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Abstract 
 

Conventional full spectrum gamma spectroscopic analysis has the objective of quantitative 

identification of all the radionuclides present in a measurement. For low-energy resolution 

detectors such as NaI, when photopeaks alone are not sufficient for complete isotopic 

identification, such analysis requires template spectra for all the radionuclides present in the 

measurement.  When many radionuclides are present it is difficult to make the correct 

identification and this process often requires many attempts to obtain a statistically valid solution 

by highly skilled spectroscopists.  

 

A previous report investigated using the targeted principal component analysis method (TPCA) 

for detection of embedded sources for RPM applications.  This method uses spatial/temporal 

information from multiple spectral measurements to test the hypothesis of the presence of a 

target spectrum of interest in these measurements without the need to identify all the other 

radionuclides present. The previous analysis showed that the TPCA method has significant 

potential for automated detection of target radionuclides of interest, but did not include the 

effects of shielding.  This report complements the previous analysis by including the effects of 

spectral distortion due to shielding effects for the same problem of detection of embedded 

sources.  Two examples, one with one target radionuclide and the other with two, show that the 

TPCA method can successfully detect shielded targets in the presence of many other 

radionuclides. The shielding parameters are determined as part of the optimization process using 

interpolation of library spectra that are defined on a 2D grid of atomic numbers and areal 

densities.   
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1. Introduction 
 

Radiation Portal Monitors (RPMs), have been deployed at border crossings and other locations 

across the United States for the purpose of detection of illicit radioactive materials, with 

emphasis on special nuclear materials (SNM).  These detectors measure gamma and neutron 

radiation as a vehicle passes through the portal, producing a series of spectral measurements for 

each vehicle.  The RPM system alarms if a vehicle’s profile exceeds a fraction of the background 

level and/or the energy spectrum has specific characteristics associated with SNM. Vehicles that 

result in alarms are usually routed for a more rigorous secondary inspection that includes 

additional spectral measurements as well as imaging of the cargo in some cases. 

 

The measured profiles for the majority of vehicles indicate the absence of radioactivity and show 

suppression of the ambient background as a result of shadow shielding environmental gamma 

rays by surveyed vehicle structure and cargo. In a small fraction (5%) of vehicles, the measured 

profiles show the presence of radioactive sources that mostly consist of naturally occurring 

radioactive materials (NORM), but also include other sources such as medical and industrial 

isotopes. Given the large volume of commerce, the total number of vehicles with radioactive 

material becomes significant. Since identification of the radiation source through manual 

inspection of the cargo is time consuming and manpower exhaustive, it is desirable to develop 

enhanced algorithms and analysis methods that improve the power of detecting illicit sources 

while reducing the false positive rate (i.e. the ability to distinguish benign and illicit sources of 

radiation with high confidence). The use of such algorithms in deployed systems would allow for 

reduction of alarm thresholds to increase sensitivity while improving throughput. The latter is 

accomplished by the ability to confidently detect and identify cargo with benign sources of 

radiation at the primary lane without the need to send a vehicle to secondary inspection.  

Previous studies have explored and demonstrated data transformation methods to differentiate 

NORM cargo from other nuclides
(1-2)

. 

 

With automated analysis algorithms, it is equally important to consider all realistic scenarios that 

could result in incorrect conclusions.  This is especially important for extremely low probability 

events that can have major catastrophic consequences, such as terrorist related activity.  One 

such scenario is that of transport of illicit radioactive materials embedded in NORM cargo in an 

attempt to conceal their radiation signal.  A previous study of this type of scenario was 

conducted for low resolution polyvinyl toluene (PVT) detectors with only two energy 

channels
(3)

.  This study used the spatial profile of total counts to detect potential embedded 

sources and then used the available spectral information to determine if the region containing the 

potential source has statistically significant spectral differences from the remainder of the profile.  

 

A more recent study explored using data fusion of spectral and spatial information to test the 

hypothesis of presence of a target of interest in a series of measurements using a NaI detector
(4)

.  

This study developed a new spectral detection method, referred to as Targeted Principal 

Component Analysis (TPCA), and tested it for automated detection of embedded sources for 

RPM applications.  This method tests the hypothesis of the presence of one or more target 

radionuclides of interest without regard to identification of other radionuclides that are present in 

the measurement by exploiting the spatial/temporal information along with the spectral 

information.  The requirement for this method to work is that the spatial profile for the target 
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radionuclide(s) of interest is different from other radionuclides present in the measurements.  The 

degree of difference or contrast between the profiles along with analysis parameters will 

determine the target detection limits.  It was shown that the TPCA method is based on sound 

principles for problems with multiple measurements that encompass the required 

spatial/temporal variations.  One of the limitations of the previous study is that it did not include 

the effect of spectral distortions due to shielding.  This is the subject of this report.  

