear materials; mid-seventies to mid-

eighties - on-line elemental analysis of minerals, especially coal; mid-eighties to present • detection

of contraband, especially explosives and drugs.

There have been ups and downs in the applications. While nuclear techniques are the

backbones of oil well logging, its fortunes followed those of oil exploration activities. Development

of techniques and equipment to detect nuclear materials was aggressively pursued in the late sixties

and seventies. The application, though, suffered a great setback when nuclear fuel reprocessing was

practically abandoned in the U.SA. and scaled down elsewhere. Recently however, some aspects

of the technology are receiving renewed attention. This stems firstly, from the concerns over

nuclear proliferation in general and from the possible production and transportation of raw

materials, weapon components and even entire warheads across international boundaries. A second

reason is the worldwide effort to address the environmental issues resulting, among others, from

the waste generated by the nuclear fuel cycles.

sTo be presented in the International Conference on Reactor Physics and Reactor Computation, Tel Aviv,
January 23-26,1994.

2Nuclear techniques such as gamma-ray and neutron transmission and backscattering have been developed
and applied since the dawn of the nuclear era. Similarly, gamma-ray and neutron radiography and tomography
have been extensively studied and implemented. These techniques and those used in life science mil not be
discussed in this paper, which will concentrate in general, on active techniques involving nuclear reactions.
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The development of nuclear techniques to perform on-line elemental analysis of coal, cement

and other minerals started in earnest in the mid-seventies, using mainly the process of thermal

neutron capture. Whereas in the seventies until mid to late eighties, there was a reluctance to

replace the common but tedious sampling and chemical analysis with the nuclear alternative, the

latter is now generally embraced by the coal industry as an integral part of the coal cycle analysis,

from the mine to the boiler. The development of nuclear techniques for detection of explosives was

initiated in the mid-eighties in response to the wave of terrorism especially against passenger

airlines. It is now being expanded to drug detection as part of a much more effective interdiction

effort. It is being further broadened to enable non-intrusive confirmation of declared manifest of

goods imported into a country and detect possible smuggling of dutiable items.

2. MATERIAL FEATURES AND ELEMENTAL SIGNATURES

All the applications mentioned above share one key ingredient of nuclear techniques, namely

non-intrusiveness. The other features are high penetrability, high specificity, high speed and the

inherent adaptability to automatic decision making. Most of the industrial nuclear techniques used

neutrons, thermal or fast, as probing radiation, a few use gamma-rays, usuaUy bremsstrahlung from

energetic electrons. Nuclear techniques detect the presence of the material of interest by detecting

specific isotopic nuclei through their unique nuclear structures. The key elemental features that

allow the detection of the various materials are summarized in Table 1. Fissionable materials are

detected, obviously, by the fission process. The elemental densities in minerals is determined mainly

by the characteristic gamma rays emitted following the radiative capture of thermal neutrons. The

same process is used for the nitrogen and chlorine determination which forms the basis for

explosive and drug detecting techniques. More specific detection of these contraband is achieved

by measuring more of the elemental constituents, namely oxygen, carbon, nitrogen, chlorine and

hydrogen. The first four elements are detected by the characteristic gamma rays emitted when fast

neutrons are inelastically scattered by the nuclei of the elements.

3. ROLE OF REACTOR PHYSICS METHODS IN THE DEVELOPMENT OF TECHNIQUES

Once the requirements of an inspection system, be it for nuclear materials, coal or explosives,

have been defined and understood, the laborious selection process of the proper nuclear

technique(s) and its ensuing development commences. This is where the methods and

methodologies including computer codes and nuclear data bases play a very crucial role.
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All inspection techniques based on nuclear methods are generically similar (see Figure 1). The

key components are a source of penetrating radiation, means to tailor the radiation (e.g., slow down

neutrons or collimate them) the interrogated object (i.e., suitcase), means of detection (e.g., Nal(TI)

scintillation counter), and means of collecting and processing of the received data to make a

decision on the presence of the contraband. The various elemental nuclei in the interrogated object

react in different ways (e.g, they have different interaction cross sections) with the interrogation

radiation. Generally, they emit detectable characteristic radiations, i.e., high energy gamma rays.

