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A system intended to detect, classify, and track radioactive sources in moving

vehicle traffic is under development at Lawrence Livermore National Laboratory

(LLNL). This system will fuse information from a network of sensor suites to provide

real time tracking of the location of vehicles emitting gamma and/or neutron radiation.

This work examined aspects of the source terms of interest and applicable gamma

detection technologies for passive detection of emitted gamma radiation. The severe

restriction placed on the length of count due to motion of the source is presented.

Legitimate gamma sources expected in traffic are discussed. The requirement to

accurately classify and discriminate against these "nuisance" sources and cost restraints

dictate the choice of NaI(Tl) detectors for this application. The development of a

capability to automatically analyze short duration, low signal-to-noise NaI(Tl) spectra

collected from vehicles passing a large, stationary detector is reported. The analysis

must reliably discriminate between sources commonly transported in motor vehicles

and alert on the presence of sources of interest. A library of NaI(Tl) spectra for 33

gamma emitting sources was generated with MCNP4B Monte Carlo modeling. These
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simulated spectra were used as parent distributions, from which multiple realizations of

short duration spectra were sampled. Principal component analysis (PCA) of this data

set yielded eigenvectors that enable the conversion of unknown spectra into principal

component space (PCS). An algorithm using least squares fitting of the positions of

library sources in PCS as basis functions, capable of identifying library nuclides in

unidentified spectra, is reported. Analysis results for experimental spectra are compared

against those achieved using simulated spectra. A valuable characteristic of this method

is its ability to identify sources despite unknown shielding geometries. The successful

identification of radionuclides and false identification rates found were excellent for the

signal levels involved. For many of the sources, identification performance against

experimental spectra was somewhat poorer than found using simulated spectra. The

results demonstrate that the PCA-based algorithm is capable of high success rates in

identifying sources in short duration, low signal-to-noise NaI(Tl) spectra.
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PRINCIPAL COMPONENT ANALYSIS OF LOW RESOLUTION ENERGY
SPECTRA TO IDENTIFY GAMMA SOURCES IN MOVING VEHICLE TRAFFIC

CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

The Wide Area Tracking System (WATS) is under development by Lawrence

Livermore National Laboratory (LLNL). WATS is intended to be capable of detecting,

identifying, and tracking a large quantity of high enriched uranium (HEU) or plutonium

concealed in a vehicle moving in traffic. WATS will also be able to locate and track

significant quantities of radioisotopes that represent a significant hazard if dispersed.

The focus of this research is on determining whether low energy resolution scintillators,

such as thallium doped sodium iodide (NaI(Tl)), can provide sufficient detection limits

and discrimination between gamma emitting sources to enhance the capabilities of

WATS.

The WATS concept relies on a network of sensors that provide a variety of data

to the system. Much of the LLNL sensor research completed to date is focused on

neutron detection; however a full fledged WATS system is expected to fuse neutron and

gamma data with photographic images of vehicles, traffic monitoring system data, and

other sensors for identification/categorization of vehicles (e.g., magnetometers,

acoustics, vibration). Data from the various sensors will be transmitted to a central

processor (potentially after initial, limited analysis at the sensor location), where the full

data set will be synthesized into a suitable product for decision-makers. Data fusion
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will be accomplished using the WATS algorithm, an analysis routine based on a

Bayesian treatment of the data set (Cunningham, 1995).

1.2 SOURCE TERMS

The WATS system is intended to detect and identify sources that fall into two

main categories where gamma detection is of interest. The first category encompasses

HEU or plutonium in large quantities (i.e., >2 kg of Pu or> 20 kg of HEU). The

primary source term that initiated this research project is HEU, due to the absence of

other radiations useful for passive detection. Although initial research for WATS

focused on neutrons emitted from plutonium, gamma emission from Pu is another SNM

source term WATS must detect. The second category consists of medium- to long-lived

radioisotopes in sufficient quantity to represent a significant hazard if dispersed.

Shielding materials surrounding the source are unknown. Possibilities range

from essentially no shielding other than the vehicle to extensive shielding intended to

hide the material from detection. There is no question that passive detection of gamma

radiation from large quantities of HEU or plutonium could be defeated by appropriate

use of shielding materials. One of the issues for this research is to quantify the effects

of lead shielding on the minimum detectable quantity of nuclear material. Examining

the wide range of shielding materials that could be encountered is beyond the scope of

this research.



3

1.3 SCOPE OF RESEARCH

This research examines the effect of vehicle speed on the optimum count lengths

that should be used when collecting gamma spectra from passing sources. Useful

collection of a signal from sources passing at typical vehicle speeds is limited to times

on the order of one second and below. For this reason, spectra acquired from passing

vehicles will be of short duration. Gamma spectra collected from passing SNM will

have a low signal-to-noise ratio (when detected) due to the low gamma emission rates

available from these materials. A nuclide identification algorithm using principal

component analysis (PCA) was developed in order to utilize the full spectral

information provided in such weak, low resolution spectra. The capability of this

algorithm (encoded in Visual Basic 6.0) to distinguish between such spectra from

commonly transported gamma sources was examined using MCNP simulated and

experimental NaI(Tl) spectra.

Chapters 2, 3, and 4 represent manuscripts prepared for submission for

publication. Consequently some repetition of information is found in their

introductions.
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2.1 ABSTRACT

A system intended to detect, classify, and track radioactive sources in moving

vehicle traffic is under development at Lawrence Livermore National Laboratory

(LLNL). This system will fuse information from a network of sensor suites to provide

real time tracking of the location of vehicles emitting gamma and/or neutron radiations.

This work examines aspects of the source terms of interest and applicable gamma

detection technologies for passive detection of emitted gamma radiation. The severe

restriction placed on length of count (LOC) due to the motion of the source is presented.

Legitimate gamma sources expected in traffic are discussed. The requirement to

accurately classify and discriminate against these "nuisance" sources and cost restraints

dictate the choice of NaI(Tl) detectors for this application. Rapid classification of

spectra using principal component analysis (PCA) was considered as an alternative to

the use of predefined regions of interest or peak fitting routines. A significant

advantage of the PCA method is its use of information in the full spectrum. Preliminary

results showing the effectiveness of the PCA method in identifying sources in short

duration, low signal-to-noise spectra are presented for Monte Carlo simulated spectra.

2.2 INTRODUCTION

The Wide Area Tracking System (WATS) under development by LLNL is intended

to be capable of detecting, identifying, and tracking a large quantity of high enriched

uranium (HEU) or plutonium concealed in a vehicle moving in traffic. WATS will also

be able to locate and track quantities of radioisotopes that represent a substantial hazard



if dispersed. The focus of this research is to define the benefits of passive gamma

radiation detectors to WATS.

The WATS concept relies on a network of sensors that provide a variety of data

to the system. Much of the LLNL sensor research has focused on neutron detection;

however a full fledged WATS system is expected to fuse neutron and gamma data with

photographic images of vehicles, traffic monitoring system data, and other sensors for

identification/categorization of vehicles (e.g., magnetometers, acoustics, vibration).

Data from the various sensors will be transmitted to a central processor, where the full

data set will be synthesized into a suitable product for decision-makers. Data fusion

will be accomplished using an analysis routine based on a Bayesian treatment of the

data set (Cunningham, 1995).

2.3 DETECTING A MOVING SOURCE

The WATS employment concept dictates that the source will be moving along a

roadway at a speed characteristic of motor vehicles, while the detector will be

stationary. A simplified hr2 analysis of a point source passing a stationary detector

provides valuable insight into the nature of the WATS measurement situation. If one

assumes no attenuation, a closest approach distance large compared to the detector

diameter, and a constant detector area presented to the source (e.g., a vertical cylindrical

detector), the count rate can be written as:

SC(t)=
4ir(b2+v2t2)

(2.1)
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where is the count rate, ,nt is the intrinsic detector efficiency, S is the source emission

rate, A is the area subtended by the detector, b is the source-to-detector distance at

closest approach, v is the speed at which the source is traveling, and t is time (t = 0 at

the point of closest approach). Figure 2.1 displays the sharply peaked nature of the

count rate for a passing point source. An expression similar to Equation 2.1 can be

written for a thin, flat detector that presents an area to the source proportional to the

cosine of the angle of incidence on the detector:

F
I

O.9

O.8
C
0

0.6

wO.4
0.3

C
0

0

C(t)
etSAb b

4,r(b2 +v2t2)/b2 +v2t2

(2.2)

-5 -4 -3 -2 -1 0 1 2 3 4 5

Time (s)

Figure 2.1. The count rate as a function of time (t = 0 at the point of closest
approach) for a point source passing a stationary detector. The plot is normalized by
the count rate at t = 0.



Equations 2.1 and 2.2 should bound the cases of actual detectors oriented for maximum

detection efficiency when the source is at its closest approach. A plot of Equation 2.2 is

very similar to Figure 2.1; however the peak for a given speed is more narrow.

Integration of Equation 2.1 provides the total count, C, collected in the detector as a

function of time:

C(t) eSA [ 1vt' r1atani - 1+ I (2.3)
4,zbv[ Lb) 2j

Similarly, for the thin detector this integration yields:

C(t)=ntS ii+I (2.4)
4 L+vt vj

Figure 2.2 shows the total count collected (i.e., from - to t) as a function of time for

the cylindrical detector. The count values are nonnalized by the number of counts in a

1 s measurement of the source at closest approach (2 m). This plot shows that a

majority of counts are collected during a short time interval as the source passes its

closest approach to the detector (t = 0), as one would expect. Figure 2.2 also displays

the impact of motion on the total number of counts available from the source.

Collecting all possible counts from a source moving at 30 mph (2 m closest approach)

provides fewer counts than a Y2 s measurement of the same source held stationary at

closest approach. A plot of Equation 2.4 appears very similar to Figure 2.2, with a

slightly steeper slope in the vicinity oft = 0 and a smaller time interval over which the

majority of counts are collected.

The figure of merit (FOM) source2/background can be examined for this

simplified analysis by assuming a constant background count rate. Differentiating the
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Figure 2.2. Total counts that would be collected in a measurement from - to t. The
traces are normalized by the counts in a one second measurement of the source in a
stationary position with a 2 m source-to-detector distance.

FOM and finding the root of the resulting equation allows the optimum length of count

(LOC) to be determined. Differentiation with respect to the distance traveled by the

source (Ax) during the count results in:

(eSA')2 Ax 2AXJlatan1"1 batand(FOM) _ 4r ) 2b) 2b (2 5)
d(Ax) bVBR [Ax[l+(J2] Ax2

where BR is the background count rate. Similarly, for the thin detector case the result is:
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ieintsAj2 1

d(FOM) 2 [ 1 2Ax2
(2.6)d(&) vBR [AX2+4b2 (Ax2+4b2)2j

Note that the root of each equation is independent of the source speed and the

background count rate, as well as the intrinsic and geometric detection efficiency. In

this simplified example, the optimum distance of travel over which the source should be

measured depends only on the closest approach distance, b. Figure 2.3 shows this

optimum distance as a function of the closest approach (the root for Equation 2.5 was

determined numerically, while the root of Equation 2.6 is the simple result x = 2b).

16

14
Cylindrical Detector

- - Flat Detector

1 2 3 4 5
Closest Approach Distance (m)

1.2

1
U)

0.

0.8 E
C
c)

O.6 0J
0.4

E
4-I0.

0.2

nj

Figure 2.3. The optimum distance over which a moving point source should be
measured. In this example, the optimum distance depends only on the minimum
source-to-detector distance.
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For this example, the optimum LOC is simply the distance of travel divided by the

source's speed of travel. Thus the optimum LOC is proportional to b and inversely

proportional to the passing speed v. The LOC is plotted versus the passing speed for a

2 m closest approach in Figure 2.4. This figure shows that, for a 2 m closest approach,

the optimum LOC will be on the order of 1/3 s when the source passes at 30 mph.

7

o4
C.)

0

0
-J

I

Cylindrical Detector
- Flat Detector

0 10 20 30 40 50 60
Passing Speed (mph)

Figure 2.4. The optimum LOC for a point source passing a detector with a 2 m
closest approach. For this 2 m case, a rough rule-of-thumb is that the optimum LOC
is 10/v seconds, with v expressed in mph.