 

In addition to overall reduction in gamma counts, shielding results in spectral distortions due to 

energy dependent attenuation and Compton scattering.  For a given detector response, these 

distortions can be described by nonlinear parametric models or by interpolation between known 

spectra at different shielding parameters.  In this report we use a simple interpolation method to 

model shielded target spectra for a specific detector at any set of atomic number and areal 

density of a shielding material.  The TPCA method is applied as in the previous report, except 

that the target spectrum or spectra are no longer constant, but are functions of the shielding 

atomic number (AN) and areal density (AD).  The optimal AN and AD are found using a 

nonlinear optimization algorithm. 

 

In section 2 of the report the TPCA method is outlined for target spectra that include unknown 

shielding. This section also describes implementation of the method and the nonlinear 

optimization algorithm used to estimate the shielding parameters.  In section 3 the interpolation 

method for obtaining shielded target spectra at any set of shielding parameters is described.  This 

interpolation uses a library of shielded spectra that is generated using GADRAS 1D models
(5-6)

.  

Section 4 of the report shows results for two test cases, one with a single target radionuclide and 

the other with two.  The results validate the method for shielded targets within the limits of the 

assumptions made for the simulations.  Section 5 discusses the effects of target and background 

spectral variation as a function of space and the limits imposed by these variations on detection 

capability.  The last section of the report summarizes the results. 

 

The results presented here and in reference (4) validate the use of the TPCA method for detection 

of embedded sources and other applications where spatial/temporal variation between the target 

of interest and other clutter is present.  Much research is needed however to understand the 

sensitivity of results on the chosen analysis parameters and to optimize these parameters for 

optimal detection limits.   
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2. Incorporation of Shielding Effects in the TPCA Solution  
 

As discussed in reference (4), the target spectrum of interest can be expressed as a linear 

combination of principal component (PC) spectra derived from all or a subset of the 

measurements under considerations as: 
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where )(EPi  denotes the i
th

 PC spectrum and N  is the number of PC spectra to be used in the 

analysis, which is assumed to be much smaller than the number of available measurements when 

the number of measurements is large.  If the number of measurements is small, they can be used 

directly instead of the PC spectra.  The target spectrum including shielding effects is now a 

function of the atomic number, AN, and areal density, AD, which are not known and will be 

treated as optimization parameters in the solution process.  As before, the quantity to be 

minimized for testing the target hypothesis is the reduced residual 
2
 given by: 
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where Mc is the number of energy channels and )(ˆ 2
jE  is the estimated statistical variance of 

the calculated fit of the target spectrum for the j
th

 energy channel.  This variance is due to 

statistical measurement noise and needs to be distinguished from physical variance between 

measurements at different time samples as varying combinations of the various sources are 

sampled by the detector as the vehicle traverses the RPM.  Note that )( NM c
  is the number of 

degrees of freedom.  When the target of interest is made 2up of multiple radionuclides such as 

for uranium or plutonium, the target spectrum is replaced by a linear combination of the 

individual spectra of the radionuclides that make up the target and the reduced residual becomes: 
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where  is the number of radionuclides in the target; ),,( ADANET ji  represent the shielded 

spectra for the individual target radionuclides (all target radionuclides are assumed to have the 

same shielding parameters for analysis considered in this report); and the coefficients, i , denote 

the unknown relative isotopic composition.  One of these coefficients is arbitrary and can be set 

to unity and therefore the number of degrees of freedom is reduced by ( - 1).   The objective of 

the analysis is to calculate the coefficients and shielding parameters that minimize the 
2
 residual 

as given by equation (3) to evaluate the statistical plausibility of the assumed target hypothesis.  
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The variance is estimated based on expressing the PC spectra as linear combinations of the 

measurements and as discussed in the previous report (see reference 4) is given by: 
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where i  is the coefficient associated with the i
th

 PC vector iP  in equation (3); i is the 

eigenvalue associated with the same PC vector; and kM  denotes the k
th

 measurement vector.  

The variance of the k
th

 measurement is estimated as the filtered measured spectrum based on the 

assumption of Poisson statistics for the counts in a spectral channel.  Since the variance depends 

on the calculated optimization parameters and coefficients, an iterative method is used where the 

current variance is estimated based on the calculated parameters and coefficients for the previous 

iteration.  For the first iteration a constant unit variance is assumed.  For the test cases 

considered, convergence of the variance typically occurs within two or three iterations. 