All explosives, for example, and especially all known commercial and military explosives have

distinctive elemental compositions. They are generally dense and are rich in oxygen and nitrogen,

and relatively poor in carbon and hydrogen when compared to common benign substances.

The signals resulting from the interactions with the various elemental constituents can be one

or more of the following:

1) Specific change in the intensity of the probing radiation, i.e., neutrons or gamma rays from a

resonance absorption and/or scattering (this is a specific manifestation of the radiography

technique). This change is superimposed on the overall attenuation of the probing radiation

which, in this context, is considered as background ("attenuation measurements").

2) Specific energy loss for the probing fast neutrons via elastic scattering ("scattering

measurements").

3) Inducing emission of specific gamma rays, promptly or delayed, following the radiation, as a

result of neutron capture or inelastic scattering.

The induced (or modified probing) radiations are detected by an array of appropriate detectors

located in the vicinity of the probed object. The detector signals are usually processed firstly

via analog electronic circuit and then digitally. The information from all detectors is analyzed

by a main computer which, based on prior calibration and information can make the decision

to clear the object or to alarm, or provide the concentration of elements and materials of

interest. The development process of a nuclear based interrogation system involves many

specific choices and decisions governed by nuclear physics and other engineering disciplines:

• Nuclear reactions, e.g., (n,7), (n,n)(n,x"7), (7,7); (7,n), (7,p), (7,xn)

• Cross sections, branching ratios, angular distributions

• Sources of radiation - radioisotopes, accelerators, steady state or pulsed (fast or slow)

• Detectors - type, size, efficiency, energy resolution, time resolution, sensitivity to probing

radiation, stability
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• Electronics/Data Acquisition (hardware and software) - count rate and data rate,

miniaturization

• Structural and shielding materials

• Decision Analysis (hardware and software) • image reconstruction, feature analysis, classical,

and/or advanced decision techniques (e.g., artificial neural network).

There is a complex interrelation between these and other factors and issues affecting the design

of the system. This is where most of the reactor physics methods were found useful. Proper

considerations of these items in the design and construction will ensure (at least technologically)

a successful inspection system.

4. NUCLEAR BASED TECHNOLOGY FOR THE DETECTION OF NUCLEAR MATERIALS

Fissile and fertile nuclei spontaneously emit characteristic nuclear radiations, such as neutrons

and 7-rays, that are sufficiently energetic to penetrate the material and its container or cladding.

In addition, when irradiated by neutrons or 7-rays, certain nuclear materials fission, emitting highly

energetic radiations. Nondestructive assay (NDA) is the observation of spontaneous or stimulated

nuclear radiations to determine the amount of one or more nuclear materials in a sample without

affecting the sample's physical or chemical form. NDA can be contrasted with the more traditional,

destructive assay of nuclear material performed by sampling and chemical analysis, in which the

physical and chemical properties of the sample are altered. The spontaneously emitted radiations

is the basis for the passive NDA. This type of NDA is generally simpler and cheaper than the

active NDA but is far more limited when self absorption and possibility of concealment of nuclear

materials is considered.

Active Nondestructive Assay (ANDA)

Neutrons or 7-rays which irradiate nuclear material induce fissions that produce, on the average,

two to three highly energetic prompt fission neutrons and approximately eight prompt 7-rays. For

up to several minutes after fission, the fission produce nuclides continue to emit delayed radiations:

another six to seven 7-rays and approximately 0.01 to 0.02 n/fission.