The preceding example contains several simplifications that make it unsuitable for

quantitative determination of optimum LOCs; however the exercise provides valuable

qualitative insight into the challenge faced by WATS. Neglecting attenuation causes

the optimum LOC to be longer than otherwise (in a typical case, although this is not
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true for all shielding scenarios). On the other hand, the use of a point source shortens

the optimum LOC calculated relative to a distributed source. The variation of solid

angle subtended with position of the source will fall between the two cases examined

for most detectors. Thus with regard to this simplification the result should fall between

the two curves of Figure 2.4. The variation of intrinsic efficiency, if included in the

analysis, could serve to shorten or lengthen the optimum LOC depending upon the

detector. On the whole, the simplifications will tend to offset one another. The results

in Figures 2.1 to 2.4 provide an accurate qualitative and a reasonable quantitative

picture of the challenge presented to WATS in measuring a moving source.

2.4 SOURCE TERMS OF iNTEREST

The WATS system is intended to detect and identify moving sources that fall into

two main categories where gamma detection is of interest. The first category

encompasses HEU and plutonium in quantities on the order of a critical mass. The

primary source term that initiated this research project is HEU, due to the absence of

other radiations useful for passive detection. Although initial research for WATS

focused on neutrons emitted from plutonium, gamma emission from Pu is another

source WATS must detect when possible. The second category consists of medium- to

long-lived radioisotopes in sufficient quantity to represent a significant hazard if

dispersed.
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2.4.1 High Enriched Uranium

Key gamma emission by HEU is dominated by the complex of 235U low energy

peaks in the range of 144 to 388 keY, with the dominant line at 186 keV. Figure 2.5

presents modeled spectroscopic data on the gamma flux at 2 m from an HEU sphere

(R 8 cm), as seen through 1 cm of plastic (CH2) protective coating and a 1 mm

thick iron spherical container. The radius was selected to be on the order of a critical

mass in spherical geometry, based on the Godiva benchmark (Nuclear Energy Agency,

1998). Source energies for the HEU are based on work performed at LLNL, and the

input deck includes 1 ppb 232U content which contributes several lines, most notably the

line at 2614 keV (Gosnell and Pohi, 1995). Figure 2.5 also shows the gamma flux 2 m

from a uranium sphere surrounded by 2 cm of a commercially available borated lead

polyethylene shielding material along with the barrel wall (Pohi, 1998). The low

I .00E+O1

.00E+OO

1 .00E-01
C)

I .00E-02

I .00E-03

Ii-

I .00E-04

Bare Shielded

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Energy (MeV)

Figure 2.5. Monte Carlo (MCNP4B) modeled gamma fluence rate 2 m from the
center of an 8 cm radius HEU sphere. Each energy bin encompasses 5.89 keV.
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energy gammas that are the prominent feature for bare HEU are rapidly attenuated

by high Z shielding materials. Thus detection of the relatively lightly shielded HEU

sphere shown in Figure 2.5 could not depend upon the low energy emissions of 235U.

This is consistent with the synthesized sodium iodide gamma pulse height spectra

published by Gosnell et al. (1997).

The key issue for passive gamma detection of HEU is the weak signal provided

by the source. For bare HEU, the fluence rate in the strongest counting bin (185.4 to

191.3 keV) in Figure 2.5 reaches 10 gammas/cm2/s. The fluence rate for the entire

spectrum amounts to 26 gammas/cm2/s, with most of this falling in the low energy

peaks (25 gammas/cm2/s in the energy range 80 210 keY). For the shielded case

shown in Figure 2.5, the entire spectrum contains a fluence rate of 0.45 ganimas/cm2/s.

For a source moving at 30 mph, the gamma rays available for detection are further

reduced by roughly 1/4 during a 0.35 s count (due to the available counting time and the

variation in source to detector distance during the measurement period). Thus, a 0.35 s

measurement of a bare uranium sphere (radius =8 cm) passing at 30 mph provides a

maximum of 6.5 gammas/cm2 impinging upon a detector (2 m closest approach). The

shielded source moving at 30 mph gives a maximum of 0.11 gammas/cm2. This weak

signal provided by HEU, coupled with count length restrictions placed on the system

due to the WATS employment concept, places a premium on selecting a detector that

presents a high detection efficiency and a large cross-sectional area to the source. HEU

with relatively small amounts of high Z shielding will not be detected with passive

gamma methods.
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2.4.2 Plutonium

Plutonium is more easily detected than HEU, both due to the higher energy and

intensity of the emitted gamma spectrum and the emission of spontaneous fission

neutrons (allowing the use of neutron detectors). However, the spectral output from

plutonium sources is much more dependent on the age of the sample (since chemical

purification) than that of HEU sources. There are also a larger number of significant

processes producing the gamma rays emitted from plutonium, making accurate

modeling more complicated.

The MCNP4B Monte Carlo (Briesmeister, 1993) modeled gamma flux at 2 m

from a plutonium sphere (R =6 cm), as seen through 1 cm of plastic (CH2) protective

coating and a 1 cm thick iron container, is shown in Figure 2.6. The radius was selected

to be on the order of a critical mass in spherical geometry, based on the Jezebel

benchmark (Nuclear Energy Agency, 1998). The source energies used in MCNP

modeling for this source term are based upon an input deck provided by LLNL

(Gosnell, 1990). Prior to aging, the source included plutonium isotopes typical of

weapons grade plutonium (Gosnell and Pohl, 1995). The source energies were

produced via the code GAMGEN (Gosnell, 1990) for plutonium aged 20 years. Of the

source components making up the plutonium spectrum, the 239Pu lines dominate the low

energy portion, while 208T1 (in the 236Pu decay chain) line at 2614 keV is the key source

of photons above -'-800 keY. Prompt and delayed gammas contribute a "small, but

statistically significant source of continuum photons extending to high energies."

(Gosnell and Pohl, 1995)
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Figure 2.6. MCNP4B modeled gamma fluence rate 2 m from the center of a 6 cm
radius plutonium sphere. Each energy bin encompasses 5.89 keV. The "bare" case
includes 1 cm of plastic shielding (CH2), while the shielded case includes 2 cm of
borated lead polyethylene.

Plutonium presents a source term with advantages over uranium for passive

detection. Many of the gamma rays available from plutonium occur at higher energies

than those emitted from uranium. Note, for example, that while the low energy lines of

the plutonium fluence are drastically attenuated by high Z shielding (similar to

uranium), the lines in the vicinity of 400 keV suffer much fewer losses (see Figure 2.6).

This allows the gammas to escape plutonium and to penetrate shielding materials more

effectively. The total fluence available from a moving plutonium source is significantly

greater than that of uranium. For example, the full spectrum fluence rate at 2 m from

the bare, stationary (6 cm radius) plutonium sphere of Figure 2.6 amounts to 160

gammas/cm2/s. This is roughly six times greater than the fluence rate from the larger

(8 cm radius) uranium sphere discussed earlier. The maximum total fluence impinging
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on the detector is 40 gammas/cm2 during a 0.35 s measurement of a 6 cm radius bare

plutonium source with a closest approach of 2 m from the detector. The addition of 2

cm of borated lead polyethylene shielding drops the available fluence from a stationary

sphere to 19.2 gammas/cm2, and a maximum of 4.8 gammas/cm2 for a 0.35 s

measurement in the 30 mph case. Note that the full spectrum fluence available from

HEU was reduced by a factor of 57 by the addition of 2 cm of high-Z shielding, while

the plutonium fluence was reduced by a factor of 8.3.

2.4.3 Other Radioisotopes

Detection and tracking of large quantities of gamma emitting radioisotopes

should prove to be the most easily accomplished WATS gamma capability.

Radioisotopes of interest are those that exist in consolidated form in large quantities that

represent a significant hazard (radiological or psychological) if intentionally or

accidentally dispersed. At a minimum, the half life must be on the order of several

days for an isotope to present a viable dispersal concern. There is a wide range of

radioisotopes that are commonly used in activities on the order of one to ten curies.

Examples of radioisotopes that exist in consolidated sources in much larger activities

include 137Cs, 90Sr, 57Co, 60Co, 1921r, 238Pu, and 241Am Despite the fact that it is not a

specific isotope, spent nuclear fuel (or mixed fission products) is also a radioisotope

source of interest to WATS.



2.5 NUISANCE SOURCES

A wide variety of radioactive sources are routinely transported by motor vehicle.

The vast majority of these are perfectly legitimate, legal movements of radioisotopes.

Many such sources will provide signal levels sufficient to be detected; however no

alarm is desired when such a source passes a WATS sensor suite. Thus the system must

have the capability to discriminate against these legitimate "nuisance sources." The

likelihood of encountering a given nuclide varies greatly by location. Unfortunately,

data on the probability of encountering specific radionuclides in vehicle traffic are very

limited.

Medical radioisotopes are the most common sources that will be encountered in

vehicle traffic. A recent U.S. Department of Energy web page provided the following

breakout for U.S. radioactive materials shipments: 61.5% medical, 19.5%

manufacturing, 7.6% industrial, 6.5% waste, 4.2% nuclear fuel, and 0.7% research.1

Medical radioisotope shipments are common and are a likely nuisance source term in

the distribution phase. In a 10 week study of radioisotopes observed at a customs portal

at Blame, Washington, Johnson et al. (1997) measured 29 spectra containing

statistically significant peaks (25 separate events). The authors attributed 24 of these

peaks to nuclear medicine related isotopes, while two were 137Cs (thought to be a check

source or contaminated material), one was identified as 203Pb, and two were

unidentified. In this study most of the medical isotopes were thought to be in shipping

configuration, originating from the TRIUMPH production facility in Canada.

Observations of99mTC and 131J were identified as in vivo sources.

'From a U.S. Department of Energy webpage: http:/fwww.em.doe.govftrans2/medicine.htm
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While the majority of isotopes identified at Blame were in shipping configurations

(i.e., shielded), other locations are likely to present a substantially different set of

sources. For example, in an urban setting near a nuclear medicine facility, the most

frequent WATS detections will be medical radioisotopes in vivo. Individuals released

after a nuclear medicine procedure represent relatively unshielded source terms that will

potentially log substantial vehicle miles. 99mTc is a prime example of an isotope that is

likely to be encountered. Despite its low energy of emission and relatively short half

life, the high frequency of 9Tc outpatient medical procedures makes it a likely

nuisance source. While less frequently administered, 131j has a much longer effective

half life than 99mTC. 131j is often administered in large therapeutic doses to active

individuals; each of these individuals is a nuisance source that will be detectable for a

time frame on the order of weeks.

Another category of isotopes that are commonly on the roadways are industrial,

specifically those used in portable gauging. A quick review of event reports posted by

the U.S. Nuclear Regulatory Commission shows that a large fraction of vehicle related

incidents involve moisture density gauges. A majority of the gauges involved contain

'37Cs and 241AmBe, although other isotopes are reported less frequently (i.e. 226Ra).