 

As discussed in the previous section, the shielded target spectrum depends on the shielding 

parameters AN and AD in a nonlinear manner for a given detector.  These parameters are 

estimated using a hybrid linear-nonlinear optimization method.  In the current implementation of 

this method, the nonlinear optimization is performed using Powell’s method as implemented in 

the Numerical Recipes function POWELL
(7)

.  This function calls a wrapper function of only two 

variables (the nonlinear parameters AN and AD) which in turn calls a C++ function (residual 

function) that is a member of a class with access to all the needed data (the wrapper function uses 

a pointer to this class object).  This function evaluates the needed target spectra for the given 

shielding parameters and uses linear least squares (LS) optimization to evaluate all the linear 

coefficients in equation (3) and the resulting residual.  This residual is passed back to POWELL 

which repeats the process for other sets of the shielding parameters until convergence is attained.  

This process is repeated for all variance estimate iterations. 

 

To avoid convergence to a possible local minimum we implemented a modification to the above 

method where the residual function is evaluated on a coarse 2-D grid of AN and AD values. The 

minimizing AN and AD are used as initialization to the function POWELL. This method appears 

to work very well and is reasonably fast.  For the present implementation a 10x10 grid is used. 

 

In the current implementation and for multiple radionuclides, the first target coefficient, 1 ,

 

is set 

to unity and the remaining coefficients are evaluated in the LS process along with the PC 

coefficients. This can be problematic if target spectra associated with the remaining coefficients 

do not possess an orthogonal component to the PC spectra.  In such a situation the LS coefficient 

matrix will be singular and an erroneous solution will result.  In general, we think it is best to 

separate evaluation of the PC coefficients from the target coefficients.  This should also allow for 

imposing the constraint that all target coefficients are positive quantities.  An algorithm that 

separates calculation of the two sets of coefficients can be considered in the future. 
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3. Generation of Shielded Templates  
 

In order to automate the process of generating and fitting the shielded templates in this study, a 

library and interpolation scheme was created in order to produce templates corresponding to a 

given nuclide and shielding configuration in the analysis software; henceforth this library and 

interpolation scheme will be referred to as the template library.  For the nuclides considered in 

this study (
137

Cs, 
235

U, and 
238

U) the template library can produce a shielded template with an 

arbitrary Areal Density (AD) and Atomic Number (AN) within some ranges.  The template 

library works by interpolating between basic templates generated using GADRAS
(5-6)

 to produce 

a new template corresponding to the AD and AN desired by the analysis software.  To begin 

with, GADRAS was used to create spectra for each of the nuclides with 8 atomic numbers 

between 7 and 50, and 11 areal densities between 0 to 100 g/cm
2
 

a
, yielding a total of 88 

templates per nuclide.  The shielding configuration was modeled within GADRAS as a uniform 

1D spherical model with 1 meter radius, made of the element corresponding to the AN and the 

density to the AD of the template being produced.  The default GR-135 detector (handheld NaI 

detector) that comes with GADRAS was used as the detector model, with no sources of radiation 

besides the nuclide desired being present in the simulation. 

 

In order to use a non-linear optimization algorithm to fit a spectrum for the most probable 

shielding and nuclide configuration, one must be able to obtain templates which can be 

continuously varied in AD and AN.  To accomplish this, an interpolation scheme was used to 

interpolate between the discreet numbers of templates produced using GADRAS.  It was found 

that for a given energy bin in the spectrum, the amplitude varies approximately linearly in AN, 

and exponentially in AD
b
.  That is to say, for the i

th
 bin in the spectrum, to obtain the expected 

bin height bi,  for a AN of Z, using input templates with ANs of Z1 and Z2 (which have identical 

ADs), and bin contents bi,1 and bi,2, the following formula was used: 
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For the exponential interpolation to obtain a template for a given AD, the bin contents were 

found using 
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where AD denotes the desired areal density, bi,1 and bi,2 corresponding to the bin contents of the 

spectra with areal densities AD1 and AD2 respectively; both templates with AD1 and AD2 have 

                                                 
a The actual values of ANs used are 7, 11, 15, 20, 25, 31, 40, and 50. The actual values of ADs 
used are 0, 5, 10, 15, 20, 25, 30, 40, 50, 70, and 100 g/cm2. 
b For the photopeaks themselves, the amplitude is actually exponentially dependent on the 
AD; for gammas detected at a given energy originating from a photopeak of a different 
energy, which have undergone scattering, pair-production, or the photo-electric effect, this 
approximation holds true over reasonable ranges of AN. 
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the same atomic numbers.  The templates chosen to interpolate from are the four templates 

nearest in AD and AN to the desired template (the input templates from GADRAS are generated 

on a grid of AN and AD values); the templates are first interpolated in AD, producing two new 

templates corresponding to the same AD, but different ANs.  These two intermediate templates 

are then interpolated in AN to achieve the final template. 

 

Some example results of this interpolation are shown in Figures 1-2 where it can be seen the 

resulting interpolated spectra agree well with that produced directly from GADRAS. 