Some ANDA techniques utilize the detection of prompt radiation while the material is being

irradiated and others depend on the detection of delayed radiation after irradiation has been

terminated. If prompt radiation is detected, the fission neutrons and 7-rays must be distinguished

from the irradiation neutrons and 7-rays. Radiation from the neutron or 7-ray source is incident

upon the nuclear material, but it may also be incident upon the detectors, or it may scatter into die
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detectors after interacting with the nuclear material or the counting chamber. The discrimination

of prompt fission neutrons from the radiation source can be accomplished by using detectors biased

to count only neutrons having energy greater than the energy of the source neutrons. An alternative

method is to use a random radiation source and coincident counting of the correlated fission

radiation. In coincidence counting, it is also necessary either to shield the detectors from the source

or to bias the detectors above the energy of the source radiations so that the accidental coincidences

from the random source neutrons and 7-rays do not create a large background. Accidental

coincidences can be significant, if the number of random radiations detected during the coincidence

gate time is large. In the detection of delayed radiation, the irradiation source is quickly removed

prior to counting, therefore, gross counting can be used with or without energy discrimination. The

source is removed by turning it off, employing a movable shutter, or moving the nuclear material

past the source to a shielded counting chamber.

Another important difference among ANDA techniques lies in the type of radiation emitted by

the source. Interrogation sources are of two types: (1) radioactive isotopic sources and (2) electron,

deuteron, or proton accelerator sources. The energy of neutrons produced by proton or deuteron

accelerators can be adjusted by using different target elements that will produce neutrons by (p,n)

and (d,n) reactions. The maximum energy of the 7-ray produced by electron accelerators

determines the maximum neutron energy created by the (-y.n) reaction. The 7-energy can be

adjusted by changing the electron energy.

Neutron-moderating tailoring assembly is commonly added to an ANDA system between the

interrogation source and the modified or "tailored" to suit a particular application. Selection of the

interrogation source and the tailoring assembly is extremely important because the energy of the

interrogating radiation determines the intensity of the response and the measurement accuracy.

Tailoring is necessary because both the fission cross section and the penetration of radiation

through nuclear material are strongly energy dependent. As a simple illustration of the importance

of this feature of ANDA, consider the use of a high-energy neutron source with a tailoring assembly

to filter out any low-energy neutrons. The interrogating radiation is highly penetrating, giving a

uniform response throughout the nuclear material, but also gives a low intensity response because

the fission cross section is low at high-neutron energy. If the tailoring assembly is modified to

moderate the source neutron energy so that the interrogating radiation is primarily low-energy

neutrons, then the intensity of the response will greatly increase because of the increase in the

fission cross section. However, the response will no longer be uniform throughout the nuclear

materia.
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There is a wide variety of active NDA techniques to match the wide scope of applications.

Table 2 lists the active NDA systems classified by the type of source they use, the induced and

detected radiations and typical applications.

ANDA also offers a flexibility not found in passive NDA techniques, as the following list,

contrasting active and passive techniques, demonstrates:

1. The energy and intensity of the active NDA interrogating radiation can be increased or

decreased to provide appropriate response intensity. Passive techniques are limited to the

response intensity provided by nature.

2. The energy of the interrogating radiation can be adjusted to generate different responses from

different nuclides. This adjustment is primarily useful in measuring first fissile nuclides using

low-energy interrogating radiation, and then measuring fertile nuclides using interrogating

radiation with energies above the fission threshold. Passive neutron counting measures

primarily fertile nuclides. Passive 7-ray NDA measures the content of an individual nucUde

only, if nature has provided a penetrating 7-ray for that nuclide. A very notable example of the

i s ^ U .

3. Active NDA is applicable to both uranium and plutonium, as is passive 7-ray NDA. Passive

neutron counting is applicable to plutonium and to low-enrichment uranium, but it is only

commonly used for plutonium. In contrast to 7-ray based NDA, which can be applied only to

plutonium compounds and matrix materials with low-bulk density, active NDA can be applied

to both low- and high-density materials with uranium, plutonium or thorium.