Table 2.1 presents a list of isotopes included in our study of the use of principal

component analysis in NaI(Tl) nuclide identification. These are isotopes that we felt

were likely nuisance sources that WATS would encounter. Examples of the

applications that make these isotopes common on the roadways are included. The set is

drawn from the more commonly transported isotopes (Javits, etal., 1985), medical



Table 2.1
% Correctly Identified from 1000 Simulated Spectra

Source Signal Level Above Background Reason for Inclusion in Library
Unshielded 1 cm Pb Shielding

4cr 6cr 8cr 10
cr

4cr 6cr 8cr 10
Cr

Am-241 97 100 100 100 Industrial, among top 20 shipped
Ba-133 48 77 90 96 53 70 80 87 Available for experimental work
Be-7 65 92 99 100 Amongtop2Oshipped
Co-57 45 86 97 100 Among top 20 shipped
Co-60 42 76 92 96 Industrial
Cr-Si 66 96 100 100 Medical
Cs-134 42 72 88 96 Among top 20 shipped
Cs-137 95 99 100 100 74 96 99 100 Industrial
Eu-152 57 73 86 91 57 73 86 93 Available for experimental work
Eu-l54 70 83 90 94 65 82 92 95 Available for experimental work
Eu- 155 76 96 98 99 Available for experimental work
Fe-52 75 87 88 89 63 85 90 91 Medical
Ga-67 56 84 92 98 64 86 94 96 Medical
Ga-68 4 17 38 52 Medical
HEU 31 81 97 100 WATS Interest
1-123 36 59 71 77 Medical
1-131 58 78 81 87 53 80 87 91 Medical
In-ill 56 89 98 99 Medical
Ir-192 68 91 99 100 Medical, Industrial
K-40 52 78 93 98 Fertilizer, natural background
Mn-54 64 89 98 100 Among top 20 shipped
Mo-99/
Tc-99m

58 87 96 100 Medical (Generator)

Pu (aged
20-yrs)

59 81 92 97 WATS Interest

Ra-226 +
daughters

58 66 75 81 Industrial, available for
experimental work

Rb-81 I
Kr-81m

29 50 68 70 Medical (Generator)

Sr-82 /

Rb-82
8 23 31 35 Medical (Generator)

Se-75 60 89 99 100 43 73 87 94 Medical, Industrial
Sm-l53 37 82 96 100 Medical
Sn- 113 /

In-i 13m
51 82 95 98 54 83 94 99 Medical (Generator)

Tc-99m 70 98 100 100 Medical
Tl-201 80 98 100 100 Medical
Xe-133 71 99 100 100 Medical
Xe-133m 76 96 99 100



21

isotopes anticipated to be detected in vivo, and isotopes used in portable industrial

applications. This list is certainly not all-inclusive, but rather represents those sources

that will be encountered more frequently than others. A wide range of medium- to

long-lived isotopes (as well as some short-lived ones) will be encountered less

frequently; for example, less commonly transported isotopes contained in check sources

or research shipments will occasionally be encountered. Javits et al. (1985) lists over

60 radionuclides that were contained in at least 500 packages reported by survey

participants for the time frame September 1981 through September 1982.

2.6 DETECTION SYSTEM

At this time, an inorganic scintillator such as NaI(Tl) appears to provide the best

compromise between detection efficiency and energy resolution for WATS. Utilizing

the energy resolution offered by solid-state semiconductor detectors would definitely

benefit the nuclide identification capability of the system. Unfortunately, the cost to

construct a semiconductor-based system with sufficient detection efficiency is

prohibitive, particularly in light of the need for multiple sensor locations. On the other

hand, the use of organic scintillators is attractive in terms of detection efficiency, but

their lack of spectroscopic capabilities makes them unsuitable for use in WATS.

2.7 PRINCIPAL COMPONENT ANALYSIS

In order to employ NaI(T1) detectors successfully in WATS, mobile sources

must be both detected and identified. Discrimination between sources of interest to
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WATS and nuisance sources is a crucial capability; however such discrimination is not

the strong suit of NaI(Tl) detectors. Typical methods for nuclide identification of low

resolution spectra include comparison of peak energies to those in a nuclide library (a

method well suited to the high resolution data of semiconductor detectors) and the use

of predefined regions of interest (ROT). Murray et al. (1996) present some of the

complications that arise in accurate interpretation of ROl data; tailored strategies must

be developed to deal with common misidentifications for each source of interest.

Gosnell et al. (1997) suggest that the use of principal component analysis (PCA)

may prove a powerful and flexible tool for nuclide identification using low resolution

gamma spectral data. PCA is a data reduction and interpretation technique that allows a

majority of the useful information contained in a data set of n measurements ofp

correlated variables to be represented with a smaller number of uncorrelated variables.

For this work the PCA consists of determining the eigenvectors and eigenvalues of the

p byp correlation matrix. The eigenvectors are sorted in order of descending

eigenvalue. A measurement of the original p variables can then be mapped into

principal component space (PCS) using:

PC1 = (2.7)

where wj is the Jth element of the ii" eigenvector, C is the measurement of the 1th

variable, and PC1 is the value of the it" principal component of the measurement.

PCA of a set of spectra representing a library of sources provides eigenvectors that

can be used to convert an unknown NaI(T1) spectrum into the PCS for that library.

After an unknown spectrum is converted into PCS using Equation 2.7, it can be
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identified by 1) locating the nearest library source in PCS or 2) linear least squares

fitting of its position in PCS using the library source locations as basis functions. While

NaI(Tl) spectra are measured using a large number of channels, e.g., 256, 512, or more,

many fewer principal components are needed for a meaningful nuclide identification

analysis. Initial results are reported using the first method only; further development of

the algorithm to include linear least squares fitting is in progress.

In order to examine nuclide identification using PCA, a single NaI(Tl) spectrum was

simulated for each source in a library of 42 sources (33 isotopes, including 9 in shielded

and unshielded configurations). This library includes commonly transported nuclides,

sources of particular interest for this research, and radioisotopes readily available at

Oregon State University for experimental work. An MCNP4B F8 pulse height tally was

collected within a 2" thick by 16" by 16" NaI(Tl) detector volume. Gaussian energy

broadening was used to provide the simulated spectra. This function allows the user to

apply a system energy resolution to the F8 tally results according to the function

(Briesmeister, 1993):

fwhm=aIbVE+cE2 (2.8)

For this simulation, the coefficients used were a = -3.718E-03 MeV, b = 0.064 MeV1"2,

and c = 0.108 MeY1. These values were based on a fit of Equation 2.8 to resolutions

measured with a gain matched array of four 2" by 5" cylindrical NaI(Tl) detectors being

used to gather experimental spectra in support of this work.

Testing the identification of spectra using the minimum Euclidean distance

method was accomplished as follows. After MCNP simulation of a single spectrum for

each library source, 50 realizations of spectra were sampled for each source using the
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MCNP spectra as parent distributions. Each of these spectra was produced with lOa

counts above an experimental NaI(Tl) background measurement. A full description of

the method will be detailed elsewhere. PCA of this set of spectra provided the

eigenvectors necessary to convert unknown spectra into PCS. The position of each

library source in PCS was determined as the mean position of the 50 simulated spectra

in PCS. "Unknown" spectra were generated using the same simulation: each unknown

was identified as the library source lying nearest the unknown in PCS. Table 2.1

provided the results for identification of simulated 1 s spectra at 4cT, 6cr, 8a, and 10s

above background (702 counts, full spectrum), using 20 principal components in the

identification. Selection of the proper isotope was accepted as a correct identification,

regardless of the shielding configuration.

A few of the sources considered were identified in a high fraction of the 4

cases, but many of these weak spectra were not accurately identified. The 4c simulated

spectra contain only 106 source counts on top of 702 ± 26 background counts. For

many of the sources considered, identification accuracy improves rapidly between 4a

and 1 0 signals. At the 8c signal level, 88% of the sources in the library were

identified in 80% or more of the simulated spectra, while 69% were identified with

better than 90% accuracy. The poorest identification performance was found for

isotopes emitting mainly at 511 keV (particularly 68Ga and 82Rb); frequent

misidentifications occurred due to insufficient differences in the spectra.
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2.8 CONCLUSIONS

This work is part of an ongoing effort to develop a system capable of detecting,

identifying, and tracking radioactive material in moving vehicle traffic. A simplified

analysis of detection of a moving gamma source was presented to provide a qualitative

picture of the challenges inherent in the WATS measurement scenario. Optimum LOCs

will be below 1 s for typical vehicle speeds. Source terms of interest were discussed;

the gamma signal strength from HEU is weak, but detectable for lightly shielded

material. Plutonium, with a stronger source term and higher gamma energy, provides a

larger gamma signal for detection. A variety of potential nuisance sources were

discussed; assessing the probability of encountering a particular nuisance source is not

practical. However, a library of likely nuisance sources must be developed for WATS.

An initial look at the utility of PCA in source identification showed that the method is

beneficial in providing data reduction and a straightforward method for identification.

Results using a simple minimum Euclidian distance were encouraging; improvements to

the method, including linear least squares fitting in PCS, will be reported in the near

future. This work was undertaken with the specific application of WATS in mind;

however the methods for source identification in low resolution gamma spectral data

should find broader applicability, including area monitors, hand-held inspection

instruments, aerial surveillance systems, and portal monitors.
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3.1 ABSTRACT

There is an interest in developing the capability to automatically analyze short duration,

low signal-to-noise NaI(Tl) spectra collected from vehicles passing a large, stationary

detector. The analysis must reliably discriminate against sources commonly transported

in motor vehicles and alert on the presence of sources of interest. A library of NaI(Tl)

spectra for 33 gamma emitting sources was generated with MCNP4B Monte Carlo

modeling. These simulated spectra were used as parent distributions, from which

multiple realizations of short duration spectra were sampled. Principal component

analysis of this data set yielded eigenvectors that enable the conversion of unknown

spectra into principal component space (PCS). An algorithm using least squares fitting

of the positions of library sources in PCS as basis functions, capable of identifying

library nuclides in unknown spectra, is reported. Identification results for simulated

NaI(T1) spectra, as well as experimental 137CS spectra, are reported. Additional testing

of the algorithm is required; however results achieved to date indicate that this method

can reliably identify a significant fraction of the library sources in single component

spectra.
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3.2 INTRODUCTION

Detection and identification of gamma-ray emitting sources contained in

vehicles passing a stationary detector is a task made difficult by the short time available

for collecting the signal. The task is further complicated by the unknown shielding

configuration surrounding the source. The fine energy resolution available from

semiconductor detectors provides the most useful information for isotope identification

in such a situation; however building arrays of such detectors with sufficient detection

efficiency becomes cost prohibitive. Alternatively, organic scintillators commonly

applied in portal monitoring situations provide little useful information for isotope

identification; detection of an above background signal is further characterized using a

hand-held instrument (York and Fehlau, 1997). This research is in support of ongoing

work at Lawrence Livermore National Laboratory (LLNL) to develop a system capable

of detecting and identifying radioactive materials in moving vehicle traffic. For this

application, inorganic scintillators such as NaI(Tl) appear to provide the necessary

trade-off between cost and energy resolution.

In "Gamma-Ray Identification of Nuclear Weapon Materials," Gosnell et al.

(1997) suggest that the use of principal component analysis (PCA) may prove to be a

powerful and flexible tool for nuclide identification using low-resolution gamma

spectral data. In order to investigate this possibility further, a large set of spectra is

needed for the PCA. Monte Carlo simulations were used to produce a single, well

defined NaI(Tl) spectrum for each source/shielding combination in the identification

library. Multiple realizations of short duration, low signal-to-noise spectra were then

drawn from these library spectra to produce the requisite set of spectra for the PCA.
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3.3 METHOD

NaI(Tl) spectra were simulated for the library sources listed in Table 3.1. This

list includes commonly transported nuclides (Javits, et al., 1985), sources of particular

interest for this research, and radioisotopes readily available at the Oregon State

University Radiation Center for experimental work. Multiple lead shielding scenarios

were included to allow for flexible identification of sources. The thickness of shielding

layers was selected based on the mean free path in lead of key gamma energies for each

source. The intention was to map out the spectral changes in PCS sufficiently to allow

interpolation between the library points for shielding thicknesses not explicitly

represented in the library.

Table 3.1
Library Source/Shielding Combinations Used for Analysis

Source Lead Shielding Thickness (mm)
Am-241 0
Ba-133 0,1,3,6,9
Be-7 0, 5, 10, 15
Co-57 0, 1, 8.5, 17, 25.5
Co-60 0, 15, 30, 45
Cr-Si 0,2.5,5,7.5
Cs-i34 0, 8.5, 17, 25.5, 32, 48
Cs-137 0, 8, 16, 24
Eu-152 0, 1, 2.8, 5.6, 8.4, 10, 20, 30
Eu-154 0, 1, 3, 4.5, 8, 16, 24, 36, 45
Eu-155 0, 1
Fe-52 (with Mn-52) 0, 1, 2, 6, 12, 18, 32, 48
Ga-67 0, 1,2,4.4,6.6, 11,22, 33
Ga-68 0, 6, 12, 18, 26, 39, 56
HEU 0,1,2,3
1-123 0, 1, 1.5,6, 12, 18
1-131 0,3,6,9,18,27
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Table 3.1 Continued
Library Source/Shielding Combinations Used br Analysis

In-ill 0,1,2,3,4
Ir-192 0, 1,2,4,7, 10, 15, 22, 33
K-40 0, 16, 32, 48
Mn-54 0, 10, 20, 30
Mo-99 (with Tc-99m) 0, 1, 2, 10, 20, 30
Pu(aged2o-yr) 0,1,2,3,5,10,15,30
Ra-226 + daughters 0, 1, 2, 4, 7, 16, 24,42, 54
Rb-81 (with Kr-81m) 0, 1,2, 5, 10, 15,25,32
Rb-82 0,5,11,17,30,48
Se-75 0,1,2,3.5,5,7,11
Sm-153 0, 0.5
Sn-113 0,1.5,3,4.5,7,11
Tc-99m 0, 1
Tl-201 0, 1, 2
Xe-133 0,0.5, 1, 1.5
Xe-133m 0, 1.25, 2.5, 3.75

For each of these source/shielding combinations, MCNP4B (Briesmeister, 1993)

modeling was performed in two steps. First, photons were transported from the source

through the immediate packaging/shielding materials. This first transport problem was

constructed in spherical geometry intended to represent a generic source package.