 

In order to determine limits of this interpolation method, as well as identify the mechanisms 

behind the slight inaccuracies, a study was performed using the Monte Carlo simulator GEANT4 

where individual photons were tracked and classified according to what interactions were 

undergone.  The interpolation was then performed on templates consisting solely of gammas that 

interacted in similar ways in the shielding (e.g. single scatter events were grouped into one 

template, multiple scatter into another, non-interacting gammas into another, and so on).  The 

results and comparison of direct simulations to interpolating the individual physics processes 

from ADs of 25 and 50 g/cm
2
 to get 35 g/cm

2
 is shown in Figure 3 and performs fairly well.  

Figure 4 shows a similar comparison, but for interpolating from AN 18 and 33 to get AN 23; as 

expected gammas which go through multiple scattering do not interpolate well, and are 

responsible for the majority of the inaccuracies from this interpolation scheme. The actual 

differences of AD and AN of templates used to interpolate from in the following TPCA analysis 

are much smaller than in Figures 3-4 (see footnote a). 

 

Overall the inaccuracies introduced by using this library/interpolation are smaller than many 

other real world effects, so this method of producing templates to model sources and fit to 

simulated spectra is suitable for this limited study. 
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Figure 1. Interpolation of a 238U spectrum to a AN of 8, and AD of 17.  The blue line (mostly 
hidden by the black line) with small crosses in each bin is the result of the interpolation, while 
the solid black line is directly produced using GADRAS (and not used in the interpolation 
process); the four spectra with dashed lines were used to interpolate to the final (blue) template.  
The interpolated spectrum is almost identical to the one directly calculated by GADRAS. 

 
Figure 2.  A comparison of the interpolated 137Cs spectrum (blue solid line) corresponding to AN 
8, and AD 17, to the spectrum produced by GADRAS (black solid line) corresponding to the 
same AN and AD.  The four templates used to produce the interpolated spectrum are also 
shown in the dotted lines.  
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Figure 3.  A comparison of interpolation in AD of 225 keV gammas shielded by a material with AN=28, 
and areal densities 25, 35, and 50 g/cm

2
; the 25 and 50 g/cm

2
 templates were interpolated to compare to 

the 35 g/cm
2
 template. The templates were generated using GEANT4 and no detector response.  The 

upper left plot shows the spectra where all gammas exiting the shielding are included. The upper right 
plot show gammas exiting the shielding that underwent one scattering event. The lower plot shows event 
where the gammas underwent at least 2 scattering events.   

 
Figure 4.  Interpolation in AN between AN 18 and 33, to get a template of AN 23; all templates had an AD 
of 25 g/cm

2
; the result of this interpolation is compared to the non-interpolated template of AN 23.   The 

templates were produced using GEANT4 with no detector response.  The left plot contains only single 
scatter events, while the right contains events with at least 2 scatters.  It is seen that interpolating in AN 
for single scatter events is accurate, while interpolating multiple scatter events does not perform so well. 
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4. Application of TPCA for Detection of Shielded Embedded Sources 

 

In this section we present simple examples of the application of the TPCA method for detection 

of a localized shielded source that is embedded in a distributed source in the presence of an 

ambient background using the algorithm outlined in the previous section.  This is done in the 

context of an RPM measurement of a vehicle with multiple spectral measurements at contiguous 

time samples as the vehicle traverses the RPM. The combinations of radionuclides used for the 

sources and background were chosen to generate sufficiently complex spectra for illustrative 

purposes only, and do not reflect any specific real measurement. The effect of background 

suppression is not included in this analysis, but is not expected to result in significant adverse 

effects in application of the TPCA method even if it is large.   

 

Before discussing actual examples, we summarize the assumptions made for generation of the 

simulation spectra:  

 

1. All counts follow Poisson statistics. This assumption does not impact effectiveness of the 

TPCA method. If the measurements or simulations follow other statistics, the only 

requirement is that the correct variance, corresponding to the counting statistics, is used in 

equation (4).  

 

2. The target spatial profile is modeled by a point source profile and the other sources are 

modeled by a constant ambient background and a distributed source profile.  This is not a 

requirement for application of the TPCA method. The spatial variation required for correct 

application of this method is that the spatial profiles for the target and the other sources are 

sufficiently different to allow for removal of the background without singular behavior.  Of 

course larger differences in the spatial profiles will result in better detection sensitivity. 

 

3. The net spectrum at every point along the profile is a linear superposition of the different 

source spectra. The source spectra are assumed constant for the analysis in this section. This 

assumption is not strictly required by TPCA, but spectral variation adds complexity to the 

solution. Also, depending on the spatial profiles, spectral variation can add uncertainty to the 

solution results.  This topic will be discussed further in section 5 of this report. 