NDA systems found use in the nuclear industry in basically four common applications: (1)

nuclear material accounting, including real-time accounting, (2) personnel and package search for

nuclear material as a safeguard against theft, (3) verification of prior assay, and (4) nuclear material

process and quality control. Recently with the heightened concern of nuclear material and weapon

proliferation and the possibility of illegal transportation across international boundaries of complete

weapons or their components, interest is growing in using passive and active NDA for this difficult

task of inspection.

Passive and active NDA techniques and their applications are comprehensively described in two

books cited as Ref. 1 and 2.

5. NUCLEAR BASED TECHNIQUES FOR ON-LINE ELEMENTAL ANALYSIS OF COAL AND

MINERALS

The need to improve on the analysis of coal and minerals in terms of reducing sampling errors,
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increase accuracy and above all, providing results in real-time allowing corrective actions in the

process-line, has led in the mid-seventies, to the development of on-line coal and mineral analysis.

Nuclear techniques, especially neutron capture and inelastic scattering processes, provide elemental

specific signatures. By leaving the resulting or interacting nuclei in exited states, gamma rays, which

are promptly emitted, are specific to these nuclei.

A key parameter for these nuclear reactions is the interaction cross section for the specific

reaction. It describes the "affinity" for the interrogating neutron to the specific element. Table 3

lists the total cross section (in millibarns) for the production of penetrating gamma rays by 14 MeV

neutrons, through mostly the (n, n'7) reaction, and thermal (0.024 eV) neutrons through the (n,y)

reaction. The table shows significantly large cross sections for almost c'l elements. It also shows

the complementarity of the fast and thermal neutron interrogation. Those important elements,

which are not sensitive to thermal neutrons (e.g., N, C, O), do readily interact with fast neutrons.

Exceptionally high capture gamma cross sections are seen for tantalum, tungsten and the uranium

isotopes. The value of the production cross sections for gamma rays by themselves does not

determine the ability to detect a given element. The number of specific and distinctive gamma rays,

or lines and their intensities, the separation between lines, the background under the lines as

measured by the detector, are a few of the factors that determine the detectabiliry. Table 4 lists

the relative detectability (the product of the areal attenuation coefficient of the element for neutron

capture process with the gamma ray branching ratio). The table shows that hydrogen, chlorine,

cadmium and gadolinium have an exceptionally high detectability. A typical spectrum of gamma

rays produced mainly by the (n,y) interaction in coal is shown in Figure 2. Whether these elements

and others, even if they appear in the spectrum, can be accurately and quantitatively determined

depends on many factors. Some of these are the result of the size, geometry, density and other

materials present in the bulk sample being measured (see Figure 3). These factors must be

considered and their effect mitigated, or fully corrected for, if an accurate elemental concentration

is to be determined. This is again where neutron and gamma ray transport codes, for direct and

adjoined fluxes, are important for system optimization, design and for various systematic correction

of the measured data. For example, Figure 4 shows the effect of density variation in a bulk coal

on the measured (i.e., leakage) gamma rays produced by neutron capture (and inelastic scattering)

in the coal. It is interesting to note that for this geometry, 30 cm spherical shell, the detected

gamma rays and hence the inferred elemental concentration are independent of a reasonable

density variation around the nominal one of -0.8 g/cc. For more details see Ref. 3. A schematic

drawing of an on-line coal analyzer (called chute type Nucoalyzer) is shown in Figure S.I and a
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picture of the installed system is shown in Figure 5.2. Since the pioneering work of the mid-

seventies, the technology for on-line nuclear analysis of coal and cement has been commercialized

by a few companies and scores of machines, based on that early development, were manufactured,

installed and are fully operational. Significant improvement in accuracy and broader applicability

of the technology are possible, employing extensively reactor physics methodologies, more powerful

computers, newer electronics and advanced data processing.