Gamma energies for each source were based on values published by Browne et al.

(1986), with the exception of those for the high enriched uranium (HEU) and plutonium

sources which were based on work performed at LLNL (Gosnell and Pohl, 1995). A

surface flux tally (F2 tally with 6 keV energy bins) on the exterior surface of the

source/shielding package was used as the source term for the second simulation. The

geometry for the second simulation consisted of a roadway with a roadside vehicle

containing four 5" (12.7 cm) diameter NaI(Tl) detectors. A point source was defined
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for this simulation, situated 2 m from the face of the NaI(Tl) detectors and contained

within a metal box representing the source vehicle. The detector volumes were

segmented into four layers to allow collection of four separate F8 pulse height tallies,

representing 1.27 cm, 2.54 cm, 3.81 cm, and 5.08 cm thick NaI(Tl) detectors. The

gaussian energy broadening function of MCNP4B was used on the F8 tally to provide

simulated spectra. This function allows the user to apply a system energy resolution to

the F8 tally results according to (Briesmeister, 1993):

fwhm=a+bVE+cE2 (3.1)

For this simulation, the coefficients used were a = -3.718E-03 MeV, b 0.064 MeV"2,

and c = 0.108 MeV1. These values were based on a fit of Equation 3.1 to resolutions

measured with a gain matched array of four 5.08 cm thick x 12.7 cm diameter (2" x 5")

cylindrical NaI(Tl) detectors being used to gather experimental spectra in support of this

work.

A single, 500 channel MCNP4B simulated NaI(T1) spectrum for each of the

sources/shielding combinations in Table 3.1 was produced. In order to incorporate the

impact of background variations and subtraction into the analysis articu1ar1y relevant

in low signal-to-noise spectra), each MCNP simulated spectrum was used as a "parent"

distribution from which 50 realizations of spectra were drawn. This also provided a

well-defined mean position of each background subtracted source location in principal

component space. Each realization was produced in the following manner: the number

of background counts in the spectrum was sampled from a gaussian distribution

(2 = B) about the mean one second background count (B = 5 80.8(8) counts in the

NaI(Tl) detector array mentioned above). This number of background counts was then
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sampled, using a 10,000 second 1024-channel background measurement as the

probability distribution function (PDF). The background spectrum was collapsed to 247

channels prior to sampling, using channels 8 to 996 and reducing the number of

channels by a factor of four. The resulting bin structure was used for the simulated

spectra, making the energy calibration of the simulated spectra consistent with that of

the background spectrum used. The MCNP simulated source spectrum was then

sampled to produce 1O'58O.8 = 241 source counts, i.e., 10cr above the full spectrum

background. The background and source counts were combined to produce a gross

spectrum. Finally, the net spectrum was produced by subtracting background using the

10,000 second background measurement (normalized by the ratio of live times,

1/10,000). Thus 50 realizations of 1 s net spectra, each 10cr above the mean

background, were sampled for each library source/shielding combination. Sampling of

each PDF was accomplished using an alias sampling method first described by

Walker (1977).

The preceding sampling procedure yielded a data set of 9050, 247-channel

spectra (50 for each of the 181 source/shielding combinations in Table 3.1). An

additional set of 50 realizations of 1 Oa high background spectra was also included,

bringing the final set to 9100 spectra. Prior to the PCA, the sum of counts in all

channels was normalized to one for each spectrum. A subset of these spectra,

comprised of those with no lead shielding and those with the thickest shielding for each

isotope, was selected for analysis (3300 simulated spectra, including the 50 high

background simulations). PCA of this subset was completed using XLSTAT2, a

2
See www.xlstat.com.
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statistical analysis software package add-in for Microsoft Excel. The PCA used here

consists of calculation of the 247 x 247 element correlation matrix for the data set,

followed by determination of the eigenvectors and eigenvalues of this matrix. The

eigenvectors are sorted in order of descending eigenvalue. The first eigenvector, WJJ, jS

used to convert spectra onto the first principal coordinate axis, according to:

247

Pci =2w,c
1=1

(3.2)

where PC is the ith principal component value and Cj is the count recorded in thejth

channel of the spectrum. In similar fashion, each of the 247 eigenvectors can be used to

convert a spectrum onto one of the 247 orthogonal principal component axes. PCA is a

data reduction tool; much of the useful information contained in the data is concentrated

into many fewer of the principal components. For example, the nuclide identification

results presented below are based on linear least squares fits using only the first 20

principal components.

3.4. IDENTIFICATION ALGORITHM

Source identification is accomplished by 1) converting an unknown spectrum

into principal component space (PCS), 2) locating the nearest point for each library

isotope and 3) performing a linear least squares fit to the unknown spectrum, using the

nearest library points as basis functions for the fit. Following the PCA, a set of

eigenvectors is available for mapping any unknown spectrum into PCS. A simpler, but

less capable, identification method is to merely locate the library source that is the

shortest Euclidean distance from the unknown spectrum in PCS.
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These two methods of identifying an unidentified spectrum were implemented in

a Visual Basic 6.0 code. First, the unknown spectrum is normalized and converted into

PCS according to Equation 3.2. For each library source, the point closest to the

unknown spectrum on the line segments connecting the nearest source/shielding

combination to its neighboring library points is selected as the closest point for that

source. Figure 3.1 provides a conceptual two-dimensional representation of this

process. The first identification method simply selects the library source that is the

shortest Euclidean distance from the unknown in PCS. This method has a number of

drawbacks, particularly that it is only effective on spectra containing a single

component; the method is incapable of reporting more than one component. However,

this straightforward method is useful in examining the appropriate number of principal

components to use in the least squares fitting approach.

PC 2
Unknown Spectrum

.----.
Source with 1 Shielding Scenario
(i.e. Am-241)

Minimum Distance to Each Library Source

Line Segments Considered to Determine
Minimum Distance to Sources

Library Source

/ \\ ''
\ ''

1

' \

I \
PCI

\

Library Source with
- 4 Shielding Scenarios

Figure 3.1. Conceptual drawing of the method used to determine the minimum
distance to each of five library sources.
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The second identification routine is based on linear least squares fitting using

singular value decomposition (Press, etal., 1986). This method starts from the rank

ordered list of library sources found in the first method. First, single component least

squares fits of a subset of the library sources are computed. The subset consists of all

sources lying no more than 1.2 times the distance to the nearest source (in the event that

this criterion encompasses fewer than five sources, the closest five are included). Each

source in this subset is fit to the unknown using the first 20 principal components. The

source with the smallest chi-squared (22) value is selected, subject to the goodness of fit

criteria that the probability of observing that value of is greater than 0.01 (Press, et

al., 1986). If the fit is poor, a multiple component spectrum is assumed.

To fit a multiple component spectrum, the six closest source terms and the

position of a high background spectrum in PCS are used as the basis functions. The

component with the smallest coefficient in the fit is discarded, and the next nearest

source term in the library is added into the set. This procedure is repeated until all

sources in the library have been considered. Finally, components with coefficients less

than 1% of the largest coefficient are discarded from the fit. The background basis

function is the only component allowed to assume a negative coefficient in the final fit.

This is due to the fact that background is the only component that has a physical

interpretation for a negative coefficient (a low background in the unknown spectrum

can result in a negative background component after background subtraction). Once

again, to be considered a valid fit the probability of observing the final value must

exceed 0.01.
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When an acceptable fit is found, the fitting routine reports a set of between one

and six library isotopes with the coefficient of the fit for each, as well as an uncertainty

in the coefficient. At this point, a final determination as to whether a reported source

has actually been observed must be made. An empirical criterion using the uncertainty

in the reported coefficient is implemented to make this decision. If the reported

uncertainty is less than (20 + 60/S)%, where S is the full spectrum signal strength

expressed in standard deviations above background, the source is reported as present in

the spectrum. Analysis of an unidentified spectrum requires on the order of 1/4 of a

second using a 350 MHz AMD K-6 processor.

3.5. RESULTS

In order to test the identification algorithm described, "unknown" spectrum

realizations were simulated with the same method used to produce the set for the PCA

analysis. Identification results for these simulated spectra, along with results for a set of

500 1-s 137CS experimental spectra, are presented. This analysis used the full library set

described in Table 3.1.

Figure 3.2 shows identification results using the minimum Euclidean distance

method, for spectra 1 Oa above background. This plot displays identification results as a

function of the number of principal components used in calculating the distance

between the unknown and the library source. Results are plotted for the entire set of

source/shielding geometries listed in Table 3.2. The traces are intentionally unlabelled

to improve clarity. The plot is shown to give an overall impression of performance of

the minimum distance identification algorithm as additional principal components are
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included in the solution. Note that little improvement in discrimination between

sources is gained beyond the use of 16 to 20 principal components. This information

was used in selecting an appropriate number of principal components for use in

obtaining the following least squares fitting results.
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Figure 3.2. Identification of simulated spectra using minimum distance in principal
component space. Traces for all 65 source/shielding combinations listed in Table 3.2
are plotted. Note that the use of principal components beyond the first 20 yield little
improvement for this library.

In order to test the least squares identification algorithm, 1000 single component

spectrum realizations were simulated for each source/shielding combination listed in

Table 3.2. Simulations were run at seven signal levels above background: 2, 4, 6cr,

8c, 10cr, 15o, and 2Ocy. Figure 3.3 shows the number of correct identifications as a
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Figure 3.3. Simulated spectra correctly identified as HEU. Each point is based
on results from 4000 spectra. Spectra falsely identified as HEU are based on
results for 252,000 spectra for each point.

function of the full spectrum signal level for unshielded high enriched uranium (HEU).

The number of spectra falsely identified as HEU from the 64,000 non-HEU realizations

are also plotted. Tables 3.2 and 3.3 present this same data for the rest of the sources in

the library.