 

 

Example with One Target Radionuclide 

For this test the localized source is a shielded 
137

Cs source that is embedded in a distributed 

source and a spatially uniform background.  The shielded localized source spectrum is obtained 

using the template library described in the previous section at shielding parameters AN of 17.75 

and AD of 25.0 g/cm
2
.  The distributed source is made up of a mixture of four isotopes (

226
Ra, 

232
U, 

201
Tl, and 

60
Co).  The background spectrum is made up of two isotopes (

40
K and 

232
Th).  

The spectra for the distributed source and background as well as the spatial distributions for all 

sources are identical to those used in our previous report
(4)

.  The model spectra are shown in 

Figure 5.  Scaling of the counts in generation of simulation spectra will be directly applied to the 

spectra shown in this figure. 
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The spatial distributions for the localized and distributed sources used in the analysis are shown 

in Figure 6 and are given by: 
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where P denotes the point or localized source, D denotes the distributed source, and )( 0zz   is 

the distance from the source center to the center of the detector along the direction of vehicle 

motion.  The source amplitudes are denoted by Ap and AD, R0 is a measure of the perpendicular 

distance from source to detector, and  denotes the half-width of the distributed source.  The 

source parameters are formally defined in appendix B of reference (4).  The simulated measured 

spectrum as a function of time sample (or position along direction of vehicle motion) is given by 

the profile-modulated model spectra as follows: 

 

)()()()()(),( ESCzfESCzfESCEzS BBDDDPPp    (11) 

 

where the profile modulation functions )(zfP  and )(zfD are given by equations (8) and (9).  

The spectra )(ESP , )(ESD , and )(ESB  are the point source, distributed source, and 

background spectra respectively that are shown in Figure 5 above.  The coefficients CP, CD, and 

CB are used to scale the counts given in this figure.  Poisson statistics are applied to the 

simulation spectra as given by equation (11) at all z and E values. 

 

The test case considered has scale factors:  CP = 0.2, CD = 0.2, and CB = 0.2 and a total of 160 

time samples are used.  The simulated spectra represent measurements at different time samples 

as the vehicle passes through the portal.  The number of spectral channels is reduced from 1024 

to 256 in the analysis.  A total of 100 statistical repetitions of spectral generation and TPCA 

solution were carried out to estimate the spread in analysis output quantities.  The total counts 

profile and spectrum at maximum counts are shown in Figure 7 for the first statistical set.   

Figure 8 shows the detection analysis results for the same statistical set.  Table 1 shows the 

spread of the solution parameters for the 100 statistical repetitions.  For all these repetitions the 

resulting fit to the target spectrum is very good and clearly indicates the presence of the target in 

the simulated measurements.  

 

Even though the signal to noise ratio is rather high, this example illustrates that the TPCA 

method is capable of handling spectral distortion due to shielding and allows for target detection 

without using any knowledge concerning the other clutter radionuclides.  Further analysis is 

needed to study methods of optimization of detection limits.  
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Figure 5.  Model spectra for the sources and background.  The distributed source spectrum is 

the sum over GADRAS model spectra for 226Ra, 232U, 201Tl, and 60Co, each at 10 Ci for a GR-
135 detector at 100 cm distance.  The background is the sum over model spectra for 40K and 
232Th, each at 10 Ci for the same detector parameters. The localized source is shielded 137Cs 
(atomic number 17.75 and areal density 25.0 g/cm2) obtained from the template library (scaled 
by 30,000 for a comparable amplitude to the other sources). The model spectra have 1024 
channels in the range 0 to 3653.0 keV. 
 

 
Figure 6.  Model profiles for point and distributed sources.  All spatial quantities are normalized 
to the overall vehicle length and the first and last time samples correspond to the entry and exit 
of the vehicle from the portal respectively.  A total of 160 time samples are used. The 
normalized source parameters are:  Point source:  zo = 0.7, Ro = 0.07.  Distributed source: zo = 

0.6, Ro = 0.07,  = 0.25. 
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Figure 7.  Left: total counts profile as a function of time sample.  The sources and background 
spectra are scaled from the model spectra in Figure 5 by the factors:  CP = CD = CB = 0.2.  The 
source geometric parameters are the same as in Figure 6.  Right:  simulated spectrum at time 
sample of maximum counts.  The number of spectral channels is reduced from 1024 to 256.  
 
 

 
Figure 8.  Left:  shielded target spectrum and fit using 5 PC spectra for source scale factors of 
CP = CD = CB = 0.2.  The number of energy channels is reduced from 1024 to 256 in the 

analysis.  The residual for this simulation is 2 = 1.11.  Right: the first 20 eigenvalues in 
descending order for the PC spectra. The first eigenvalue represents the mean of all the 
measurements used in obtaining the PC spectral vectors and is very large (off scale).  The next 
two eigenvalues represent most of the remaining variance due to spectral differences between 
the localized source, distributed source, and background.  The other eigenvalues mostly 
represent noise contributions.  If Poisson noise is turned off in the simulations only three 
eigenvalues are non-zero and the fit to the target spectrum using the three corresponding 
eigenvectors is perfect.  Note that in the PCA the covariance matrix is evaluated about the origin 
rather than the mean spectrum.   
 