6. NUCLEAR BASED TECHNIQUES FOR CONTRABAND DETECTION

During the last decade, great strides were made in the development and deployment of nuclear

based detection of explosives. This development was required to combat the wave of air terrorism.

The same techniques are highly suitable also for drug interdiction. The first system to detect

explosives is based primarily on the detection of nitrogen, which is abundant in all military high

explosives. Though the neutron capture cross-section in nitrogen is very low (14 mb), the resulting

characteristic gamma-ray is practically the highest possible (10.8 MeV) and hence almost free of

background. The challenge was then to maximize the neutron flux per source neutron and the

detection of the 10.8 MeV gamma rays. Indeed reactor physics optimization of the

moderator/shielding coupled with unique electronics and data analysis has resulted in a system that

has a better performance than another one with a twice or thrice stronger neutron source. The

system is TNA (Thermal Neutron Analysis see Figure 6 and e.g., Ref. 4) and six such machines

(plus two prototypes) were built and have been used for various periods of times at different

airports in the U.S.A. and abroad. The TNA systems have screened over a million airline passenger

bags and performed reliably. It can be used to detect hydrochtoride narcotics, primarily through

the detection of chlorine, which has a very high neutron capture cross section and yield intense

characteristic gamma rays.

Even higher sensitivity to explosives and narcotics - concealed in any size object, from a small

parcel to a chipping container - is achieved by the nanosecond pulsed fast neutron analysis

technique (PFNA). This technique is based on the fast neutron (EB > 5 MeV) interactions, mostly

(n,n'7) to yield characteristic gamma rays. The technique employs (see Ref. 5) neutron time of

flight technique to obtain the spatial distribution of the signal and hence, of the element. Very

narrow (< 1 ns) pulses of monoenergetic neutrons are generated and interact with the content of

the interrogated object. Three dimensional elemental distribution can be directly obtained in as

small as 5x5x5 cm3 volume elements (voxels). An example of PFNA results on a relatively complex

benchmark configuration is shown in Figure 7. Figure 7a shows the Nal(Tl) oxygen signal as a
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function of time, corresponding to the time of flight of the neutron through the configuration shown

at the right corner. The signal clearly indicates the presence of oxygen in wood, fabric and explosive

(C4) and absence in the polyethylene block. When the signal is time gated, corresponding to the

position at the center, the gamma ray pulse height distribution shows clearly the oxygen, carbon and

nitrogen, with typical intensities for explosives and that of carbon, when CH2 replaces the C4.

The effectiveness of the PFNA technique was demonstrated for both explosive, drugs and many

other materials. It is currently being built for inspection of full-size shipping containers and trucks

for narcotics and other contraband.

7. CONCLUSIONS

The contribution of active nuclear based techniques to industry and the nation in three

important areas have been described. The uniqueness of these techniques notably: non-

intrusiveness, resulting from high penetration of the interrogating and stimulated radiation, high

sensitivity, high specificity and amenability to automatic operation and decision are beneficially

exploited in these applications. The range and breadth of the applicability as well as the

performance of these techniques can be further enhanced. A key to these improvements is the

efficient use of reactor physics methods and methodologies.
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Table 1
Key Elemental Features and Signatures

to
o
00

Material

NUCLEAR

MINERALS

Cement

Coal

CONTRABAND

Explosives

Drugs (Cocaine/Heroin)

Key Elemental Features

2 3 2Th,2 3 3U,2 3 SU>
: a 8U,2 3^u,

*°Pu

Ca, Si, Fe, Al, Mg

C (high concentration)
H, S, Si, AL Fe, Ca, K, Na, Ti

Elemental Densitv (g/cc^
relatively high O
relatively high N
relatively low C
relatively low H

relatively high C
relatively high H
relatively low O
possibly low-medium Cl

Usable Nuclear Reaction

(n,h,f), (npf), (Y.0
secondary: (n,,,,Y), (n,n'y)

("U..Y)

(iVY), (n,n'y)
(nth.T)