As an initial look at the ability of this code to identify sources in actual NaI(Tl)

spectra, 500 1-s (live time) spectra were gathered using the array of four 5.04 cm x 12.7

cm (2" x 5") cylindrical NaI(Tl) detectors. These spectra were gathered with the

detectors inside of a trailer, shielded on five sides with 5.04 cm lead shielding. A

3.1E+05 Bq (8.4 tCi) '37Cs source was placed 2 m from the detector face in

the bed of a Ford F150 pickup. The vehicle was stationary during collection of the

spectra. A 300 s (live time) spectrum was acquired to determine a source count



Table 3.2 
Spectra Correctly Identified 

(%) 

Signal Level Above Background Typical 
Source Lead 

(mm) 
2 a 4 a 6 a 8 a 10 a 15 a 20 a Misidentification 

(atlOa) 
Am-241 0 46.8(9) 100.00 100.00 100.00 100.00 100.00 100.00 
Ba-133 0 12.0(6) 44.3(9) 76.3(8) 90.7(5) 95.1(4) 98.6(2) 98.7(2) 1-131 
Ba-133 6 12.4(6) 40.7(9) 64.2(9) 76.5(8) 83.1(7) 92.7(5) 96.4(3) 1-131 

Be-7 0 26.8(8) 80.9(7) 97.5(3) 99.6(1) 99.90(6) 100.00 99.93(5) 
Be-7 10 14.9(6) 57.3(9) 86.3(6) 97.0(3) 98.9(2) 99.98(3) 100.00 Rb-81, Ir-192 

Co-57 0 9.5(5) 65.9(9) 96.8(3) 99.85(7) 100.00 100.00 100.00 
Co-57 8 12.5(6) 36.3(9) 61.2(9) 78.0(8) 85.5(6) 91.6(5) 95.6(4) Cs-137, 1-13 1 

Co-60 0 18.7(7) 41.2(9) 68.3(8) 88.1(6) 96.1(4) 99.8(1) 100.00 Eu-152, Eu-154 
Co-60 30 8.2(5) 14.1(6) 27.2(8) 44.0(9) 60.5(9) 87.1(6) 95.0(4) 
Cr-51 0 16.2(7) 69.4(8) 91.6(5) 97.6(3) 99.2(2) 99.90(6) 99.98(3) fr-192 
Cr-51 5 11.1(6) 60.4(9) 86.0(6) 94.5(4) 97.8(3) 99.6(1) 99.80(8) Ir-192 

Cs-134 0 14.9(6) 36.7(9) 66.8(9) 86.8(6) 96.1(4) 99.6(1) 99.88(6) Ra-226, Ir-192 
Cs-134 25 6.6(4) 15.2(7) 28.5(8) 49.7(9) 66.9(9) 92.8(5) 96.2(4) Rb-82, Ra-226 
Cs-137 0 30.0(8) 70.5(8) 89.3(6) 95.7(4) 98.0(3) 99.5(1) 99.80(8) Co-57 
Cs-137 16 11.9(6) 35.7(9) 61.4(9) 77.6(8) 86.6(6) 96.3(4) 98.7(2) Co-57, 1-13 1 

Eu-152 0 17.2(7) 28.8(8) 45.3(9) 65.1(9) 76.9(8) 92.3(5) 96.2(4) Eu-154, Se-75 
Eu-152 20 12.5(6) 15.0(6) 22.3(8) 30.2(8) 41.7(9) 62.1(9) 74.2(8) Eu-154, Ra-226 
Eu-154 0 28.9(8) 44.3(9) 66.0(9) 82.2(7) 92.2(5) 98.0(2) 98.6(2) Eu-152, Se-75 
Eu-154 16 12.9(6) 15.9(7) 23.4(8) 32.4(8) 47.5(9) 72.0(8) 85.3(6) Eu-152, Ra-226 
Eu-155 0 19.1(7) 80.6(7) 92.4(5) 96.4(3) 98.9(2) 99.8(1) 100.00 Sm-153 
Eu-155 1 20.4(7) 71.0(8) 91.3(5) 96.8(3) 99.1(2) 100.00 100.00 Sm-153, Xe-133 



Table 3.2 Continued
Spectra Correctly Identified

(%)

Signal Level Above Background Typical
Source Lead

(mm)
2 4 CT 6 c 8 CT 10 c 15 CT 20 a Misidentification

(atlO.cr)
Fe-52 0 25.7(8) 47.0(9) 68.1(8) 81.1(7) 88.8(6) 95.7(4) 96.7(3) annihilation
Fe-52 12 18.4(7) 32.7(9) 49.4(9) 61.2(9) 71.0(8) 78.7(8) 85.2(6) annihilation
Ga-67 0 18.7(7) 50.4(9) 81.7(7) 91.9(5) 95.5(4) 98.4(2) 98.8(2) HEU
Ga-67 6 20.9(7) 56.0(9) 82.0(7) 94.5(4) 97.3(3) 98.3(2) 96.6(3) Se-75
Ga-68 0 7.9(5) 14.5(6) 28.4(8) 40.4(9) 45.7(9) 52.9(9) 58.2(9) annihilation
Ga-68 18 7.3(5) 10.8(6) 15.1(6) 18.7(7) 25.4(8) 37.1(9) 45.8(9) annihilation
HEU 0 34.6(9) 67.3(9) 91.9(5) 98.5(2) 99.6(1) 99.80(8) 100.00 Ga-67, Tc-99m
HEU 2 37.8(9) 69.7(8) 85.0(6) 93.0(5) 96.4(3) 99.4(1) 99.5(1) Rb-81
1-123 0 63.8(9) 89.1(6) 93.1(5) 97.7(3) 99.2(2) 99.7(1) 99.6(1) Mo99*
1-123 6 4.8(4) 18.1(7) 36.2(9) 49.9(9) 56.7(9) 62.3(9) 63.0(9) annihilation
1-131 0 30.0(8) 66.7(9) 82.5(7) 87.9(6) 91.5(5) 96.4(3) 96.5(3) Ba-133
1-131 9 17.3(7) 44.4(9) 68.7(8) 80.6(7) 86.5(6) 93.1(5) 94.8(4) Ba-133, Ra-226
In-ill 0 19.1(7) 73.6(8) 96.6(3) 99.0(2) 99.6(1) 99.0(2) 98.1(2) T1-201
In-ill 3 27.9(8) 79.2(7) 93.1(5) 97.2(3) 98.7(2) 99.80(8) 100.00 Xe-133m
Ir-192 0 22.9(8) 59.1(9) 74.5(8) 82.2(7) 87.9(6) 95.1(4) 96.1(4) Cr-Si, Ga-67
Ir-192 10 12.4(6) 36.3(9) 64.9(9) 84.1(7) 92.8(5) 97.0(3) 98.1(2) Be-7, Rb-81
K-40 0 34.4(9) 57.4(9) 77.6(8) 89.7(6) 95.8(4) 99.0(2) 99.7(1) Fe-52
K-40 32 15.7(7) 20.1(7) 29.6(8) 40.8(9) 50.0(9) 64.6(9) 69.1(8) Fe-52, Eu-152
Mn-54 0 36.4(9) 76.6(8) 93.9(4) 99.0(2) 99.88(6) 99.98(3) 100.00
Mn-54 20 14.3(6) 33.6(9) 56.7(9) 78.4(8) 89.7(6) 98.7(2) 99.78(9) Ga-67, Cs-l34
Mo-99 * 0 15.9(7) 67.7(8) 94.4(4) 98.3(2) 99.4(1) 99.80(8) 99.88(6) Co-57



Table 3.2 Continued
Spectra Correctly Identified

(%)

Signal Level Above Background Typical
Source Lead

(mm)
2 a 4 a 6 a 8 a 10 a 15 a 20 a Misidentification

(at 10 a)
Mo-99 * 20 11.2(6) 27.8(8) 53.4(9) 75.5(8) 89.6(6) 98.2(2) 99.5(1) Rb-82, Eu-154
Pu ** 0 7.6(5) 16.4(7) 40.6(9) 66.8(9) 86.6(6) 97.1(3) 98.7(2) Eu-152, Sn-113
Pu ** 15 8.5(5) 14.2(6) 27.3(8) 45.5(9) 63.8(9) 86.9(6) 93.3(5) Ga-67, 1-131
Ra-226 * 0 14.9(6) 21.1(7) 29.9(8) 43.7(9) 55.5(9) 82.8(7) 90.4(5) Eu-152, 1-13 1
Ra-226 * 24 14.4(6) 13.6(6) 15.9(7) 22.1(8) 28.6(8) 39.5(9) 45.8(9) Eu-152, Eu-154
Rb-81 0 10.5(6) 44.2(9) 77.8(8) 90.1(6) 95.9(4) 98.6(2) 99.0(2) HEU, Fe-52
Rb-81 15 5.2(4) 16.7(7) 32.0(8) 42.9(9) 50.5(9) 58.2(9) 57.8(9) annihilation
Rb-82 0 8.8(5) 16.8(7) 24.3(8) 28.8(8) 29.9(8) 39.3(9) 43.7(9) annihilation
Rb-82 17 5.7(4) 13.7(6) 21.1(7) 27.2(8) 28.8(8) 35.5(9) 38.5(9) annihilation
Se-75 0 21.2(8) 63.8(9) 89.1(6) 97.4(3) 98.9(2) 99.98(3) 100.00 Eu-154
Se-75 5 19.8(7) 61.9(9) 89.7(6) 97.9(3) 99.5(1) 99.78(9) 99.93(5) Ga-67
Sm-153 0 17.6(7) 77.9(8) 94.7(4) 98.0(2) 99.6(1) 99.98(3) 99.80(8) Eu-155
Sm-153 0.5 24.9(8) 62.1(9) 69.6(8) 80.8(7) 89.7(6) 97.9(3) 99.4(2) Eu-155
Sn-113 0 14.7(6) 61.5(9) 81.5(7) 91.2(5) 94.5(4) 98.2(2) 99.4(2) Se-75, Ga-67
Sn-i 13 7 10.5(6) 44.5(9) 68.0(8) 79.3(7) 87.7(6) 95.9(4) 97.8(3) Se-75, Pu
Tc-99m 0 16.5(7) 55.4(9) 70.3(8) 78.1(8) 85.7(6) 92.0(5) 95.5(4) Co-57
Tc-99m 1 11.2(6) 56.7(9) 75.3(8) 85.0(6) 90.7(5) 97.2(3) 98.6(2) Co-57
Tl-201 0 41.5(9) 85.2(6) 92.7(5) 97.2(3) 99.2(2) 99.7(1) 99.80(8) Xe-133
T1-201 2 14.2(6) 61.4(9) 82.5(7) 89.7(6) 93.6(4) 98.3(2) 99.4(1) 1-123
Xe-i33 0 22.4(8) 88.9(6) 97.3(3) 99.4(1) 99.85(7) 100.00 100.00 Eu-155
Xe-i33 2 21.5(8) 88.3(6) 97.0(3) 99.2(2) 99.98(2) 100.00 100.00 Eu-155



Table 3.2 Continued
Spectra Correctly Identified

(%)

Signal Level Above Background Typical
Source Lead

(mm)
2 a 4 a 6 a 8 a 10 a 15 a 20 a Misidentification

(atlOa)
Xe-133m 0 23.6(8) 81.2(7) 93.4(4) 97.5(3) 99.2(2) 99.98(3) 100.00 In-ill
Xe-133m 2 21.9(8) 78.9(7) 93.7(4) 98.1(2) 99.6(1) 100.00 100.00 In-ill
* with daughter(s) **Aged 20 years
Quoted uncertainties are the one standard deviation precision in the simulation result

Table 3.3
False Identification of a Source

(% from 252,000 simulated)

Signal Level Above Background (S/B"2)

Source 2a 4a 6a 8a 10c 15a 20a

Am-241 0.0004(4) 0.0000(4) 0.0004(4) 0.0012(7) 0.0004(4) 0.0000(4) 0.0008(6)
Ba-133 0.37(1) 0.51(1) 0.46(1) 0.42(1) 0.37(1) 0.216(9) 0.182(8)
Be-7 0.158(8) 0.108(7) 0.092(6) 0.092(6) 0.070(5) 0.040(4) 0.020(3)
Co-57 0.98(2) 1.54(2) 1.22(2) 0.87(2) 0.55(2) 0.23(1) 0.125(7)
Co-60 0.76(2) 0.145(8) 0.100(6) 0.100(6) 0.106(6) 0.087(6) 0.065(5)
Cr-51 0.046(4) 0.133(7) 0.197(9) 0.199(9) 0.153(8) 0.074(5) 0.068(5)



Table 3.3 Continued
False Identification of a Source

(% from 252,000 simulated)