 
Table 1.  Spread in solution parameters for 100 statistical sets for detection of a shielded 137Cs 
localized target embedded in a distributed source and a uniform background.  The input target 
spectrum had shielding parameters of AN 17.75 and AD 25.0 g/cm2. 

Solution parameter Mean  Standard  
Deviation 

Minimum Maximum 


2
 1.074 0.095 0.85 1.34 

Atomic number 17.2 0.54 15.9 18.9 

Areal density 25.4 0.81 22.2 28.6 
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Example with Two Target Radionuclides  

In this section a more complex example with two target radionuclides is considered for the 

localized source.  The target radionuclides are 
235

U and 
238

U including their daughter products. 

The distributed source and background are identical to the previous example.  The input 

localized source spectrum for the simulations is obtained from the template library at shielding 

parameters of AN  13.0 and AD 20 g/cm
2
 and is made up of a ratio of 1:1.3 of 

238
U to 

235
U 

relative to the template library.  The source spectra are shown in Figure 9. 

 

 
Figure 9.  Model spectra for the sources and background.  The distributed source and 
background spectra are identical to those in Figure 5.  The localized source spectrum is for 
shielded uranium (shielding parameters:  AN 13.0 and AD 20.0 g/cm2) for a 1:1.3 ratio of 238U to 
235U based on the template library spectra. 
 
 

The test considered has scale factors:  CP = 0.4, CD = 0.1, and CB = 0.1 and a total of 160 time 

samples are used.  The number of spectral channels is reduced from 1024 to 256 in the analysis.  

Two independent target radionuclides were considered in the analysis (
238

U and 
235

U) with the 

same unknown shielding parameters.  The ratio of 
238

U to 
235

U as represented by the coefficient 

 in equation (3)  is one of the unknowns and was solved for in the same linear LS optimization 

process along with the PC coefficients α.  This method was used for ease of implementation, but 

is not the ideal method and can lead to singular behavior as alluded to earlier in this report.  

Other solution methods can be considered in the future. 

 

A total of 100 statistical sets were repeated to quantify spread in solution parameters.  The total 

counts profile and spectrum at maximum counts are shown in Figure 10 for the first statistical 

set.  Figure 11 shows the detection analysis results for the same statistical set and the table below 

shows the spread of the solution parameters for the 100 repetitions.  Even though the estimated 

shielding parameters are very close to the input values, the 
238

U to 
235

U ratio is significantly 

different from the input value.  This will require further investigation to understand and quantify.  

However, we should note that a test run at significantly higher target SNR (scale factors of CP = 
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4.0, CD = 0.1, and CB = 0.1) resulted in an average ratio of 0.76 with a standard deviation of 

0.013 which is much closer to the input value.  Thus the discrepancy appears to be related to the 

SNR, but one would have expected a larger spread in values rather than an offset in the mean.  

This needs to be further investigated. 

 

For the same parameters used in this example we tested a different target hypothesis, namely 

shielded 
137

Cs.  The results of one statistical set are shown in Figure 12 and the spread in 

estimated parameters is shown in table 3 below.  Clearly for this case one can conclude that 
137

Cs 

is not the correct target hypothesis. 
 
 
Table 2. Spread in solution parameters for 100 statistical sets for detection of a shielded 238U + 
235U localized target embedded in a distributed source and a uniform background. 

Solution parameter Mean  Standard  
Deviation 

Minimum Maximum 


2
 1.08 0.128 0.80 1.46 

Atomic number 13.1 0.068 12.9 13.2 

Areal density 21.8 0.93 18.6 22.2 

Ratio of 
238

U to 
235

U
 

0.51 0.061 0.37 0.65 

 

 
Table 3. Spread in solution parameters for 100 statistical sets for detection of a shielded 238U + 
235U localized target embedded in a distributed source and a uniform background.  The target 
hypothesis is assumed to be 137Cs 

Solution parameter Mean  Standard  
Deviation 

Minimum Maximum 


2
 19.1 2.65 12.3 23.3 

Atomic number 11.0 0.1 11.0 11.8 

Areal density 88.9 2.53 80.1 100.0 

 

 

 
 