(n,n'y)
(n^y) and (n,n'Y)
(n,n'y)
("ih-Y)

(n,n'Y)
(«*.*)
(n,n'y)
(IVY) and (n,n*Y)

Available Signatures

np, n* yp, Yd
total/coincidence

Specific capture Y-rays, e.g.,
6.420 MeV for Ca
4.934 MeV for Si
7.630/46 MeV for Fe, etc.

specific capture (or inelastic)
Y-rays, e.g., 4.945 MeV (n,y)
and 4.4.30 MeV (n,n'Y) for
C, 2.223 MeV for H, 5.420
MeV for S, etc.

6.130 MeV
10.80,5.11,2.31,1.64 MeV
4.43 MeV
2.223 MeV

as above
as above
as above
6.110 MeV and other strong
lines.



Table 2a
Possible Active NDA for SNM Based on Isotopic Sources

No.

1

2

3

4

5

Source Type

^ C f o r (o,n)
(steady state or

shuffled)

B!Cf

Low E («,n) [e.g.,
"'Am (o,n) Li]

Low E («,n) (e.g.,
" 'Am (o,n) Li]

(Y,n) [e.g., Sb-Be,
Ra-Be, etc.]

Radiation

Incident

Moderated/
unmoderaled.

Moderated Cf-fission
neutrons.

Unmoderated/partially
moderated neutrons.

Highly/partially
moderated.

Sub-MeV neutrons.

Observed

Prompt neutrons (np) and
yrays (y) using fission
multiplicity detectors.

Gross delayed gamma (yd)
(possibly n,, and delayed

neutrons, n j .

n,, and y (using FMD)

Fast 11̂

<V "a

Applications

Useful for scrap and waste. Sample
size up to SS gal. Moderate sensitivity.

Samples with low-enriched SNM. Most
useful for rapid scanning of low

enriched fuel pins.

Same as #1. Source intensity limited.

Low speed LWR fuel rod scanner.

All degrees of SNM enrichments.
Various size samples including fuel

pins.

Table 2b
Possible Active NDA for SNM Based on Accelerators

No

6

7

8

9

10

11

13

14

15

Source Type

Electron accelerator

Electron accelerator

Electron accelerator

14-MeV neutron

14-MeV neutron {us
pulsed) generator

3-McV Van de Graaf

Electron accelerator

14-MeV neutron
generator

14-MeV neutron <>i
pulsed) generator

Medium E Linac

RtdMian

Incident

S to 10 MeV Y-ray
(Bremsstrahlung).

5 to 10 MeV ir-ray
(Bremsstrahlung).

5 to 10 MeV Y-ray
(Bremsstrahlung).

Unmoderated/partiaUy
moderated neutrons

Moderated neutrons, "differential
neutron die away technique"

Subthreshold neutrons

MeV/wb-MeV neutrons

Low-energy, lead-moderated
neutrons

High-energy, lead-moderated
neutrons, "Lead Spectrometer*

Neutrons (via tim©-of-flight)

Observed

Thermalized IL

nd and Hp/nd

Yj (using low or high resolution
detectors)

n,.rd

Vow

Capture r

Applications

AU containers, all compositions. Instrument system
U complex. Can distinguish between fissile isotopes.

•

AU containers, all compositions. Low H.
lnstrumeni System is complex.

High sensitivity to small amount of SNM in SS
gallon waste drum. H«jh self shieidinc compta.

Small samples (no H) witli h%k eariched SNM.
Fttod and complex naaUatioa. Oiairtgailm

between two fistale intopea.

Small or tanje aampies wi* low to iattnMdiate
density of SNM. Complex sjratafa.