Signal Level Above Background (SIB")
Source 2(7 4(7 6c 8c 10(7 15(7 20a

Cs-134 0.42(1) 0.210(9) 0.159(8) 0.138(7) 0.099(6) 0.047(4) 0.025(3)
Cs-137 0.181(8) 0.166(8) 0.214(9) 0.202(9) 0.178(8) 0.120(7) 0.069(5)
Eu-152 6.54(5) 3.06(3) 1.86(3) 1.43(2) 1.17(2) 0.81(2) 0.59(2)
Eu-154 7.38(5) 2.90(3) 1.45(2) 0.99(2) 0.86(2) 0.60(2) 0.48(1)
Eu-155 0.46(1) 0.93(2) 0.61(2) 0.35(1) 0.191(9) 0.084(6) 0.082(6)
Fe-52 5.21(4) 3.67(4) 3.00(3) 2.40(3) 1.97(3) 1.23(2) 0.78(2)
Ga-67 4.06(4) 1.95(3) 0.98(2) 0.56(2) 0.36(1) 0.146(8) 0.065(5)
Ga-68 1.13(2) 1.00(5) 1.15(2) 1.32(2) 1.52(2) 1.78(3) 1.91(3)
HEU 3.68(4) 1.70(3) 0.79(2) 0.44(1) 0.24(1) 0.091(6) 0.050(4)
1-123 1.82(3) 1.74(3) 1.21(2) 0.80(2) 0.55(2) 0.182(8) 0.066(5)
1-131 1.52(2) 1.52(2) 1.26(2) 0.88(2) 0.65(2) 0.27(1) 0.116(7)
In-ill 1.02(2) 0.64(2) 0.223(9) 0.074(5) 0.024(3) 0.011(2) 0.012(2)
Ir-192 1.95(3) 1.36(2) 0.59(2) 0.25(1) 0.111(7) 0.024(3) 0.013(2)
K-40 2.19(3) 0.48(1) 0.196(9) 0.123(7) 0.074(5) 0.040(4) 0.018(3)
Mn-54 0.29(1) 0.085(6) 0.059(5) 0.043(4) 0.027(3) 0.007(2) 0.004(1)
Mo-99 * 0.71(2) 0.40(1) 0.158(8) 0.066(5) 0.052(4) 0.018(3) 0.011(2)
Pu ** 2.82(3) 1.55(2) 0.83(2) 0.43(1) 0.24(1) 0.073(5) 0.034(4)
Ra-226 * 5.08(4) 2.13(3) 1.13(2) 0.72(2) 0.47(1) 0.180(8) 0.073(5)
Rb-81 1.13(2) 1.80(3) 1.89(3) 1.84(3) 1.69(3) 1.39(2) 1.15(2)
Rb-82 1.10(2) 1.23(2) 1.41(2) 1.53(2) 1.56(2) 1.61(2) 1.63(2)
Se-75 1.76(3) 1.13(2) 0.70(2) 0.46(1) 0.30(1) 0.121(7) 0.061(5)

U'



Table 3.3 Continued 
False Identification of a Source 
(% from 252,000 simulated) 

Signal Level Above Background (SIB"2) 

Source 2c 4cy 6c 8c 10c 15c 20cr 

Sm-153 2.32(3) 0.86(2) 0.32(1) 0.125(7) 0.041(4) 0.020(3) 0.044(4) 
Sn-113 0.027(3) 0.03 1(4) 0.040(4) 0.044(4) 0.038(4) 0.024(3) 0.030(4) 

Tc-99m 1.05(2) 0.28(1) 0.050(4) 0.034(4) 0.046(4) 0.132(7) 0.26(1) 
Tl-201 2.23(3) 0.34(1) 0.141(8) 0.074(5) 0.068(5) 0.115(7) 0.207(9) 

Xe-133 0.114(7) 0.33(1) 0.207(9) 0.096(6) 0.033(4) 0.023(3) 0.036(4) 
Xe-133m 0.119(7) 0.222(9) 0.107(6) 0.049(4) 0.028(3) 0.020(3) 0.024(3) 

* with daughter(s) **Aged 20 years 
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rate of 222 ± 1% cps in channels 8 through 996. The background for this region of

interest (ROl) was 701.60 ± 0.12% cps. Thus these 1 s spectra had a mean signal-to-

noise ratio of S/B"2 = 8.4 above the full spectrum background. Of these 500 spectra,

464 (92.8%) were identified as '37Cs, a success rate slightly lower than was found

identifying simulated spectra (see Table 3.2). Figure 3.4 is an example of one of these

spectra, along with a normalized background measurement.

3.6. DISCUSSION

Accurate identification of the simulated spectra improves with signal strength

above background, as expected. The percentage of correctly identified sources is
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Figure 3.4. A 1 s '37Cs spectrum prior to background subtraction, shown with a
normalized background spectrum superimposed.
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generally very poor at 2a above background (in this case 48 source counts, full

spectrum). A signal at this level would not be flagged for analysis in any event. For

many of the library sources, a rapid increase in correct identifications occurs between

2c and lOcT. The data in Table 3.2 show that, as the signal level reaches lOcs above the

full spectrum background (i.e., 241 source counts and 581 background counts in the

spectrum), 37 of the 65 sources are identified better than 90% of the time. Of these, 22

are correctly identified in more than 98% of the spectra. An additional 12 sources are

identified in 80-90% of the simulations.

Sources emitting mainly 511 keV annihilation photons, or emitting strongly in

the vicinity of 511 keV, are not reliably discriminated from others within this group.

For example, at lOcs the shielded 68Ga source is only identified in 26.5% of the

simulated 68Ga spectra. More detailed results not presented in the tables show that 68Ga

is typically falsely identified as 81Rb (34%), 82Rb(21.8%), 52Fe(12%), and 1231(5.6%),

where the number in parenthesis gives the frequency of misidentification. Not

surprisingly, a fraction of spectra simulated for each of the isotopes in this group are

misidentified as other sources in the group. Four of the isotopes in this group have

strong annihilation radiation components to their spectra, while 123j emits three lines

between 505 keV and 539 keV. 1231 emits strongly at lower energies; however lead

shielding causes a shielded 123j NaI(Tl) spectrum to resemble the annihilation radiation

signature. Of the 32,000 spectra simulated for the eight lines marked "annihilation" in

the far right column of Table 3.2, only 162 were identified as sources outside of the

group (at the 1 Ocs signal level). Thus the group of sources emitting at or near 511 keV

accounts for many, but not all, of the poor performers listed in Table 3.2. In this case
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the poor performance is due to the inherent inability of NaI(Tl) to provide sufficient

information to discriminate these sources at this signal level.

Other notable instances where the simulated spectra are not reliably identified at

the 1 O level are mainly shielded sources, including 40K, 134CS 152Eu '54Eu, 226Ra, and

plutonium. The first of these was simply due to an interference where the spectral

shape is too similar to another library source/shielding combination for reliable

discrimination. Heavily shielded 52Fe emits a spectrum very similar to that of shielded

40K due to the 1434 keV gamma emitted strongly in the electron capture decay of the

daughter 52Mn. This results in little separation between these library points in PCS.

The remaining sources generally extend to fairly high energies, and in the shielded

cases the spectra have subdued features so that the relatively few counts available in a

1 Oc spectrum are insufficient to define the spectral shape. This results in unreliable

identification at this signal strength.

The expectation is that the fraction of correct source identification would show a

monotonic increase with increasing signal strength above background, while false

identifications (Table 3.3) would show a corresponding decrease. However, the results

in Table 3.2 show that 67Ga and 1111n show slight but statistically significant reductions

in correct identifications with an increase in signal strength. It appears that this is

caused by a transition from the single source fitting routing to the multiple component

routine. As the signal strength is increased, the uncertainty in the count data decreases,

causing the requirement for more basis functions to meet the criteria on x2 for an

acceptable fit. A decrease in correct identifications occurs with the transition from a

single component fit to a multiple component fit. Ultimately, in strong signals this will
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lead to false identifications as additional isotopes are included in the fit to compensate

for discrepancies between the simulated and true spectral shapes.

Examination of Table 3.3 shows that many of the sources are falsely identified

only rarely for signal strengths in the vicinity of lOa or higher. Those sources that are

most commonly falsely identified can generally be associated with a set of sources

closely grouped in principal component space, for instance the positron emitters and

their associate 1231. Caution should be used when considering the results in Table 3.3;

these results are an average resulting from sampling all of the source/shielding

combinations of Table 3.2 equally. The specific rate of misidentifying 131j as '33Ba, for

example, would be substantially higher than the average false identification rate

provided in Table 3.3 for 133Ba.

3.7. CONCLUSIONS

An examination of source identification using simulated low signal strength

NaI(Tl) spectra was presented. The analysis consisted of data reduction through

principal component analysis, followed by least squares fitting using the positions of

library sources in PCS as basis functions. The method can be used to rapidly identify

the source of weak signals in short duration, low-resolution NaI(Tl) spectra. This work

has primarily considered simulated spectra containing a single source component

(although many of the library sources contained isotopic mixes or decay chains emitting

multiple gamma energies). The results of an initial application of the method to '37Cs

experimental spectra produced results consistent with identification results found for

simulated spectra. Many of the sources included in the library undergo significant
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changes to their spectral shape with changes in the shielding interposed between the

source and detector. The method described has proven flexible in successfully

identifying simulated sources despite substantial spectral differences due to shielding.

Additional work is required to assess whether this method will be useful for

automated identification and reporting of radioactive sources transported in vehicles.

The capability to accurately identify multiple components is yet to be examined using

simulated spectra. More extensive experimental data are currently being collected to

allow further testing of the algorithm against "real world" data.

Use of PCA followed by least squares fitting in principal component space

provides a straightforward method for nuclide/source identification in NaI(Tl) data.

The method allows rapid analysis of spectra, utilizing data from the full spectrum.

Further testing of the method is required; however the initial results indicate promising

potential for this method in the analysis of low resolution, low signal-to-noise gamma

spectral data.
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4.1 ABSTRACT

This work was in support of an ongoing Lawrence Livermore National

Laboratory (LLNL) effort to develop a system capable of identifying and tracking

gamma emitting sources contained in vehicles passing a radiation detection suite. The

source identification capability of a principal component analysis (PCA) based

algorithm was tested using short duration, low signal-to-noise experimental NaI(Tl)

spectra. Analysis results for experimental spectra are compared against those achieved

using simulated spectra. A valuable characteristic of this method is its ability to

identify sources despite unknown shielding geometries. Additionally, the library of

spectral shapes was based upon Monte Carlo simulations rather than experimentally

measured spectra. The successful identification and false identification rates found

were excellent for the signal levels involved. For many of the sources, identification

performance against experimental spectra was somewhat poorer than found using

simulated spectra. A figure of merit is suggested for use when considering the nuclide

identification capability of a NaI(Tl) detector using PCA analysis. The results

demonstrate that the PCA-based algorithm is capable of high success rates in

identifying sources in short duration, low signal-to-noise NaI(Tl) spectra.

4.2 INTRODUCTION

This work was performed in order to test the performance of a nuclide

identification algorithm in the analysis of low signal-to-noise experimental NaI(Tl)

spectra. The principal component analysis (PCA) based algorithm was described
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previously, along with nuclide identification results found using simulated NaI(Tl)

spectra. The analysis algorithm uses PCA of a set of simulated spectra to produce

eigenvectors that allow unknown spectra to be mapped into principal component space

(PCS). The source producing an unknown spectrum is identified using linear least

squares fitting; the locations of library source/shielding combinations in PCS are basis

functions for the fit. This method utilizes information contained in the full spectrum,

rather than keying on photopeaks andlor other spectral features. The library used for

this work includes a total of 33 commonly transported sources in 181 source/lead

shielding configurations. This research is motivated by a desire to define the

identification capabilities and false identification rates that could be expected when

monitoring moving vehicle traffic with large NaI(Tl) detectors, and to determine signal

levels required to achieve a given identification performance level. However, the

findings could be applied to a variety of related applications of low-resolution

scintillators, including area, portal, and scrap monitors.

Sets of experimental spectra collected using an array of four 5.04 cm thick by

12.7 cm diameter (2"x5") NaI(Tl) detectors were analyzed using the PCA method. The

peak-to-total ratio observed for these detectors (e.g. 0.266 at 661.6 keY) was much

more akin to that found in simulations of 2.54 cm (1") thick detectors; values published

by Tsoulfanidis (1983) confirm that this is a substantially low value for 5.04 cm thick

detectors. This is an important issue for proper nuclide identification using the PCA

method; initial attempts to identify the experimental spectra reported here failed

because MCNP4B (Briesmeister, 1993) simulations using 5.04 cm thick detectors did

not provide the proper spectral shapes. After comparison of '33Ba, 60Co, and 137Cs
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experimental and simulated spectra, the 2.54 cm thick NaI(Tl) detector simulation was

selected for the PCA and library construction.