Figure 10.  Left: total counts profile as a function of time sample.  The sources and background 
spectra are scaled from the model spectra in Figure 9 by the factors CP = 0.4 and CD = CB = 0.1.  
Right: simulated spectrum at time sample of maximum counts.  The number of spectral 
channels is reduced from 1024 to 256 for this test.  
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Figure 11.  Top: shielded target spectrum and fit using 5 PC spectra.  The target spectrum is 
made up of a linear combination of shielded 238U and 235U spectra.  The shielding parameters 
(same for the two isotopes) and isotopic ratio are unknown parameters that are estimated in the 
optimization process. The number of energy channels is reduced from 1024 to 256 in the 

analysis.  The residual for this simulation is 2 = 1.06.  Bottom: the first 20 eigenvalues in 
descending order for the PC spectra. The first eigenvalue represents the mean of all the 
measurements used in obtaining the PC spectral vectors and is very large (off scale).   
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Figure 12.  Shielded target spectrum and fit using 5 PC spectra with 137Cs as the hypothesis 

target.  The simulation parameters are identical to those in Figure 11.  For this case the 2 

residual is 17.2 and the shielding parameters are AN = 11.0 and AD = 88.9.  The large 2 
indicates that the hypothesis target isotope is not correct. 
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5. Effects of Spectral Shape Variation 
 

In the example simulations considered in the previous section, the amplitudes of the localized 

and distributed sources were varied as a function of time, but the shielding composition (areal 

density and atomic number), and hence the spectral shape, remained constant. For real world 

measurements the shielding configuration can change as the distance and angle between source 

and detector change.  Additionally, the ambient background undergoes varying suppression as 

the vehicle structure and cargo move past the detector.  Along with the change in suppression 

amplitude it is possible that the background spectral shape will also change. 

 

An important concern is how this spectral variation affects the application and results of the 

TPCA method.  This method relies on removing the background (meaning all non-target sources) 

which is done automatically in the process of testing the target-presence hypothesis (see section 

2 of reference 4).  This means that a linear combination of the measurements, capable of 

removing the background, needs to exist.  In addition, this linear combination needs to be 

representable by a model of the target spectrum.  This model can be one or more spectra for each 

of the target radionuclides at some effective shielding parameters.  In this report we limit the 

target hypothesis to one spectrum per constituent radionuclide and will show later in this section 

that this is a reasonable approximation for the embedded sources problem.  More complex target 

models can be considered in future work. 

 

Removal of the Background   

As discussed earlier, the TPCA method automatically removes the background.  When the 

background spectral shape is constant for all the measurements, this process is simple and only 

requires different spatial profiles for the target and background.  If both target and background 

have identical spatial profiles, removing the background would also remove the target resulting 

in singular behavior. 

 

With variation of the background spectral shape, the situation is more complex, but a linear 

combination can still be found that removes the background or at least most of it.  The accuracy 

of the background removal will depend on the characteristics of the variation in the 

measurements.  We attempt to explain this using two simple examples illustrated in Figure 13.  

Each example assumes we have 4 measurements, taken at different positions along the vehicle, 

denoted by spectra AM , BM , CM , and DM , and that the target and background spectral shapes 

change with the profile amplitudes as shown.  The target and background spectral shapes are 

denoted by T

i and B

i  respectively, where i  indicates the measurement location, that is, 

DCBA or  ,,, .  In the case on the right of Figure 13, based on the above assumptions, we have 
B

B

B

A    and B

D

B

C   .  Thus the linear combination    DCAB MMMM   removes the 

background and isolates the target with a large signal resulting from  CB MM  .  In the case on 

the left of Figure 13, using the same assumptions, the best nonsingular linear combination for 

isolating the target is given by    DDCCAABB MMMM   , where the coefficients are 

chosen to best remove the background.  In this case there will be a residual background spectrum 
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that will be mixed with the target and will be reflected in the resulting TPCA fit to the target 

spectrum.  It is important to note that these are idealized simple examples for illustration 

purposes only.  For real problems the TPCA method will automatically chose the optimum 

coefficients for removal of the background for the chosen target model which needs to correctly 

represent the target in the measurements.  The larger the number of measurements and the more 

limited the variation of the background spectral shape in the target region, the more likely it is 

for the TPCA method to accurately remove the background.  Also, repeating and non-monotonic 

variation of the background spectral shape, not directly correlated with the target variation, are 

likely to result in better background removal while leaving a significant fraction of the target 

signal for analysis. 

 

 

 
Figure 13.  Illustrations of two sets of measurements for two cases with different target and 
background profiles.  The measurement points are denoted by the vertical dashed lines. 