Fuel pins with low enrichment. Hsod and complex
installation

Medium size samples (no H) oaa be radioactive.
Complex system as #13.

several fissile and fertile awtopaa, F M
HUUttMioai.
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Table 3
Total Cross Sections of Production of Gamma Rays (0.5 s E s 12 MeV) at E . - 14 MeV and at

Thermal Neutron Energies

Target

H

Li

Be

B

C

N

O

Na

Mg

Al

Si

P

S

Ti

Fe

(E. = 14 MeV)
(mbarn)

0

(0)

(0)

(160)

230

314

474

1486

1445

1832

1620

2515

2419

4010

4490

(EJ
(mbarn)

330

3.6

0.9

100

3.5

75

0.19

530

51

231

177

172

530

7840

2590

Target

Cu

Zn

Zr

Mo

Cd

In

Sn

Ta

W

Hg

Pb

Bi

">U

a U

(E. ' 14 MeV)
(mbarn)

5985

5570

5830

6800

7192

6815

6480

9000

10400

9400

6500

11680

20632

10546

23150

(mbarn)

4500

760

185

2550

2450

194

626

20500

184 00

372.000

171

34

98300

22000

269.000

Table 4
Relative Detectability of Various Elements

(Using their strongest high energy line)

Element

H

Be

B

C

N

O

F

Na

Mg

Al

Si

S

CI

K

Ti

V

Cr

E(KeV)

2223

6809

7005

4945

10829

3271

3589

3982

2828

7724

3539

5421

6111

5381

6760

7163

8884

D(cm2/g) 1 Element | E (KeV)

2.0 x 10'

3.9 x 10J

U x 10^

1.1 x W

4.5 x W

1.8 X10-*

3.3x10-'

1.9 x 10 !

6.6 x 10*

1.4 x 101

23 x 10'

5.8 x 10 J

1.1 x 101

2.9 x 10 !

1.8 X 10'

7 .8x10 '

9.6 x 10'

Mn

Fe

Co

Ni

Cu

Zn

Ge

Zr

Mo

Ag

Cd

Gd

W

Hg

Au

Pb

Bi

7244

7631

6876

8999

7915

7863

3028

6294

6919

5698

5824

4843

6190

5966

6251

7368

4171

D(cmVg)

1.8 x 10*

1.4 x 10*

3.1 x 10*

3.4x10*

1.1 x 10*

1.1 x 10J

7.4xlOJ

ZOxW*

5.4 x 10-*

4.1 x 10J

2.8x10'

1.6 xlO*1

Z9xlOa

1.6x10*

1.7x10*

4.6 X 10*

4.8 XlO4
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Source of Radiation

Procested/Collimated
Radiation

Main Computer
for Decision
Analysis and
Diagnostics

Electronic .
Data Acquisition
and Processing

System

Figure 1 Diagram of generic active inspection system
(in this case, a nuclear based explosive detection system).

1,000,000

100,000

s
o
o
£

10,000

1,000

100

IHydrogen
(2.23 MeV)

Carbon and silicon

Chlorine

Sulfur
(5.43 MeV)

Iron
(7.64 MeVf

2.0 4.0 60 8.0

Gamma-ray Energy (MeV)

10.0

Figure 2 Typical gamma-ray spectrum of coal measured by a Nal detector in a Nucoatyzer.
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BULK
DENSITY

HYDROGEN
CONTENT

COMPOSITION
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Figure 3 Factors affecting the measured signal and its interpretation as elemental concentration.
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Figure 4 Effect of bulk density on neutron capture signal from Illinois coal. A point, Z52Cf source
is located at the center of a 10 cm moderator sphere. Note: At 30 cm thickness of spherical shell,

the density effects are minimal for all gamma ray energies.
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SAIC CHUTE NUCOALYZER

Figure 5.1 Schematic Drawing Figure 5.2 Installed Unit

Figure 6 Cutaway View of SAIC's TNA Explosive Detection System
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Figure 7a PFNA-Oxygen Time Signals in the Benchmark Configuration
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Figure 7b PFNA Energy Spectrum Over the Time of Flight Corresponding to the Position of
The C4 (or CH2) at the Center of the Benchmark Configuration
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