Results from the identification of simulated spectra indicate that the common

figure of merit (FOM) applied to detectors when considering detection limits is not the

proper FOM to apply to this case of source identification using PCA. The typical FOM

applied when considering detection limits is the signal-to-noise ratio, S/B"2 , where S is

the number of counts from the source, and B is the number of background counts in the

region of interest (ROl). Figure 4.1 shows that the successful identification of

simulated '37Cs spectra retains a dependence on the background, B, when plotted
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Figure 4.1. The fraction of simulated '37Cs spectra correctly identified retains a
fair dependence on the number of background counts used in the simulation when
plotted against the signal-to-noise ratio.
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against S/BlI'2. This FOM does not adequately describe the identification results

provided in Figure 4.1. Least squares fitting of simulation results for several isotopes

using three background levels indicates that an appropriate FOM to apply is:

sa
FOM =

57

(4.1)

where a is dependent upon the isotope and falls between 1 and 1.55. The value a=3/2

has been used for the 137Cs data set. When results for identification of simulated spectra

are plotted with this FOM as the ordinate, the data from simulations with three different

values of B (168, 701, and 2804 counts) are very nearly consolidated onto a single

curve (see "open" data points in Figure 4.2). This allows experimental data points to be
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Figure 4.2. Correct identification of simulated '37Cs spectra vs. S3/B"2. A slight
dependence on B remains through the knee of the curve and extends to lower values of
the FOM. Experimental data points are plotted with lcs error bars.
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compared to simulation results without requiring a separate simulation for each

background value contained in the data.

4.3 EXPERIMENTAL SETUP

Experimental spectra were acquired with an array of four Harshaw Integral Line

5.08 cm thick by 12.7 cm diameter (2" x 5") NaI(Tl) detectors. The detectors were

mounted in an aluminum plate, with the centers forming a 17.8 cm square. Bias voltage

was supplied by a single Tennelec TC 940A high voltage power supply, and the

detector outputs were summed prior to the preamplifier. The electronics included an

Ortec 113 preamplifier, Ortec 570 amplifier set to 2 ps shaping time, and an Ortec 916

multichannel analyzer mounted in a personal computer.

A majority of the spectra reported here were acquired with the NaI(Tl) array

inside an enclosed trailer with 1.6 cm plywood interior walls and 1.5 mm steel exterior

walls. The face of the array was placed against an interior wall, and a 5.08 cm thick

lead tomb was built around the other five sides of the array to reduce background. The

trailer was parked on the side of a short road spur inside the fence surrounding the

Reactor Building at the Oregon State University Radiation Center (see Figure 4.3). The

detectors were looking north, away from the Reactor Building and toward the roadway,

with an open field beyond the road. Sources were placed in the bed of a 1986 Ford

F150 pickup with an aluminum canopy, adjacent to the wheel-well.
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Figure 4.3. The detector and tomb are inside the trailer, against the wall facing the
pickup. Sources were placed inside the bed of the pickup for measurement. The
Reactor Building is about 15 m to the right of the trailer, and an open field is to the left
of the vehicles.

4.4 RESULTS AND DISCUSSION

Geometry and counting information specific to a particular source will be

provided in the following paragraphs, along with more detailed discussion of those

results that are unique in some way. In general, the nuclide identification of these

experimental spectra was consistent with expectations based on the analysis of
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simulated spectra. In many cases, the fraction of correct identifications lagged behind

that found using simulated spectra in the range of a few percent up to 10%. This is not

unexpected, considering that the experimental spectra are influenced by real-world

variables not present in the simulated spectra. When considering comparisons between

the simulated and experimental data sets, it should be realized that the simulations

contain a set number of source counts while source counts in the experimental spectra

follow a normal distribution about the mean. Also, the simulated spectra and the source

library are based on the same MCNP4B simulations, thus avoiding the impact of

discrepancies between the library spectral shapes and the true shapes.

4.4.1 Cesium-137.

The most extensive data set was collected using 137Cs disk sources contained in

a one-gallon paint can, which was packed inside a cardboard box (31 cm cube).

Styrofoam peanuts were used as the packing material inside the paint can and between

the can and box. A matched set of 1.56E+05 Bq (4.2 pCi) 137Cs sources was available,

allowing acquisition of a data set including multiple source strengths and backgrounds.

Measurements were taken with the source package in the F150 pickup, with a 2.00(5) m

source-to-detector distance. A 1000 s background measurement yielded a full spectrum

background count rate of 701.6(8) cps (the full spectrum ROT encompassed channels 8

through 996). One set of 500 spectra was collected and analyzed for each of the signal

strengths shown in Table 4.1. The success in identifying 137Cs in the spectra is plotted

in Figure 4.2, along with results of analysis using simulated spectra as described

previously.
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Table 4.1
Spectra Correctly Identified as 137Cs

Activity
(Bq)

LOC
(s)

<S>
(Counts)

Signal-to-
Noise
(S/B"2)

FOM
(S3'2fB112)

Identified
as '37Cs

(%)
3.11E+05 0.24 56 4.11 30.0 56.2 (22)
1.56E+05 1.0 92 3.48 33.4 74.2 (20)
4.67E+05 0.12 56 6.13 46.0 73.6 (20)
3.11E+05 0.5 111 5.93 62.5 83.4(17)
1.56E+05 2.0 184 4.92 66.8 85.4 (16)
4.67E+05 0.24 112 8.67 92.0 89.6 (14)
3.11E+05 1.0 222 8.39 125.1 92.8 (12)
1.56E+05 4.0 369 6.96 133.6 96.6 (8)
4.67E+05 0.5 234 12.5 191.3 95.8 (9)
3.11E+05 2.0 444 11.9 250.0 97.0 (8)
4.67E+05 1.0 469 17.7 382.9 99.2 (4)

The percentage of false identifications for these data sets is plotted in Figure 4.4,

along with results for simulated spectra. Note that the false identification results for the

three different backgrounds fall close to a single curve when plotted against 5312/B"2 A

larger discrepancy exists between false identifications of simulated versus experimental

spectra than was observed for the correct identification results. For data points in the

vicinity of S3'21B"2 = 100, the discrepancy between experimental and simulation results

reaches a peak, with false identification of sources in the experimental spectra occurring

about five times more often than in the simulated spectra. '37Cs was most often

misidentified as 57Co (shielded), consistent with simulation results.
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Figure 4.4. The percentage of '37Cs spectra falsely identified as other library
sources. Experimental data points are plotted with 1 error bars.

4.4.2 Americium-241.

Two sets of 500 spectra were acquired with an 241AJI check source taped to the

wheel-well in the bed of the Fl50, without any additional packaging materials. The

pickup was parked to provide a source-to-detector distance of 0.762(3) meters during

the acquisition of spectra. A 300 s acquisition in this position yielded a net count rate of

102(2) cps in the full spectrum ROl. The background count rate for these acquisitions

was 5 80.8(8) cps. Table 4.2 provides results for the analysis of spectra acquired with

this source, along with the success rate against simulated spectra with the total

background count, B, normally distributed about a mean of 580 counts (LOC = 1 s).

The 241Am spectra were identified with a high degree of success despite the low signal



Table 4.2 
Identification Results for Experimental Spectra 

Source Activity 
(Bi3 

LOC 
(s) 

Signal- 
to-Noise 
(S/B"2) 

Source 
Coefficient 

for FOM (a) 

FOM 
SaIBI/2 

Correct ID 
Exp. 

Spectra 
(%) 

Correct ID 
Simulated 

Spectra 
(%) 

False ID 
Exp. 

Spectra 
(%) 

False II) 
Simulated 

Spectra 
(%) 

Am-241 l.7E5 1.0 3.4 1.03 3.9 75.0(19) 96.7(2) 17.8(17) 16.9(5) 
2.0 4.8 5.5 98.4(6) 100.00(5) 0.8(4) 0 

Ba-133 2.44E4 2.0 6.0 1.17 14.8 71.4(20) 78.8(5) 27.0(20) 17.6(6) 
4.0 8.5 23.6 91.4(12) 94.5(3) 9.2(13) 6.6(4) 

Co-57 l.2E8 0.24 8.0 1.24 25.9 41.4 (22) 68.6(6) 32.6(21) 23.0(8) 
0.5 11.5 41.4 55.0(22) 85.5(5) 26.0(20) 13.2(6) 
1.0 16.3 68.9 91.8(12) 92.5(4) 7.4(12) 7.9(5) 

Co-60 4.25E6 0.24 22.7 1.12 44.9 88.4(20) 89.8(8) 9.6(18) 11.5(9) 
0.5 32.8 70.9 98.8(7) 97.0(6) 0.4(4) 2.4(3) 
1.0 46.3 270 99.6(3) 98.8(3) 2.2(6) 1.3(4) 

Eu-152 
Eu-154 

5.24E5 
8.00E5 

0.24 15.0 1 15.0 44.6(22) 
43.2(22) 

23.9(13) 
74.6(14) 

3.0(2) 1.4(4) 

0.5 21.3 21.3 56.8(22) 
39.6(22) 

17.2(12) 
98.5(2) 

0.2(2) 1.1(3) 

1 30.1 30.1 49.8(22) 
35.4(21) 

10.7(9) 
78.4(13) 

1.4(5) 1.9(4) 

1-131 5.5E8 0.24 10.7 1.23 30.5 59(3) 37.8(8) 37(3) 44.4(12) 
0.5 15.4 52.2 80.0(18) 60.3(10) 16.6(17) 34.6(10) 

Ra-226 7.3E5 0.24 12.8 1.55 212.4 52.6(22) 39.6(10) 37(2) 33.9(10) 
0.5 18.5 459 77.2(19) 67.6(12) 21.2(18) 27.2(10) 
1.0 26.1 951 90.4(13) 85.9(13) 4.0(9) 13.0(9) 
2.0 36.9 225 87.4(15) 92.4(7) 2.4(7) 2.7(6) 

C.' 
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level. The 1 s spectra were not analyzed with the very high success rate found for

simulated spectra (75% vs. 96.7%); however the increase in identification success with

signal strength is quite steep in this vicinity. For example, correct identification of

simulated spectra 2 below the experimental mean is 82.4%, substantially lower than

the 96.7% observed at the mean. Over 98% of the 2 s spectra were identified as

a result slightly below the 100% performance against simulated spectra at this level.

The most common misidentification resulted in 71 of the 500 1-s spectra being reported

as 201T1. 99Mofl9mTc was misidentified in six of these 1 s spectra, and four other sources

were misidentified at lower rates. Misidentification of the 2 s spectra was limited to

three cases where 201T1 was falsely identified, and one case where 155Eu was identified.

4.4.3 Barium-133.

Two sets of 500 spectra were measured using a 2.44E04 Bq '33Ba check source

in the same shipping configuration previously described for 137Cs. In this case, the

pickup was moved closer to the trailer due to the low activity of the source; the source-

to-detector distance was 1.00(5) m. These unshielded '33Ba spectra were identified

quite successfully; as with '37Cs, the fraction of these spectra correctly identified was

below that found in the identification of simulated spectra. 18.6% of the 2 s spectra

were misidentified as 131j, while a significant number (3.4%) were reported as

plutonium. Four other isotopes were reported at lower rates. 131j was also the main

isotope falsely identified in the 4 s spectra (7.6%).
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4.4.4 Cobalt-57.

The 57Co spectra were collected using a C-thru Technologies Map 4 Spectrum

Analyzer Lead-in-Paint gauge containing 1 .2E+08 Bq at count time. The gauge was

left in its carrying/shipping case and placed in the bed of the pickup with a source-to-

detector distance of 1.00(5) m. The instrument contains tungsten shielding (1 cm thick)

sufficient to eliminate the low energy emissions of 57Co, so that the main feature of the

spectrum is the line at 706.4 keV (see Figure 4.5). The background count rate in the

ROT was 6 19.5(8) cps, and a 1000 s measurement of the gauge indicated a net count rate

of 404.8(13) cps. Three sets of 500 spectra were collected using this source. Results of

analysis of the 0.24 s and 0.5 s spectra were somewhat disappointing when compared to

the simulation results (see Table 4.2). A reason for this large discrepancy has not been

determined: a fair fraction (26% and 19%, respectively) of the spectra were not

identified as any of the library sources. Identification performance on the set of 1 s

spectra was more in line with expectations based on the simulations; this indicates that

an issue with the library is not to blame for the poorer than expected results found in the

weaker spectra. An example of the gross spectrum collected in a 1-second count is

provided in Figure 4.5. 137Cs was the most common false identification of the 0.5 s

57Co spectra (13.8(15)%) due to the similarity in spectral shape between the shielded

57Co and 137Cs. Several other isotopes were also falsely identified in this data set,

including 1311(2. 8(7)%), '52Eu(2.4(7)%), '54Eu(2.0(6)%) and 99Mo/9Tc(2.0(6)%).