 

Representation of the Target Spectrum   

Assuming that a proper linear combination is found to remove the background, this linear 

combination will result in a target spectrum that is a linear superposition of multiple spectra for 

the target at different shielding configurations.  It is desirable that the overall target spectrum be 

represented by one spectrum at a set of effective shielding parameters.  This is expected to be a 

good approximation when the shielding parameters do not vary significantly over the region that 

contributes the most target signal.  Such is the case when the target signal extends over a narrow 

spatial region.  In fact, for most gamma spectral analysis software programs, once a spatial 

region of interest (ROI) is found, the total spectrum in the ROI is analyzed for isotopic content 

using one set of effective shielding parameters that result in the optimum fit based on an 

optimization metric such as the 
2
 residual.  
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Target Profile
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To understand and quantify the limits of this approximation we consider a few simple tests 

where one spectrum is used to approximate a linear combination of two spectra for one target 

radionuclide at different shielding parameters.  In other words, we seek to find the effective 

shielding parameters EffAN  and EffAD  that result in a best approximation for: 

 

),,(),,(),,( 21 ADANEADANEADANE ttEffEfft      (12)    

 

where all the quantities on the right hand side are specified. For the results shown below, the two 

spectra ),,( 1ADANEt  and ),,( 2ADANEt  are normalized to the same total counts so that 

contributions to the total spectrum are adjustable by the coefficients   and .  Figures 14-15 

show results of fits to find the EffAN  and EffAD  for a combination of two spectra with different 

shielding parameters.   

 

 
Figure 14.  Top: test spectra at shielding parameters AN = 14.8, AD1 = 25.0 and AD2 = 10.0.  
The two spectra are normalized to the same total counts.  Bottom: Test spectrum and fit at 

effective shielding parameters. The linear combination coefficients are: 0.1 and 0.1   .  

The best fit is obtained at AN = 14.0 and AD = 17.62. 
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These results show that, for the chosen examples, the fit to one target spectrum at an effective 

atomic number and areal density is accurate when the shielding parameters for the constituent 

spectra are not too disparate.  Based on additional study similar to the results shown, it is 

expected that the approximation of a uniform areal density and atomic number for the target 

shielding is adequate for the embedded source problem.  This is also expected based on the 

success of popular gamma spectral analysis software tools.  It should be noted however, as 

observed in the example in Figure 15, that it is possible for the resulting effective atomic number 

to be significantly different from the true value when the combined spectra have disparate areal 

densities.   
   
 

 
Figure 15.  Top: test spectra at shielding parameters AN = 14.8, AD1 = 25.0 and AD2 = 2.0.  
The two spectra are normalized to the same total counts.  Bottom: Test spectrum and fit at 

effective shielding parameters. The linear combination coefficients are: 0.1 and 0.1   .  

The best fit is obtained at AN = 17.33 and AD = 4.78. 
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6. Summary and Conclusions  
 

In this report we have considered application of the TPCA method for detection of a shielded 

localized source that is embedded in a distributed source in a uniform background.  This report 

complements a previous report (see reference 4) where the TPCA method was described in some 

detail and applied to detection of unshielded sources.  This method uses spatial/temporal 

variations in multiple measurements to test the hypothesis of the presence of a target 

radionuclide of interest without having to identify other clutter radionuclides that are present.  

An essential requirement for the method to work properly is that the spatial distribution for the 

target of interest is different from that for the other clutter sources.  Larger differences in the 

profiles are expected to improve detection limits. 

 

When shielding effects are included, the target spectra depend on the atomic number and areal 

density of the shielding material in a nonlinear way.  We used a simple interpolation method 

along with a library of shielded spectra to be able to estimate a shielded target spectrum for any 

set of shielding parameters. Currently the library has only three isotopes (
137

Cs, 
235

U, and 
238

U) 

for a GR-135 detector.  The library spectra were obtained using GADRAS.  For the TPCA 

solution, the shielding parameters are estimated using a nonlinear optimization algorithm.  This 

algorithm uses a coarse grid for evaluation of the minimizing function to localize the minimum 

followed by application of Powell’s method using the Numerical Recipes function POWELL.   

 

Within the limits of the assumptions made for generation of the simulation spectra, the results 

shown in this report verify that the TPCA method works well for shielded sources. The main 

assumption made is that all sources have constant spectral shapes for simulated measurements, 

that is, only the amplitude varies with spatial location. The effect of variation of target and 

background spectral shapes was briefly considered in the previous section. Variation of the target 

spectral shape for embedded localized sources, due to variable shielding, can be accounted for by 

the parametric target model used and is not expected to have a negative impact on results.  The 

impact of variation of the background spectral shape will depend on the spatial distribution of 

this variation relative to the target distribution and can result in some error.  Further study is 

needed to better quantify the effect of this variation.       

 

In addition to effects of spectral shape variation, significant work is needed to understand 

optimization of method parameters, noise isolation in relation to the derived principal component 

spectra, and applicable constraints to limit residuals to physically realizable spectra.  In addition, 

further work is required for estimation of target activity, localization, and estimation of detection 

limits and false positive rates. 
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