137Cs 131J and 99Mo/99mTc were the main falsely identified sources in the stronger 1 s

spectra; three of the 500 in this set were misidentified as plutonium.
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Figure 4.5. Shielded 57Co NaI(Tl) gross spectrum. The solid line is from a 1000 s
count, normalized to 1 s. The gross spectrum acquired in a 1 s count is also plotted,
along with the normalized background. Note that the low energy lines of 57Co are
absent from the plot; the 706.4 keV line and Compton continuum are the main features
of the spectrum. The 1460 keV 40K peak is prominent in the background of these
detectors due to potassium impurity in the Nal.

4.4.5 Cobalt-60.

Shielded 60Co spectra were collected using a 4.25E+06 Bq source contained in a

12.7 cm tall cylindrical lead pig with a 10.2 cm outer diameter and a 1.9 cm diameter

central bore. The pig was placed in the bed of the pickup with no additional packaging

materials, with a 2.00(5) source-to-detector distance. The data includes a set of 500 1-s

spectra, 250 0.5-s spectra, and 250 0.24-s spectra (the latter sets were reduced due to

time constraints while the data were being collected). Identification results for this

isotope were excellent, and in good agreement with the simulation results. Typical
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falsely identified isotopes were 152EU and 154EU Six of the 1 s spectra had both 60Co

and 153Sm identified: this was likely caused by an inaccuracy in the spectral shape of the

6000 library. As the signal strength is increased, unacceptable single component fits

become more likely due to inaccuracies in the simulated spectral shapes used to make

up the library.

4.4.6 Europium-152/154.

The europium data sets were collected using 5.24E05 Bq of 152Eu and 8.00E05

Bq of 154Eu packaged as described for '37Cs. The source-to-detector distance was

2.00(5) m. This is the only source measured which contained multiple library isotopes;

the performance of the identification algorithm has not yet been explored for mixed

sources. Very few of the spectra were identified as containing both 152Eu and 154Eu,

although the success rate for identifying one of the two isotopes was only slightly below

that found against simulated spectra. In this case, the code was modified to allow

simulation of spectra containing source counts from both 152Eu and 154Eu. It is

interesting to note that identification of the simulated spectra favored '54Eu while 152EU

was identified slightly more frequently than 154Eu in the experimental spectra. While

the algorithm did not fare well in identifying both isotopes, the false identification rates

observed were low, with comparable results for the experimental and simulated spectra.

4.4.7. Iodine-13 1.

The 131j data sets were collected at the radiology department of a local hospital.

In this case, only one of the four NaI(Tl) detectors was used during the data collection.

A 1.5 mm thick sheet of steel was placed in front of the detector to simulate the effect
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of a vehicle panel. The 5.53E+08 Bq 131j source was contained in a 2.5 cm thick lead

pig and the source-to-detector distance was 3.00(10) m. The results reported in

Table 4.2 show that identification performance for this source was substantially better

than against spectra simulated for 131j with 2.7 cm of lead shielding, both in terms of

correct identification of 131
j and the false identification rate. Two issues related to the

background may have contributed to this discrepancy. First, the background level

fluctuated rapidly due to the presence of radioisotopes from previous medical

procedures. It is likely that the background level was dropping during acquisition of the

131j data sets as residual 99mTc from a prior procedure was removed from the room by

the air handling system. This would cause the calculated signal-to-noise level to be less

than the actual level present in the spectra. Further, the spectral shape of the

background for the experimental spectra was substantially different from that used in

the simulation due to the presence of low energy lines associated with residual 99mTc

This difference in the shape of the background can impact the identification rates.

4.3.8 Radium-226.

A 7.3E05 Bq 226Ra source was contained in a 6.7 cm tall by 4.4 cm outer

diameter lead pig with 0.64 cm thick walls. This pig was placed in the shipping

configuration described for 137Cs and located in the bed of the pickup, 2.00(5) m from

the face of the detector array. The background count rate was 697.6(8) cps, and a 600 s

count of the source yielded a net source count rate of 689.6(15) cps. 226Ra is an

example of an isotope that requires a stronger signal to achieve high rates of successful

identification. This presumably results from the large number of lines contributing and

the broader energy range of the spectrum; the shape of a 1 Oa 226Ra spectrum remains
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poorly defined and does not allow identification with a high degree of confidence. The

identification performance against experimental shielded 226Ra spectra was consistent

with simulation results for 226Ra shielded by 0.7 cm of lead. Typical false

identifications in 226Ra spectra include 152Eu, '54Eu and 1311. Plutonium was also falsely

identified at a rate of 6.2(1 l)% in the 0.24 s spectra, 2.4(7)% in the 0.5 s spectra,

0.8(4)% in the 1 s spectra, and 0.2(2)% in the 2 s spectra.

4.5 CONCLUSIONS

Analysis of simulation results yielded an isotope dependent FOM

(Equation 4.1), with values of a ranging from ito 1.55. This allowed comparisons

between simulation and experimental results without running separate simulations

corresponding to all of the background levels in the data. The results point out that, for

nuclide identification using PCA, many of the sources considered follow a FOM that is

more favorable than S/BL'2. For example, by doubling the surface area of the detector

face and doubling the volume of a detector (and assuming the efficiency and

background are both doubled), S/B112 is increased by a factor of 1.41, while S3"2/B"2 is

increased by a factor of 2.

The capability of a PCA based algorithm to identify short duration, low signal-

to-noise NaI(T1) spectra has been investigated using several radioisotope sources. The

code has proven capable of identifying the source isotope in experimental spectra using

a library constructed of MCNP4B generated spectral shapes. Improvements in the

fidelity of this library are necessary in order to avoid rejection of the correct

identification due to high 2 values in the fit of spectra with low uncertainties in the net
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count data (well defined spectra). The results indicate that simulations can be used to

give a good indication of signal levels required to achieve given identification or false

identification rates, although performance against experimental spectra is generally

somewhat poorer than that found with simulated spectra. Isotopes that were falsely

identified were typically consistent with the results found while identifying simulated

spectra. Thus simulation results can be used to determine which sources will cause

false indication that an isotope of interest has been observed, as well as estimates of the

probability of those false identifications. The algorithm has proven capable of

identifying sources despite substantial shielding thickness; this capability must be

further examined for a variety of shielding materials to determine if the method can

identify sources without specific knowledge of the materials shielding the source.
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CHAPTER 5

CONCLUSION

5.1 OPTIMUM LENGTH OF COUNT

In Chapter 2 the amount of time available to measure a radioactive source

moving past a stationary detector was considered. This exercise led to the results of

Figure 2.4, which indicate that optimum count lengths for the WATS scenario will be

on the order of 1 second or less. With a 2 m closest approach source-to-detector

distance, the time available to collect a spectrum from a vehicle passing at 30 mph is on

the order of one third of a second. A rough rule-of-thumb for this approach distance is

that the optimum LOC will be 10/v, with the speed v expressed in mph.

5.2 CHARACTERISTICS OF ANTICIPATED SPECTRA

Key source terms of interest for the WATS project are HEU and weapons grade

plutonium. The substantial self-shielding of these materials lead to very low gamma

emission rates, making passive gamma detection quite challenging. Indeed, it has been

understood from the outset that shielding these materials sufficiently to avoid detection

through passive gamma detection is not difficult. However, in the event that a NaI(Tl)

spectrum were successfully collected against one of these materials contained in a

passing vehicle, it is anticipated that the spectrum will: 1) be of short duration, and 2)

have a low signal-to-noise ratio. These considerations led to the development of a PCA

based nuclide identification algorithm intended to utilize the data collected in the full

energy range of such a spectrum.
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5.3 NUCLIDE IDENTIFICATION USING PRINCIPAL COMPONENT
ANALYSIS

A PCA based algorithm capable of identifying gamma emitting radiation

sources using a library constructed of MCNP simulated spectral shapes was developed.

This algorithm incorporates multiple source/shielding combinations for appropriate

library isotopes in order to allow flexible identification of sources despite the significant

differences in the spectral shape that shielding layers can cause. Analyzing simulated

NaI(Tl) spectra showed that the method is capable of identifying individual library

sources in short duration, low signal-to-noise spectra. The simulated spectra that were

analyzed included both unshielded and lead shielded scenarios, and the results show

that the algorithm is capable of properly identifying drastically different spectra as the

same isotopic source. Further, the use of simulated spectra allows for estimates of

correct and false identification rates for specific sources as a function of signal strength.

This will allow determination of the signal strength required to achieve specified correct

and false identification rates.

Nuclide identification analysis of experimental data using the PCA algorithm

has shown that the method can be successfully used on "real world" data. The

identification capability, both in terms of correct and false identification, tended to be

poorer than that found using simulated spectra. At least a portion of this discrepancy

can be attributed to the fact that the simulations do not incorporate all of the variability

present in the detection system. It is quite unlikely that the algorithm is fully optimized,

so some improvement in bringing the performance closer to that found in simulations is

possible. The cause of certain larger discrepancies found between the experimental and
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simulated data, particularly for 57Co and 131j have not been satisfactorily determined at

this time.

5.4 AREAS FOR FUTURE RESEARCH

5.4.1 Nuisance Sources

The list of commonly transported radionuclides presented in Table 2.1 does not

represent a comprehensive list of sources that would be encountered while monitoring

vehicle traffic. Rather, it is a list which includes many of the most common sources and

represents a viable and reasonable test set for the PCA studies that were performed. A

more comprehensive assessment of the probabilities of encountering specific isotopes

would allow for improved knowledge of the false alarm rates for given sources of

interest. Unfortunately, detailed studies of the transportation of radioactive materials

are limited and outdated (and a massive undertaking), and specific probabilities for

encountering a given nuclide are both location and time dependent. It seems likely that

the best that can be accomplished in this area is assignment of a relative liklihood of

encountering the various sources. This would be followed by determination of the false

identification rates for sources of interest in the event of spectra being collected against

a selected list of the most commonly transported isotopes.

5.4.2 PCA Library Definition

There are two main outstanding issues concerning generation of the library used

for the PCA. First, simulation of the library spectra using the F8 tally of MCNP is not

the most accurate or flexible method available. Codes have been developed specifically
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for calculation of the detector response to an input gamma flux. The use of such a code

would likely improve the accuracy of the simulated library spectra, which would

improve the identification performance of the nuclide identification algorithm. Also,

separating the photon transport portion of the problem from the detector response

function portion would allow the transport results to be applied to various detector

geometnes.

The second issue regarding generation of the library is to ensure that appropriate

shielding thickness and materials are contained in the library to optimize the code for

identification in unknown shielding scenarios. This would entail a detailed study of

each library source to ensure that linear interpolation between the library points resulted

in accurate spectral shapes for shielding thickness between those contained in the

library. The identification performance of spectra simulated with shielding materials

other than lead could be used to determine of the library should contain additional

points for source/shielding cases with lower Z shielding materials.

5.4.3 Identification Performance Against Multiple Source Spectra

The capability of this method to accurately identif' sources when multiple

library isotopes are represented in a spectrum has not been assessed. This study would

initially require extensive tests against simulated multiple component spectra. Pending

favorable results from the simulations, identification of experimental spectra would also

be necessary.
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5.4.4 Determination of Source Strengths Required to Meet Specified Correct
and False Identification Rates

Simulation data provide source specific results that can be used to estimate

correct and false identification rates for a library source. This data can be combined

with simulated or experimental static detection efficiencies and the impact of vehicle

motion on efficiency (i.e. through Equation 2.4) to calculate the minimum source

strength required to meet given criteria on these identification rates.
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